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Ion channels are a diverse group of pore-forming proteins that
provide selective pathways for the movement of ions (Na*, K,
Ca™, CI, etc) across the lipid membrane barrier. Aquaporins
facilitate water movement across cell membranes in response
to osmotic gradients. There is an increasing body of informa-
tion on the molecular structure and functional roles of ion and
water channels in health and disease, linking channel func-
tion at the molecular level to organ physiology. Because ion
channels play essential roles in all cells, defects in ion chan-
nels are associated with a wide variety of pathophysiological
conditions and human diseases. Diseases caused by disturbed
function of ion channel subunits or regulatory proteins have
been defined as “channelopathies”™?. In the postgenomic era
the rapid progress in the molecular identification of genes for
new ion channels and elucidation of their transport proper-
ties, physiological functions, and disease relevant mutations
has significantly advanced the knowledge of channelopathies
and potential new therapies®®. For examples, the discovery
of aquaporin water channels, a family of integral membrane
proteins that selectively transport water, has led to the identi-
fication of water channelopathies including autosomal domi-
nant and recessive forms of hereditary nepherogenic diabetes
1 congenital
I'and aquired
neuronal inflammatory disease neuromyelitis optica in which

insipidus caused by aquaporin-2 mutations!"’

cataracts incurred by aquaporin-0 mutations!"

pathogenic autoantibodies target aquaporin-4"3. Tmpaired CI-
transport caused by mutations in genes belonging to distinct
CI” channel families has been found to cause diverse diseases
such as cystic fibrosis, myotonia, epilepsy, hyperekplexia, lys-
osomal storage disease, deafness, renal salt loss, kidney stones,
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71514 - 1 addition,

the studies on the role of ion channel regulatory proteins,

osteopetrosis, and cardiovascular diseases

including the sub-membrane adapter ankyrins and alpha-1
syntrophin, membrane coat protein caveolin-3, signaling plat-
form yotiao, and lamins, have also provided novel insights
into understanding of human diseases".

In the international symposium on “Channelopathy and
Drug Discovery” held in Jilin University Bethune Second Hos-
pital, Changchun, Jilin, China on October 14-16, 2010, about
40 accomplished scientists from the United States, United
Kingdom, Canada, Germany, Italy, South Korea, and different
regions of China were invited to present their latest research
in the fields of channelopathies, with particular focus on
aquaporins and chloride channels. In facing the challenges of
developing novel pharmacological therapies targeting chan-
nelopathies, new strategies of modern drug discovery, includ-
ing methodology of high throughput screening from natural
products and approaches of combinatorial and medicinal
chemistry were also discussed. This symposium provided
an important platform for domestic and overseas scientists to
communicate on the latest academic achievements in chan-
nelopathies and drug discovery.

In this Special Issue of Acta Pharmacologica Sinica we have
assembled a series of review articles, original research con-
tributions, and perspectives from the speakers of the interna-
tional symposium to provide the most up-to-date information
on our understanding of the mechanisms of aquaporin and
CI” channelopathies and related new strategies and targets
for drug discovery. To cover the topics of channelopathies
other than aquaporin and CI” channels we extended the invita-
tion to contribute papers from several leading scientists who
did not attend the symposium. These articles in this special
issue impart a summary of the recent advances in the study
of molecular mechanisms and functional roles of a variety
of ion channels including Na*l'*], K720 Ca> P!, C1- 222
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TRP? *, TREK"! and acid-sensing Ca**-permeable chan-
B0 and aquaporins®™, Advances are reported in chan-
nel integrated physiology, pharmacology and pathophysi-

ology, and in channelopathies of the nervous!® % % -3,
[15-18, 22, 25, 36-37]

nels

cardiovascular [29, 31-33]

, renal®, and reproductive
systems. In addition, the role of pathological release of Ca*
from the sarcoplasmic reticulum via cardiac ryanodine recep-
tors (RyR2) in cardiac arrhythmias and RyR2 as a promising
novel target for antiarrhythmic therapy are also discussed™.
We believe that publication of this special issue will also
highlight the impact of Chinese scientists in this field and pro-
mote international academic exchange and collaborations to
accelerate understanding of human disease mechanisms and

discovery of new treatments.
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CIC-3 is a member of the CIC voltage-gated chloride (CI') channel superfamily. Recent studies have demonstrated the abundant
expression and pleiotropy of CIC-3 in cardiac atrial and ventricular myocytes, vascular smooth muscle cells, and endothelial cells.

CIC-3 CI” channels can be activated by increase in cell volume, direct stretch of f1-integrin through focal adhesion kinase and many
active molecules or growth factors including angiotensin Il and endothelin-1-mediated signaling pathways, Ca*/calmodulin-dependent
protein kinase Il and reactive oxygen species. CIC-3 may function as a key component of the volume-regulated CI” channels, a superox-
ide anion transport and/or NADPH oxidase interaction partner, and a regulator of many other transporters. CIC-3 has been implicated
in the regulation of electrical activity, cell volume, proliferation, differentiation, migration, apoptosis and intracellular pH. This review
will highlight the major findings and recent advances in the study of CIC-3 CI channels in the cardiovascular system and discuss their
important roles in cardiac and vascular remodeling during hypertension, myocardial hypertrophy, ischemia/reperfusion, and heart fail-

ure.
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Introduction

CIC-3 is a member of the CIC voltage-gated chloride (CI")
channel gene superfamily[”. In 1994, CIC-3 cDNA was first
cloned from rat kidney by Kawasaki ef al using a polymerase
chain reaction (PCR) cloning strategy”. CIC-3 is also abun-
dantly expressed in brain®, lung, kidney[4], heart®™ ®, and vas-
culature” of many species, including human “*. Expression
of the cloned rat CIC-3 yielded an outwardly-rectifying CI
current in Xenopus oocytes” and in somatic cell lines'”, which
was completely inhibited by activation of protein kinase C
(PKC)™ or increased intracellular Ca®* concentration®®. The
CI” currents produced by expression of cardiac CIC-3 in
mammalian cells are also outwardly-rectifying and inhibited
by PKC and share many biophysical and pharmacological
characteristics with the volume-regulated CI™ currents (I¢, vo)

15:9.10-13] "y agcular smooth muscle cells”,

in cardiac myocytes
and many other cell types!*'*. CIC-3 CI" channels can be
activated also by direct stretch of pl-integrin through focal
adhesion kinase and many active molecules or growth factors

including angiotensin II (Ang II) and endothelin-1 mediated

*To whom correspondence should be addressed.
E-mail dduan@medicine.nevada.edu
Received 2011-02-16 Accepted 2011-03-14

signaling pathways!"”"?, Ca®*/calmodulin-dependent protein
kinase I (CaMKII)?" and reactive oxygen species™ . In the
past 15 years, accumulated experimental data has shown that
CIC-3 proteins are expressed in sarcolemmal membranes and
intracellular organelles of cardiac myocytes, vascular smooth

2271 Numerous studies

muscle cells, and endothelial cells!
have demonstrated the pleiotropy of CIC-3 in many cellular
functions, including 1) as a key component of the volume-
regulated CI” channels (VRCCs) to strengthen the regulatory
volume decrease (RVD) and protect cardiac myocytes from
excessive increase in cell volume during hypoxia, ischemia, or
hypertrophy; 2) as a regulator of the redox signaling pathway
through interaction with NADPH oxidase (Nox) and/or as a
superoxide anion (O,”) transporter to improve myocyte viabil-
ity against oxidative damage; 3) as an anti-apoptotic mecha-
nism through regulation of cell volume and intracellular pH;
and 4) as a regulator of other transport functions involved in
the etiology of myocardial damage, heart failure, and hyper-
tension (Figure 1).

This review will highlight the major findings and recent
advances in the study of CIC-3 CI” channels in the cardiovas-
cular system and discuss their important roles in cardiac and
vascular remodeling during hypertension, myocardial isch-
emia/reperfusion, hypertrophy, and heart failure.
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Figure 1. Schematic representation of regulation and function of CIC-3 CI” channels in cardiac myocytes and vascular smooth muscle cells. CIC-3, a
member of voltage-gated CIC CI” channel family, encodes CI channels in cardiac myocytes and vascular smooth muscle cells that are volume regulated
(I, vo) @nd can be activated by cell swelling (Ig;, swer) induced by exposure to hypotonic extracellular solutions or possibly membrane stretch. I , is a
basally activated CIC-3 CI” current. Membrane topology model (a-helices a-r) for CIC-3 is modified from Dutzler et al'*®®. CIC-3 proteins are expressed
on both sarcolemmal membrane and intracellular organelles including mitochondria (mito) and endosomes. The proposed model of endosome ion flux
and function of Nox1 and CIC-3 in the signaling endosome is modified from Miller Jr et al™®. Binding of IL-1B or TNF-a to the cell membrane initiates
endocytosis and formation of an early endosome (EEA1 and Rab5), which also contains NADPH oxidase subunits Nox1 and p22phox, in addition to
CIC-3. Nox1 is electrogenic, moving electrons from intracellular NADPH through a redox chain within the enzyme into the endosome to reduce oxygen
to superoxide. CIC-3 functions as a chloride-proton exchanger, required for charge neutralization of the electron flow generated by Nox1. The ROS
generated by Nox1 result in NF-kB activation. Both CIC-3 and Nox1 are necessary for generation of endosomal ROS and subsequent NF-kB activation
by IL-1B or TNF-a in VSMCs. PKC, protein kinase C; PP, serine-threonine protein phosphatases; o-AR, a-adrenergic receptor; G;, heterodimeric inhibitory

G protein; Nox: NADPH oxidase; CaMKII: Ca*/calmodulin-dependent protein kinase II; (+) stimulation; (-) inhibition.

CIC-3 and VRCCs

Under osmotic, metabolic, and/or oxidative stress mammalian
cells are able to precisely maintain their size through the
regulated loss or gain of intracellular ions or other osmolytes to
avoid excessive alterations of cell volume that may jeopardize
structural integrity and a variety of cellular functions",
Even under physiological conditions, volume constancy
of any mammalian cell is challenged by the transport of
osmotically active substances across the cell membrane and
alterations in cellular osmolarity by metabolism™!. Thus, the
continued operation of cell volume regulatory mechanisms,
such as activation of VRCCs, is required for cell volume
homeostasis in many mammalian cells, including cardiac
myocytes and vascular smooth muscle cells (VSMCs)!> 232 %],
Acute increase in cell volume (or cell swelling) initiates the
regulatory volume decrease (RVD) process to bring the cells
back to their initial volume, which is achieved by the opening
of VRCCs and other channels and transporters mediating CI,
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K, and taurine efflux that in turn drives water exit™.

Although the exact identification of the protein(s) respon-
sible for VRCCs has proven to be elusive, CIC-3 has been pro-
posed to be the molecular correlate of the native VRCCs in car-
diac myocytes® and VSMCs”.. But the role of CIC-3 as a con-
stituent of native VRCCs became an issue of debate owing to
inconsistent and conflicting data collected from some labora-
tories™ I, Specially, the presence of the native VRCCs in two
different cell types from the global CIC-3 knockout (Clen3™)
mice®™ casts considerable doubt on the role of CIC-3 as a
molecular component of VRCCs. However, later additional
experiments using Clcn3™~ mice revealed that the properties of
native VRCCs in the Clcn3™~ heart were significantly altered
and the expression of a variety of membrane proteins other
than CIC-3 was also markedly changed, raising fundamental
questions about the usefulness of the Clcn3”~ mouse model to
assess CIC-3 function™). A series of recent independent stud-
ies from many laboratories further strongly corroborated the



hypothesis that CIC-3 encoded a key component of the native
VRCCs in a variety cell types ranging from normal cardiac
myocytes to cancer cells"**” ¥ Knockdown of CIC-3 by
SIRNAMY 4247 shRNAM# and antisense®® * % *) and intracel-
lular dialysis of anti-CIC-3 antibody (Ab)!"®* 3“4 3] con-
sistently eliminated VRCC currents in many types of cells. A
recent study using the inducible heart-specific CIC-3 knockout
mouse found that a time-dependent inactivation of CIC-3 gene
expression was correlated with an elimination of the endoge-
nous VRCCs (Figure 2) and significantly compromised cardiac
function (Figure 2). Therefore, CIC-3 remains a strong and
viable candidate for VRCCs in the heart and may contribute to
normal cardiac function.

VRCCs and CIC-3 in cardioprotection induced by ischemic
preconditioning (IPC)

Ischemic preconditioning (IPC) is a phenomenon in which
brief episodes of ischemia dramatically reduce myocardial
infarction caused by a subsequent sustained ischemia®!. IPC
has an early phase (lasting 1-2 h) and a late phase or “sec-
ond window” (lasting 24-72 h) of protection®. Tt has been
reported that the block of I¢ ey in rabbit cardiac myocytes
inhibits IPC by brief ischemia, hypo-osmotic stress®™ >
adenosine receptor agonists™. These studies were solely
based on the use of several CI" channel blockers, such as
anthracene-9-carboxylic acid (9-AC) and 4-acetamide-4'-
isothiocyanatostilbene-2,2’-disulfonic acid (SITS). These
pharmacological tools lack specificity to a particular CI

and

channel in the heart and may also act on other ion channels
or transporters[%’ 7. Therefore the causal role of I¢j, gyey in
IPC has been very difficult to be confirmed®™. To specifi-
cally test whether the VRCCs are indeed involved in IPC, we
have recently established in vitro and in vivo models of early
IPC and late TPC in CICn3”~ mice. Our preliminary results
indicate that targeted inactivation of CIC-3 gene prevented
protective effects of late IPC but not of early IPC, suggesting
that CIC-3/VRCCs may contribute differently to early and
late IPC*"l. The underlying mechanisms for these differen-
tial effects are currently unknown. Recent reports, however,
suggest that VRCCs and CIC-3 may play an important role in
apoptosis'®! and inflammation!®. CI- channel blockers DIDS
and NPPB were as potent as a broad-spectrum caspase inhibi-
tor in preventing apoptosis and elevation of caspase-3 activity
and improved cardiac contractile function after ischemia and
in vivo reperfusion®. Transgenic mice overexpressing Bcl-2
in the heart had significantly smaller infarct size and reduced
apoptosis of myocytes after ischemia and reperfusion!®!. Tt
has been shown that Bcl-2 induces up-regulation of I v, by
enhancing CIC-3 expression in human prostate cancer epi-
thelial cells". Cell shrinkage is an integral part of apoptosis,
suggesting that Iy, and CIC-3 might be intimately linked to
apoptotic events through regulation of cell volume homeosta-
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VRCCs and CIC-3 in myocardial hypertrophy and heart
failure

Structural remodeling of myocardial hypertrophy and dilated
cardiomyopathy involves oxidative stress and hypertrophic
cell volume increase or dilated myocyte membrane stretch,
which alters cell volume homeostasis and many cellular
functions including cell proliferation, differentiation, and
apoptosis. Iqj swenis persistently activated in ventricular myo-
cytes from a canine pacing-induced dilated cardiomyopathy
model®. Using the perforated patch-clamp technique, Clemo
et al found that, even in isotonic solutions, a large 9-AC-sensi-
tive, outwardly rectifying CI” current was recorded in failing
cardiac myocytes but not in normal cardiac myocytes. Graded
hypotonic cell swelling (60%-90% hypotonic) failed to activate
additional current while graded hypertonic cell shrinkage
caused an inhibition of the “basal” CI" current in failing myo-
cytes. Moreover, the maximum current density of the I¢ gyen
in failing myocytes was about 40% greater than that in osmoti-
cally swollen normal myocytes. Constitutive activation of
Icy, swen 1s also observed in several other animal models of heart
failure, such as a rabbit aortic regurgitation model of dilated
cardiomyopathy®, a dog model of heart failure caused by
myocardial infarction®), and a mouse model of myocardial
hypertrophy by aorta binding””. In human atrial myocytes
obtained from patients with right atrial enlargement and/or
elevated left ventricular end-diastolic pressure, a tamoxifen
sensitive I sy Was also found to be persistently activated'®”.
Therefore, it is possible that persistent activation of I¢| gy is @
common response of cardiac myocytes to hypertrophy or heart
failure-induced remodeling.

The mechanism for persistent activation of Iq, sy in hyper-
trophied or failing cardiac myocytes is still not clear. Perhaps
the increase in cell volume caused by hypertrophy and the
stretch of cell membrane caused by dilation are both involved
in the activation of I¢ o1 Alternatively, the persistent activa-
tion of ¢, swen May be caused by signaling cascades activated
during hypertrophy independent of changes in cell length and
volume, or both. I .1 could be activated by direct stretch of
Bl-integrin through focal adhesion kinase (FAK) and/ or Src*’.
Mechanical stretch of myocytes also releases Ang II, which
binds to AT1 receptors (AT1R) and stimulates FAK and Src
in an autocrine-paracrine loop. A recent study by Browe and
Baumgarten suggests that the stretch of pl-integrin in cardiac
myocytes activates I¢; e by activating ATIR and NADPH
oxidase and, thereby, producing reactive oxygen species
(ROS). In addition, a potent NADPH oxidase inhibitor, diphe-
nyleneiodonium (DPI), and a structurally unrelated NADPH
oxidase inhibitor, 4-(2-aminoethyl) benzenesulfonyl fluoride
(AEBSF), rapidly and completely blocked both background
and stretch-activated Cl” currents in cardiac myocytes!"’.
Therefore, NADPH oxidase may be intimately coupled to
the channel responsible for I¢ o, providing a second regula-
tory pathway for this channel through membrane stretch or
Pl This finding is very important for further
understanding of the mechanism for hypertrophy activa-

oxidative stress
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(A) Representative current traces
in isotonic condition and under
b hypotonic challenge recorded in
freshly isolated atrial myocytes
from the inducible heart-specific
CIC-3 knockout (doxyhsCIC-37")
mice with doxycycline (on Doxy)
in the diet (panel a), or after
withdraw of doxycycline (off
c Doxy) from the diet for 3 weeks
(panel b). (c) Summary of VRCC
0 week 1.5 weeks 3 weeks current densities in isotonic and
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#i#t . .
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LVEF (%) 79.01+2.16 78.11+1.58 85.21+3.06 74.25+1.76"  80.02+2.31 75.20+2.04 pared between on Doxy and 1.5
Mass (mg/mm?)  89.06+4.36 92.33+3.18 78.65+6.16 103.08+3.56 """ 83.93+4.66 102.02+4.11""*  weeks off Doxy, and between 1.5
Body Weight (g) 34.86+2.55 43.10+1.86" 33.15+3.61 41.21+2.08 35.04+2.73 36.34+2.40 and 3 weeks off Doxy using ANO-
Mass/BW Ratio 2.69+0.18 2.17+0.13 2.37+0.26  2.55+0.15" 2.38+0.12 2.86+0.17°**  VA. (B) Representative M-mode

“P<0.05,
point.

D
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"P<0.01,

On Doxy 3 weeks

5mm

Off Doxy 3 weeks
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P<0.001 vs off Doxy O week; “P<0.05, #/P<0.01, ##P<0.001 vs on Doxy at the same time

echocardiography from on Doxy (a)
and off Doxy (b) mice. (C) Time-
dependent changes in M-mode
echocardiogram of age-matched
on Doxy or off Doxy for 1.5 and 3
weeks. (D) Comparison of hearts
isolated from age-matched (11-
week old) doxyhsClcn3™~ mice
on Doxy or off Doxy for 3 weeks.
Hearts were cleaned up blood
and connective tissues and fixed
in 4% paraformaldehyde. (Adapt-
ed from Xiong et al® ).



tion of I¢; gyen and CIC-3 channels and their relationship with
hypertrophy and heart failure as it is very well known that
Ang II plays a crucial role in myocardial hypertrophy and
heart failure””. Interestingly, Miller and colleagues recently
found that CI” channel inhibitors and knockout of CIC-3 abol-
ished cytokine-induced generation of ROS in endosomes and
ROS-dependent NF-xB activation in vascular smooth muscle
cells™, suggesting a potential close interaction between
NADPH oxidase and CIC-3 (Figure 1). In human corneal ker-
atocytes and human fetal lung fibroblasts CIC-3 knockdown
by a short hairpin RNA (shRNA) significantly decreased
VRCC and lysophosphatidic acid (LPA)-activated CI” cur-
rent (Iqpa) in the presence of transforming growth factor-B1
(TGF-p1) compared with controls, whereas CIC-3 overexpres-
sion resulted in increased I¢ 1pa in the absence of TGF—[HWJ.
CIC-3 knockdown also resulted in a reduction of a-smooth
muscle actin (a-SMA) protein levels in the presence of TGF-
B1, whereas CIC-3 overexpression increased a-SMA protein
expression in the absence of TGF-f1. In addition, keratocytes
transfected with CIC-3 shRNA had a significantly blunted
regulatory volume decrease response following hyposmotic
stimulation compared with controls. These data not only con-
firm that CIC-3 is important in VRCC function and cell volume
regulation, but also provides new insight into the mechanism
for the CIC-3-mediated fibroblast-to-myofibroblast transi-
tion*?!,

The functional and clinical significance of VRCCs in the
hypertrophied and dilated heart is currently unknown. Using
a mouse aortic binding model of myocardial hypertrophy,
we have found that globally targeted disruption of CIC-3
gene (CICn37") accelerated the development of myocardial
hypertrophy and the discompensatory process, suggesting
that activation of I o might be important in the adaptive

7 Interest-

remodeling of the heart during pressure overload'
ingly, heart failure was found to be accompanied by a reduced
Iqy, vor density in rabbit cardiac myocytes[43]. Our recent studies
on the conditional heart-specific CIC-3 knockout (hsClcn3™")
mice (Figure 3) support the crucial functional role of CIC-3
channels in the adaptive remodeling of the heart against pres-
sure overload”. As shown in Figure 3, echocardiography
revealed marked signs of myocardial hypertrophy (a signifi-
cant increase in left ventricular mass LVM) and heart failure (a
significant increase in LVIDs and reduction in IVSs, LVEF, and
%FS) in the hsClcn3™”~ mice compared to their age-matched
wild-type control mice (Figure 3B). In addition, both left and
right atria were significantly enlarged (Figure 3C). These data
strongly suggest that CIC-3 may play an important role in
maintaining normal structure and function of the mammalian
heart.

VRCCs and CIC-3 in electrophysiology and electrical
remodeling

Activation of VRCCs is expected to produce depolarization
of the resting membrane potential and significant shortening
of action potential duration (APD) because of its strong out-
wardly rectifying property”® 77! The CI" current through
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A Clen37+

% FS=59.52% EF=63.41%

EF=93.01% % FS=35.50%
B
Clen3** (n=8) hsClcn3™~ (n=8)
IVSd (mm) 0.54+0.02 0.56+0.02
IVSs (mm) 1.31+0.09 1.01+0.04"
IVIDd (mm) 2.63+0.16 2.69+0.09
LVIDs (mm) 0.84+0.07 1.52+0.09""
LVPWd (mm) 0.74+0.05 0.81+0.05
LVPWs (mm) 1.2240.05 1.2340.05
LVEF 0.97+0.04 0.80+0.03™"
% FS 67.05+3.57 43.88+2.85""
HR (bpm) 495,71+22.58 396.13+19.11"
LVM (mg) 40.58+4.33 52.2242.91"
"P<0.05, ""P<0.01, ""P<0.001 vs Clcn3**.
C Clen3+* hsClcn3-/-
:.4{,’:\
RA LA RA AV Y
, ¥
RV © 3 v
2mm
AL U &

Figure 3. Echocardiography of cardiac function of wild type and heart-
specific CIC-3 knockout mice. (A) Representative M-mode echocardiog-
raphy from wild-type (Clcn3*/*; left) and heart-specific CIC-3 knockout
(hsClcn3™7; right) mice. (B) Echocardiographic measurements in Clcn3**
and hsClcn3™~ mice. IVSd, interventricular septum thickness at the end
of diastole; LVIDd, left ventricular (LV) dimension at the end of diastole;
LVPWd, LV posterior wall thickness at the end of diastole; IVSs, interven-
tricular septum thickness at the end of systole; LVIDs, LV dimension at the
end of systole; LVPWs, LV posterior wall thickness at the end of systole;
LVEP, calculated LV ejection fraction; %FS, LV fractional shortening; Esti-
mated LV mass, LVM (mg)=1.05[(IVS+LVID+LVPW)>-(LVID)?], where 1.05
is the specific gravity of the myocardium. (C) Single longitudinal section (8
um) of hearts to demonstrate all four heart chambers. Longitudinal were
stained with hematoxylin and eosin (Bar=2 mm) (Ye L and Duan DD. un-
published data).

the VRCCs under basal or isotonic conditions is small™® ' 7!

but can be further activated by stretching of the cell mem-
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[77]

brane by inflation”” or direct mechanical stretch of membrane

78]

B;-integrin'® and/or cell swelling induced by exposure to

hypoosmotic solutions® *,

The consequences of activation
of g o are very complex. It may be detrimental, beneficial, or
both simultaneous in different parts of the heart, depending
on environmental influences.

Because cardiac myocytes swell during hypoxia and isch-
emia, and the washout of hyperosmotic extracellular fluid
after reperfusion induces further cell swelling, activation of
VRCCs may contribute to APD shortening and arrhythmias
induced by hypoxia, ischemia and reperfusion”. Shorten-
ing of APD and, therefore, the effective refractory period
(ERP) reduces the length of the conducting pathway needed
to sustain reentry (wavelength). In principle, this favors the
development of atrial fibrillation (AF) or ventricular fibrilla-
tion (VF), depending on the presence of multiple reentrant
circuits or rotating spiral waves. Activation of I ,, may slow
or enhance the conduction of early extrasystoles, depend-
ing on the timing. In guinea-pig heart, hypo-osmotic solu-
tion shortened APD and increased APD gradients between
right and left ventricles. In burst stimulation-induced VF,
exposure to hypo-osmotic solution increased VF frequencies,
transforming complex fast Fourier transformation spectra to
a single dominant high frequency on the left but not the right

ventricle™.

Perfusion with the VRCC blocker indanyloxya-
cetic acid-94 reversed organized VF to complex VF with lower
frequencies, indicating that VRCC underlies the changes in VF
dynamics. Consistent with this interpretation, CIC-3 channel
protein expression is 27% greater on left than right ventricles,
and computer simulations showed that insertion of I . trans-
formed complex VF to a stable spiral. Therefore, activation of
Iq;, vor has a major impact on VF dynamics by transforming ran-
dom multiple wavelets to a highly organized VF with a single
dominant frequency.

In the case of myocardial hypertrophy and heart failure,
ionic remodeling is one of the major features of pathophysi-

ological changes®!

1691

. Under these conditions, I . is consti-
tutively active™. The persistent activation of I¢,, may limit
the APD prolongation and make it more difficult to elicit early
after depolarization (EAD). Indeed, in myocytes from failing
hearts, blocking I o, by tamoxifen significantly prolonged
APD and decreased the depolarizing current required to
elicit EAD by about 50%. And hyper-osmotic cell shrinkage,
which also inhibits I ,,, was almost equivalent to the effect
of tamoxifen on APD and EAD in these myocytes”. It has
been shown that mechanical stretching or dilation of the atrial
myocardium is able to cause arrhythmias. Since I, Was also
found in sino-atrial (S-A) nodal cells, VRCCs may serve as a
mediator of mechanotransduction and play a significant role
in the pacemaker function if they act as the stretch-activated

channels in these cells” %!,

Baumgarten’s laboratory has
recently demonstrated that I¢; , in ventricular myocytes can
be directly activated by mechanical stretch through selectively
stretching B;-integrins with mAb-coated magnetic beads"” "),
Although it has been suggested that stretch and swelling acti-

vate the same anion channel in some non-cardiac cells, further
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study is needed to determine whether this is true in cardiac
myocytes and VSMCs.

VRCC and CIC-3 in vasculature and hypertensive vascular
remodeling

It has been demonstrated that VRCCs and CIC-3 are expressed
in aortic and pulmonary VSMCs of human and several other
speicies®” ¥ &

cellular functions including vascular myogenic tone, cell vol-
[7, 26, 61, 84]

and have been implicated in a number of vital

ume regulation, cell proliferation and apoptosis
Membrane stretch or increases in transmural pressure
cause contraction of vascular smooth muscle cells, ie, myo-

85]

genic response™. Early studies revealed that the myogenic

response was associated with membrane depolarization!®,
Ion channels sensitive to mechanical stimuli have been sug-
gested to serve as the sensor element of the myogenic response
of vascular smooth muscle. Mechano-sensitive CI”~ channels
and VRCCs have been observed in vascular smooth muscle
cells” ¥ and a pressure-induced CI- efflux was reported!®.
Activation of VRCCs and CIC-3 has been postulated to par-

7. 84, 86,87 "gyuch as in the

ticipate in the myogenic response
membrane depolarization and contraction mediated by acti-
vation of a;-adrenoceptors and vascular wall distension due

to increased transmural pressure!®,

However, convincing
functional evidence for the functional role of VRCCs or CIC-3
in myogenic response and myogenic tone is still lacking due

to the lack of specific CI” channel blockers™!

. Further study
using the CIC-3 knockout or transgenic mice may provide
more insights into the functional role of CIC-3 and VRCCs in
the regulation of myogenic response to mechanical stretch.
Arterial VSMC proliferation is a key event in the develop-

831 Recent

ment of hypertension-associated vascular disease
accumulating evidence suggests an important role of CIC-3
and VRCCs in the regulation of cell proliferation induced by
numerous mitogenic factors®l. The magnitude of VRCC cur-
rents in actively growing VSMCs is higher than in growth-
arrested or differentiated VSMCs, suggesting that VRCCs may

[91]

be important for VSMC proliferation™". Antisense oligonucle-

otide-mediated downregulation of CIC-3 dramatically inhibits

cell proliferation of rat aortic VSMCs?"),

A recent study found
that static pressure increased VRCCs and CIC-3 expression
and promoted rat aortic VSMC proliferation and cell cycle
progression!™!. Inhibition of VRCCs with pharmacological
blockers (such as DIDS or the NADPH oxidase inhibitor DPI)
or knockdown of CIC-3 with CIC-3 antisense oligonucleotide
transfection attenuated pressure evoked cell proliferation and
cell cycle progression. Static pressure enhanced the produc-
tion of ROS in aortic smooth muscle cells. DPI or apocynin
pretreatment inhibited pressure-induced ROS production
as well as cell proliferation. Furthermore, DPI or apocynin
attenuated the pressure-induced upregulation of CIC-3 protein
and VRCC current. These data suggest that VRCCs may play
a critical role in static pressure-induced cell proliferation and
cell cycle progression. Therefore, VRCCs may be of unique
therapeutic importance for treatment of hypertension atten-
dant vascular complications.



Cerebral resistance arteries undergo remodeling of the vas-
cular walls during chronic hypertension, which is caused by
the coordination of vascular smooth muscle cell proliferation
and migration, endothelial cell dysfunction, inflammation and
fibrosis. A very recent study demonstrated that the expression
of CIC-3 and VRCC activity were increased in basilar artery
during hypertension and simvastatin, an inhibitor of 3-hy-
droxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase
widely used in clinics for the treatment of hypercholester-
olemia, normalized the upregualtion of CIC-3"%. Furthermore,
simvastatin ameliorated hypertension-caused cerebrovascular
remodeling through inhibition of VRCCs and CIC-3 and cell
proliferation”. These effects of simvastatin were abolished by
pretreatment with mevalonate or geranylgeranyl pyrophos-
phate. In addition, Rho A inhibitor C3 exoenzyme and Rho
kinase inhibitor Y-27632 both reduced cell proliferation and
activation of VRCCs. CIC-3 overexpression decreased the sup-
pressive effect of simvastatin on endothelin-1 and hypoosmo-
larity-induced cell proliferation. These results provided novel
mechanistic insight into the beneficial effects of statins in the
treatment of hypertension and stroke through an inhibition of
CIC-3 and VRCC function.

CIC-3 and superoxide transport and interaction with
NADPH oxidase

ROS has been implicated in cellular signaling processes as
well as a cause of oxidative stress-induced cell proliferation!™.
One of the major sources of ROS in the heart and vasculature
is through one or more isoforms of the phagocytic enzyme
NADPH oxidase, a membrane-localized protein which gener-
ates the superoxide (O,”) anion on the extracellular surface
of the plasma membrane (Figure 1). As a charged and short
lived anion, it is believed that O, flux is insufficient to initiate
intracellular signaling due to the combination of poor perme-
94]

ability through the phospholipid bilayer® and a rapid dismu-
tation to its uncharged and more stable derivative, hydrogen
peroxide!™ %I,

crete signaling roles for both O, and H,0O,

However, recent evidence has indicated dis-
1971

In response to monocrotaline-induced pulmonary hyper-
tension the expression of CICn3 gene was upregulated in rat

pulmonary artery™®

. In canine cultured pulmonary arterial
smooth muscle cells (PASMCs) incubated with inflammatory
mediators Clcn3 gene was also upregulated™). Overexpression
of CIC-3 in PASMCs enhanced viability of the cells against
H,0,, thus suggesting that CIC-3 may improve the resistance
of VSMCs to ROS in an environment of elevated inflammatory

98]

cytokines in hypertensive pulmonary arteries™. It was found

that extracellular O,”, but not H,O,, led to Ca* signaling and
apoptosis in pulmonary endothelial cells™. This indicates
that extracellular O,” produced by NADPH oxidase or other
sources either crosses the plasma membrane or modifies cell
surface proteins to mediate cell signaling (Figure 1).

Recently, Hawkins et al studied the transmembrane flux of
[17]

O, in pulmonary microvascular endothelial cells"”. Appli-
cation of an extracellularbolus of O, resulted in rapid and

concentration-dependent transient O, "-sensitive fluorophore
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hydroethidine (HE) oxidation that was followed by a progres-
sive and nonreversible increase in nuclear HE fluorescence.
These fluorescence changes were inhibited by superoxide
dismutase (SOD), and the CI” channel blocker DIDS, and selec-
tive silencing of CIC-3 by treatment with siRNA. Extracellular
O, triggered Ca™ release, in turn triggered mitochondrial
membrane potential alterations that were followed by mito-
chondrial O, production and cellular apoptosis. These “sig-
naling” effects of O, were prevented by DIDS, by depletion
of intracellular Ca*" stores with thapsigargin and by chelation
of intracellular Ca**. This study demonstrates that O, flux
across the endothelial cell plasma membrane occurs through
CIC-3 channels and induces intracellular Ca** release, which
activates mitochondrial O, generation. These and other stud-
ies suggest that activation of CIC-3 may indeed play a role in
cell proliferation, growth, volume regulation and apoptosis of
VSMCs.

Conclusion

Regulation of CIC-3 functions in the cardiovascular system is
emerging as a novel and important mechanism for the electri-
cal and structural remodeling of the heart and vasculature.
However, the integrated function of CIC-3 as a key component
of VRCC and Nox1 and as a transport of superoxide needs
to be further explored. Although specific gene targeting and
transgenic approaches have been proven very powerful for
specifically addressing the questions, it will be ideal if specific
compounds for CIC-3 can be developed as pharmacological
tools to answer these questions and to develop drugs targeting
CIC-3 as novel therapeutic tools for the treatment of many car-
diac and vascular diseases such as myocardial hypertrophy,
ischemia, heart failure, and hypertension.
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The Tmem16 gene family was first identified by bioinformatic analysis in 2004. In 2008, it was shown independently by 3 laboratories
that the first two members (Tmem16A and Tmem16B) of this 10-gene family are Ca*"-activated CI~ channels. Because these proteins
are thought to have 8 transmembrane domains and be anion-selective channels, the alternative name, Anoctamin (anion and octa=8),
has been proposed. However, it remains unclear whether all members of this family are, in fact, anion channels or have the same
8-transmembrane domain topology. Since 2008, there have been nearly 100 papers published on this gene family. The excitement
about Tmem16 proteins has been enhanced by the finding that Ano1 has been linked to cancer, mutations in Ano5 are linked to sev-
eral forms of muscular dystrophy (LGMDL2 and MMD-3), mutations in Ano10 are linked to autosomal recessive spinocerebellar ataxia,

and mutations in Ano6 are linked to Scott syndrome, a rare bleeding disorder. Here we review some of the recent developments in
understanding the physiology and structure-function of the Tmem16 gene family.
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Introduction

Ca**-activated Cl” channels (CaCCs) play manifold roles in
cell physiology™? including epithelial secretion®*, sensory
transduction and adaptation®*, regulation of smooth muscle
contraction”, control of neuronal and cardiac excitability",
and nociception!"l. CaCCs were first described in Xenopus
oocytes™™ ¥ and salamander rods"* in the early 1980’s, but
it was not until 3 years ago that the proteins responsible for
these channels were identified. Prior to that, several other pro-
teins were proposed as molecular candidates. These include
CIC-3™!, CLCAs™", and bestrophins”. None of these proteins
have properties that exactly fit those of classical CaCCs!".
Although bestrophins are indeed CaCCs, their expression
profile is more restricted and their biophysical properties are
different from classical CaCCs”l. So, in 2008, the announce-
ments that three labs had cloned genes that encoded classi-
cal CaCCs generated considerable excitement!® ™). The two
genes that have been shown definitively to encode CaCCs are
called Tmem16A and Tmem16B. These are two members of a
family that consists of 10 genes in mammals™. Yang et al™
proposed the new name “anoctamin” or Ano (anion+octa=8)
and this name is now the official HUGO nomenclature and

*To whom correspondence should be addressed.
E-mail criss.hartzell@emory.edu
Received 2011-03-15 Accepted 2011-04-05

has replaced Tmem16 in Genbank. Tmem16A is now Anol,
Tmem16B is Ano2, and so-on except that the letter I is skipped
in the Tmem16 nomenclature so that Tmem16] is Ano 9 and
Tmem16K is Anol0. There is some dissatisfaction in the field
with the Ano nomenclature because, as discussed below, it is
not certain that all the members of this family are anion chan-
nels or have the 8-transmembrane topology. Also, the term
“Ano” has a potentially objectionable meaning in the Spanish
languageml. For this reason, the Tmem16 terminology still
remains in use in parallel with Ano. This review summarizes
some of the recent developments in this field. The reader
should consult several other outstanding reviews on Tmem16/
Ano proteins for more detail and different perspectives™ .

Structure-function of anoctamins

Hydropathy analysis shows that all anoctamins have eight
hydrophobic helices that are likely to be transmembrane
domains with cytosolic N- and C-termini. This predicted
topology has been confirmed experimentally for Ano7, whose
topology has been determined using inserted HA epitope tag
accessibility and endogenous N-glycosylation®. Although
this topology is appealing, the epitope tag accessibility meth-
odology used to identify intracellular domains of Ano7 does
not clearly distinguish between intracellular domains and pro-
tein that is not efficiently trafficked to the plasma membrane.
Because of this technical limitation and the fact that the topol-
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ogy of other Anos has not been experimentally determined,
more investigation is required to establish the topology of
these proteins.

The quaternary structure of Anol was recently determined
to be that of a homodimer using both migration in native gels
as well as Forster resonance energy transfer (FRET)®"*. Anol
subunits associate before they are trafficked to the plasma
membrane. The association of Anol subunits is likely due to
noncovalent interactions, as the Anol assembly cannot be sep-
arated into monomers by chemical reduction with DTT. The
oligomeric state is not affected by changes in intracellular Ca*,
suggesting that the homodimeric structure of Anol is not a
determinant of channel gating. The homodimeric structure of
Anol is reminiscent of that of CLC chloride channels, although
it is not known whether the channel functions as a dimer or
a higher order oligomer that is not detected quantitatively by
the techniques used to date. For example, it is possible that
the dimer is a biochemically stable form, but that dimerization
of the dimers is required to create a functional channel. Fur-
ther, it is not known whether Anol can form heteromers with
other Anos or whether it associates with other accessory sub-
units. It will be interesting to see if Anol subunits assemble
to form a single functional pore, or if each subunit contains a
separate CI” conduction pathway, similar to the double barrel
structure of CLC channels.

Multiple isoforms

At least 4 splice variants have been identified for Ano1™! and
two splice variants have been found for Ano7"”*. Human
Anol has 4 different alternatively-spliced segments, a, b, c,
and d corresponding, respectively, to an alternative initiation

site, exon-6b, exon-13, and exon-15°%.

Segments a and b are
located in the N-terminus and c and d are in the first intracel-
lular loop. The variant with all 4 segments is designated as
Anolabcd; the variant lacking segments b and d, for example,
is Anolac. Analysis of ESTs in Genbank predicts that several
of the other Anos also have multiple splice variants. Some
of these variants may not have channel functions because
they are predicted to lack some or all of the transmembrane
domains. For example, the short form of Ano7, which has
been shown to be translationally expressed, is a short, soluble
protein®,
voltage-dependent and Ca**-dependent gating properties
Thus, alternative splicing is likely to contribute to the hetero-

The four splice variants of Anol exhibit different
33, 35]

geneity of CaCC currents observed in native tissues.

Gating mechanisms of Anol

Anol is gated by both voltage and Ca* but examination of
the sequence of Anol gives few clues about the sites that
sense voltage or bind to Ca*. Unlike voltage-gated channels
that have amphipathic transmembrane helices with charged
amino acids that serve to sense voltage, Anol has no such
sequences. Furthermore, there are no obvious E-F hands that
might serve as Ca* binding sites or definitive IQ domains for
CaM binding. The first intracellular loop, between TMD2 and
TMD3, has a large number of acidic amino acids including
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a stretch of 5 consecutive glutamates (4, EEEEE,;) that have
attracted attention as a possible Ca®* sensor™. The last glu-
tamate in this sequence is the first residue of a 4-amino acid
alternatively-spliced segment (.sEAVK,5). Neutralization of
the glutamates has little effect on Ca™ sensitivity, although
deletion of the alternatively-spliced segment (AEAVK) alters
both voltage-dependent gating and Ca** sensitivity™ *. Thus,
although the first intracellular loop plays an important role in
coupling both voltage and Ca®* binding to channel opening, it
is unlikely to be the binding site for Ca™".

If Anol has no Ca®* binding site, perhaps the Ca® bind-
ing site is located on an accessory subunit, such as calm-
odulin (CaM). A recent paper reports that CaM binds to a
22-amino acid region that overlaps with the b segment in
the N-terminus called CaM-BD1 and is “essential” for gat-
ing Ano1®. This putative CaM binding site is not canoni-
cal, but resembles some other CaM binding sites. However,
only the Anol splice variants containing the b segment (eg;
Anolabc) seems to require CaM. Anolac, which lacks the
CaM-BD1, does not require CaM and is activated directly
by Ca™. It is curious that deletion of the b segment reveals a
Ca”™ binding site that is suppressed in the variant having the
CaM binding domain. Clearly, additional work is required to
clarify the role of CaM in regulation of Anol. Some endog-
enous CaCCs are regulated directly by Ca** and others by
CaM-dependent pathways!> ¥ *!
by expression of different splice variants or isoforms. For

and this may be explained

example, the Ca**-sensitivity of the CaCC in olfactory recep-
tor neurons, which is now thought to be Ano2, is decreased
by a factor of ~2 by over-expression of dominant-negative

inactive CaMs, but CaM is not essential for activation.

Functions of Tmem16/Ano paralogs

Anoctamins display differential temporal and spatial expres-
sion in a variety of developing tissues, suggesting they may
play an important role in development™*'. In murine tissues,
Anos 1, 6,7,8,9, and 10 are expressed in a variety of epithelia,
while Anos 2, 3, 4, and 5 are more restricted to neuronal and

musculoskeletal tissues®”. Anol and Ano2 are the only two
members of the family that have been shown conclusively to

be CaCCs.

Anol is ubiquitously expressed

Anol is widely expressed in virtually every kind of secretory
epithelium, for example, salivary gland, pancreas, gut, mam-
(18194346~ Anol knockout

mice display defective Ca”" dependent CI secretion in a vari-
44-46

mary gland, and airway epithelium!

I'and Anol has been implicated in rotovi-
[47]

ety of epithelial
rus-induced diarrhea™”. In addition, Anol is expressed in a
variety of other cell types including certain smooth muscles

and SeNsory neurons.

Anol is a secondary CI" channel in airway

The major CI” channel in human airway is cystic fibrosis trans-
membrane conductance regulator (CFTR), the protein that is
defective in cystic fibrosis. CaCCs have long been considered



as a potential target for therapy of cystic fibrosis based on the
idea that upregulation or activation of CaCCs might compen-

[48]

sate for loss of CFTR in airway fluid secretion™. Two drugs

that activate CaCCs by elevating intracellular Ca** are pres-

ently in clinical trials for treating cystic fibrosis!® %,

Recently,
however, Namkung et al®" showed that novel Anol inhibitors
were rather ineffective in inhibiting CaCCs in airway epithe-
lial cells despite their efficacy in inhibiting heterologously
expressed Anol as well as native CaCCs in salivary gland.
This result is puzzling in light of the reports by several groups
that Anol is expressed in airway epithelium and that knock-
out of Anol decreases airway secretion” * *I,
explanation is that that Anol in airway is a different splice

One possible

variant or has other accessory proteins that alters its pharma-
cological profile. Cystic fibrosis affects other tissues in addi-
tion to airway — reproductive tract, pancreas, bile duct. Anol
is expressed in all of these tissues and may be an alternate,
non-CFTR CI” secretory pathway! **. Although Anol may
represent a potential target for pharmacological treatment of
cystic fibrosis, one serious concern is the fact that Anol is so
widely expressed that systemically administered drugs are
likely to have widespread side-effects. Thus, it seems that any
therapy that targets Anol may require local delivery protocols.
However, the differential sensitivity of airway and salivary
gland CaCCs to novel Anol inhibitors raises the prospect that
development of subtype-specific drugs may be feasible.

Anol is essential for gut motility

In addition to epithelia, Anol is robustly expressed in inter-
stitial cells of Cajal which are responsible for generating
pacemaker activity in smooth muscle of the gut'*> > >, Mice
homozygous for a null allele of Anol fail to develop slow
wave activity in gastrointestinal smooth muscles. The result-
ing loss of gastrointestinal motility may be an important

[43]

contributor to the early death of Anol knockout mice™ and

decreased expression of Anol in interstitial cells of Cajal may

contribute to gastroparesis common in diabetic patients™".

Anol is expressed in certain smooth muscle cells
Anol is also expressed robustly in various kinds of smooth

[43, 56, 57]

muscle including vascular smooth muscle cells Treat-

ment of rat pulmonary aortic smooth muscle cells with siRNA

Bl Anol is also

against Anol results in a reduction of CaCCs
strongly expressed in airway smooth muscle cells, suggesting
the possibility that this channel might be involved in asthma.
Asthma is characterized by disorders of smooth muscle Ca*
signaling and remodeling of the airway smooth muscle®.
Considering that Anol is Ca’*-regulated and implicated in
tracheal development!"”, a role for Anol in asthma deserves

attention.

Anol overexpression is associated with cancer
Anol originally attracted the interest of cancer biologists

because it is upregulated in several cancers™ . Oncolo-
gists have recognized Anol by several other names including

DOGI1 (Discovered On GIST-1 tumor), ORAOV2 (Oral cancer
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Overexpressed), and TAOS-2 (Tumor Amplified and Over-
expressed). Anol may prove a useful tool for the diagnosis
of certain cancers. Gene expression profiling identified Anol
as being highly expressed in gastrointestinal stromal tumors
(GISTs). KIT immunoreactivity has traditionally been used
to differentiate GISTs from other tumors that are morpho-
logically similar®. While KIT staining is highly specific for
GISTs, not all GISTs display KIT immunoreactivity. Anol
very specifically identifies a higher percentage of GIST tumors
than does KIT, indicating that Anol may be a more robust and
sensitive diagnostic biomarker for GISTs!*>*l,

In both oral and head and neck squamous cell carcinomas,
amplification of the Anol locus is correlated with a poor
outcome!®” !,
patients with a propensity to develop metastases. Given the
role that CI” channels play in cell proliferation and migration,
it is possible that Anol overexpression provides a growth or

metastatic advantage to cancer cells!®

Anol expression is significantly increased in

. Supporting the role of
Anol in metastasis is that overexpression of Anol stimulates
cell movement. In contrast, silencing of Anol decreases cell
migration; treatment of cells with CaCC blockers has a similar
effect. Overexpression of Anol has no marked effect on cell
proliferation. Although evidence suggests Anol may have
a role in metastases, it is still possible that the chromosomal
region containing Anol (11q13) contains other genes involved
in cancer progression.

Anol may be involved in nociception

Anol is expressed in small dorsal root ganglion neurons and
is implicated in mediating nociceptive signals triggered by
bradykinin"". Bradykinin is a very potent inflammatory and
pain-inducing substance that is released at sites of tissue dam-
age or inflammation. Bradykinin acts on G,-coupled B2 recep-
tors to stimulate phospholipase-C, IP; production, and release
of Ca* from intracellular stores. The elevation of intracellular
Ca*" opens CaCCs apparently encoded by Anol. CaCC cur-
rent, along with KCNQ channel activation, depolarizes and
increases AP firing. Local injection of CaCC inhibitors attenu-
ates the nociceptive effect of local injections of BK.

Ano2 plays a role in sensory transduction

In olfactory sensory neurons, odorants open cyclic nucleotide
gated channels by binding to G-protein coupled olfactory
receptors that elevate cAMP®. Ca™ influx through the cyclic
nucleotide gated channels then activates CaCCs that amplify
the receptor potential. From immunostaining studies, it was
first suggested that Best2 might be the olfactory CaCC'*, but
electrophysiological recordings from Best2 knockout mice
failed to confirm a role for Best2 in mediating the olfactory

.79 Tt seems Ano2 is now the best can-

receptor potential!
didate for the pore-forming subunit of CaCCs in olfactory
B771 " Ano2 generates Ca** activated chloride

currents when expressed in heterologous systems™ ", Ano2

Sensory neurons

is localized in the cilia and dendritic knobs of olfactory sensory
neurons and displays electrophysiological properties similar
to native olfactory CaCCs. Ano2 displays similar halide per-
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meability, Ca® sensitivity, single-channel conductance, and
rundown kinetics to native olfactory CaCCsP. However, there
are differences in channel inactivation kinetics, suggesting the
possible presence of other regulatory subunits.

Release of the neurotransmitter glutamate at photoreceptor
synapses is controlled by intracellular Ca®*. Ca**-activated
CI™ channels located in photoreceptor nerve terminals™* "
have been shown to provide a feedback control on transmitter
release”!. Ano2 is highly expressed in photoreceptor synaptic

terminals®

. Ano2 is localized to presynaptic membranes in
ribbon synapses, where it co-localizes with the adapter pro-
teins PSD95, MPP4, and VELI3. Ano2 contains a consensus
C-terminal PDZ class I binding motif that interacts with the
PDZ domains of PSD95. Through this interaction, Ano2 is
tethered to membrane domains along photoreceptor terminals,
and may serve to regulate synaptic output in these cells. Anol
has also been shown to be expressed in photoreceptor termi-
nals, suggesting there may be a contribution by both proteins
to CaCCs in photoreceptors™.,

Are Ano3-Ano10 chloride channels?

With the exception of Anol and Ano2, the status of other
anoctamin family members as channels is unclear. In the
hands of many investigators, including ourselves, many of the
heterologously-expressed Anos 3-10 do not produce robust
currents because they are not readily trafficked to the plasma
membrane. This could indicate that they have intracellular
functions or are simply missing the necessary chaperone
subunits to help them to the surface. In a study by Scheiber
et al®®, it was concluded that in addition to Anol and Ano2,
Anos 6, 7, and 10 were CI” channels. However, in iodide flux
assays, the ATP- or ionomycin-stimulated flux reported for
Anos 6, 7, and 10 were <10% of those for Anol. Furthermore,
the short form of Ano7 (Ano7S), which is a 179 amino acid
protein with no predicted transmembrane domains and very
unlikely to be an ion channel, produced approximately the
same flux as the long form of Ano7. No patch clamp data
were reported for Ano7. Over-expression of Anol0 produced
a CI” current that was activated slowly over a time frame of 10
min. However, expression of Anol0 also suppressed maxi-
mal currents produced by Anol. To date, no functional data
have been published for Anos 3 and 4. Recently, Ano6 was
reported by another lab to be a non-selective cation channel
that is more permeable to Ca** than Na** ", It will be interest-
ing to discover the functions of these proteins.

Ano5 mutations are linked to musculoskeletal disorders

Mutations in Ano5 result in a spectrum of musculoskeletal
disorders. Anob was originally identified as GDD1, the gene
product mutated in a rare autosomal dominant skeletal syn-
drome called gnathodiphyseal dysplasia (GDD)""l.
in cysteine-356, a highly conserved cysteine in the first extra-

Mutations

cellular loop of Ano5, results in abnormal bone mineralization
and bone fragility. Anob resides predominantly in intracellu-
lar membrane vesicles, but the nature of these compartments
is still unknown!”. Although the function of Ano5 remains
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to be determined, it clearly plays important roles in muscu-
loskeletal development. Anob is expressed in growth-plate
chondrocytes and osteoblasts at sites of active bone turnover,
indicating an important role in bone formation. Anob is also
expressed in somites and in developing skeletal muscle, and
is upregulated during the skeletal muscle cell line C2CI2 myo-
genic differentiation.

The importance of Ano5 in skeletal muscle physiology is
further highlighted by the recent finding that mutations in
Ano5 produce several recessive muscular dystrophies”* ",
Patients with a proximal limb-girdle muscular dystrophy
(LGMD2L) and distal non-dysferlin Miyoshi myopathy
(MMD3) carry mutations in Ano5. These mutations include a
splice site and base pair duplication that result in premature
stop codons, and two misense mutations, R758C and G231V.
The phenotypes resulting from these mutations are reminis-
cent of dysferlinopathies, in which a deficiency in dysferlin
causes defective skeletal muscle membrane repair. It has been
suggested that chloride currents are important in membrane
repair® and Ano5 may be one of the channels involved in this
process. Additional evidence implicating Ano5 in the mainte-
nance of skeletal muscle is that Anob expression is increased in
dystrophin-deficient mdx mice, a mouse model of Duchenne
muscular dystrophy. In contrast to the Duchenne muscular
dystrophy phenotype, dystrophin-deficient mdx mice main-
tain their ability to regenerate muscle fibers and have reduced
endomysial fibrosis®™. The role of Ano5 in muscle membrane
repair is still speculative, but determining if Ano5 functions
as a chloride channel will be critical for elucidating its role in
musculoskeletal pathologies (Figure 1).

Ano6 plays a role in blood clotting

Mutations in Ano6 have recently been implicated in Scott syn-
drome, a rare congenital bleeding disorder caused by a defect
in blood coagulation™!
phosphatidylserine is located on the inner leaflet of the plasma

. In platelets, like other cell types,

membrane. When platelets are activated they expose phos-
phatidylserine on the outer leaflet of the plasma membrane
to promote clotting. This redistribution of phosphatidyl-
serine is mediated by phospholipid scramblases that transport
phospholipids bildirectionally from one leaflet to the other.
In patients with Scott syndrome this mechanism is defective,
resulting in impaired blood clotting. Ano6 was found to be
critical for Ca®* dependent exposure of phosphatidylserine on
the cell surface in Ba/F3 platelet cells. Furthermore, a patient
with Scott syndrome harbored a mutation at a spice-acceptor
site of Ano6, resulting in premature termination of the protein.
Cells derived from this patient did not expose phosphatidyl-
serine in response to a Ca>" ionophore, unlike cells derived
from the patient’s unaffected parents. These data imply that
Anob6 is required for scramblase activity. However, the recent
finding that Ano6 is a non-selective cation channel”™ throws
another wrinkle into the interpretation of these data.

Ano7 is highly expressed in prostate
Ano7, which is highly expressed in prostate, was discovered
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Figure 1. Phylogenetic tree of vertebrate Anoctamins. Each branch is
labeled with the Ano and Tmem16 nomenclature, followed by the known
or suspected physiological function, and any diseases that have been
associated with this protein. GDD: gnathodiphyseal dysplasia; LGMD2L:
proximal limb girdle muscular dystrophy; MMD3: distal Miyoshi muscular
dystrophy. The tree was computed using 103 vertebrate Anoctamins
found in Genbank and Ensembl using nearest neighbor statistics.

in a search for genes whose expression patterns mimicked
those of known prostate cancer genes®™ *.. Of 40 000 human
genes examined, 8 novel genes, including Ano7, were identi-
fied as being the most closely linked to known prostate cancer
genes. Ano?7 is expressed on the apical and lateral membranes
of normal prostate. In the prostate LNCaP cell line stably
transfected with Ano?7, the protein localizes to cell-cell con-
tact regions. It has been suggested that Ano7 promotes cell
association because cell association can be reduced with RNAi
targeted to Ano7®™.. The predominant expression in prostate
and prostate cancers poise Ano7 as an attractive candidate for
immunotherapy®™ *, although the role of Ano7 in the devel-
opment of prostate cancer is uncertain.

Ano10 mutations are linked to ataxia

Mutations in Anol0 have been linked to autosomal-recessive
cerebellar ataxias associated with moderate gait ataxia, down-
beat nystagmus, and dysarthric speech™. Affected individu-
als display severe cerebellar atrophy. Two of the mutations
introduce premature stop codons, probably leading to null
protein expression. The other mutation is a missense muta-
tion, L510R, which is highly conserved among the Anos and
lies in the sixth transmembrane domain within the DUF590
domain of unknown function. It remains especially uncertain
whether Ano10 is an ion channel, because Ano10 and Ano8
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constitute the most divergent branch of the anoctamin fam-
ily. While there is little functional data for Ano10, a Drosophila
ortholog of Ano8/10, called Axs, is necessary for normal spin-
dle formation and cell cycle progression™). Axs co-localizes
with ER components, and is recruited to microtubules of
assembling spindles during mitosis and meiosis. A dominant
mutation in Axs causes abnormal segregation of homologous
achiasmate chromosomes due to defects in spindle formation,
and disrupts cell cycle progression. It remains to be seen if
Ano10 plays a similar role in mammalian systems.

Summary

The Tmem16/Anoctamin family promises to reveal many
exciting secrets over the next few years. We are impatient to
know whether Anos3-10 are anion channels, other types of
channel, or something else, such as a phospholipid scram-
blase. We would also like to know whether some of these pro-
teins have functions in intracellular organelles. It is interesting
that in just ~3 years since Anol and Ano2 were identified as
CaCCs, Anos 5, 6, and 10 have been linked to several serious
human diseases, but human diseases caused by mutations in
Anol and Ano2 have not been found. Certainly in the case
of Anol, this may be because these mutations are lethal, just
as the null allele is in mice™”. The location of the pore of the
Anol channel still has not been clearly established. Although
mutations between TMD5 and TMD6 point to the putative re-
entrant loop here as being part of the pore!™® ", the remarkably
high conservation in this region between Anol, which is an
anion channel, and Ano6, which is apparently a cation chan-
nel, argues against this region as a determinant of ion selectiv-
ity. Unravelling the mechanisms of Anol regulation by Ca*
and voltage also remain areas that are certain to provide excit-
ing insights.
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Targeting F508del-CFTR to develop rational new

therapies for cystic fibrosis
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The mutation F508del is the commonest cause of the genetic disease cystic fibrosis (CF). CF disrupts the function of many organs
in the body, most notably the lungs, by perturbing salt and water transport across epithelial surfaces. F508del causes harm in two
principal ways. First, the mutation prevents delivery of the cystic fibrosis transmembrane conductance regulator (CFTR) to its cor-
rect cellular location, the apical (lumen-facing) membrane of epithelial cells. Second, F508del perturbs the CI' channel function of
CFTR by disrupting channel gating. Here, we discuss the development of rational new therapies for CF that target F508del-CFTR.
We highlight how structural studies provide new insight into the role of F508 in the regulation of channel gating by cycles of ATP
binding and hydrolysis. We emphasize the use of high-throughput screening to identify lead compounds for therapy development.
These compounds include CFTR correctors that restore the expression of F508del-CFTR at the apical membrane of epithelial cells
and CFTR potentiators that rescue the F508del-CFTR gating defect. Initial results from clinical trials of CFTR correctors and poten-
tiators augur well for the development of small molecule therapies that target the root cause of CF: mutations in CFTR.
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corrector; CFTR potentiator
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Introduction

Salty sweat is diagnostic of cystic fibrosis (CF), an autosomal
recessive genetic disease common in Caucasians™ ?. The
elevated concentration of salt in sweat is indicative of the
underlying molecular defect in CF, the loss of chloride ion
(CI') channel function in the apical (lumen-facing) membrane
of epithelia lining ducts and tubes throughout the body™. The
impermeability of the apical membrane to CI in CF disrupts
fluid and electrolyte transport across epithelia and, hence, the
function of a variety of organs. This leads to the wide-ranging
manifestations of the disease, which include chronic lung dis-
ease, exocrine pancreatic insufficiency, meconium ileus (block-
age of the terminal ileum), male infertility and salty sweat!"

2. The median survival of CF patients in North America and

Western Europe is around 40 years.

There are two principal causes of debilitation and death in
CF patients™**. First, chronic obstructive lung disease caused
by thick tenacious mucus that prevents normal mucociliary

clearance. Second, persistent bacterial infections, typically

*To whom correspondence should be addressed.
E-mail D.N.Sheppard@bristol.ac.uk
Received 2011-03-27 Accepted 2011-04-25

with Pseudomonas aeruginosa, which result in bronchiectasis,
respiratory failure and eventually death. Current therapies
for CF include physiotherapy, mucolytic drugs and antibiotics
to treat lung disease, and pancreatic enzyme replacement and
supplementary nutrition to overcome gastrointestinal dys-

function!™ .

These therapies treat the symptoms of CF; they
do not target the root cause of the disease.

In 1989, the defective gene responsible for CF was identi-
fied and predicted to encode a protein with five domains:
two membrane-spanning domains (MSDs), two nucleotide-
binding domains (NBDs) and a unique regulatory domain
(RD)P. Shortly thereafter, the protein product of this gene, the
cystic fibrosis transmembrane conductance regulator (CFTR),
was demonstrated to be a unique member of the ATP-binding
cassette (ABC) transporter superfamily!®. Instead of forming
an ATP-driven pump like most family members, CFTR was
demonstrated to function as an ATP-gated pathway for anion
movement driven by the transmembrane electrochemical

gradient” .,

Subsequent research has aimed to understand
the physiological role of CFTR, learn how CF mutations cause
CFTR dysfunction and develop rational new therapies for CF
patients. Here, we selectively review progress in the develop-

ment of drug therapies for CF, focusing on small molecules
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that target the most common CF mutation, F508del, deletion of
the three base pairs that result in the loss of the phenylalanine
residue at position 508 of the CFTR protein sequence; 90% of
CF patients carry at least one copy of the F508del mutation.

The F508del-CFTR mutant retains some residual channel
function

When Rich et al™ found that expression of F508del-CFTR in
CF airway epithelial cells failed to correct the defective CI” per-
meability of these cells and Cheng et al"” subsequently dem-
onstrated that the F508del mutation disrupts CFTR biosyn-
thesis and membrane trafficking in COS-7 cells, it was widely
assumed that F508del-CFTR had no CI” channel function. Sur-
prisingly however, Drumm et al"®! demonstrated that F508del-
CFTR generates a cAMP-activated CI” conductance when
expressed in Xenopus oocytes. Because F508del-CFTR CI” cur-
rents had similar conduction and permeation properties, but
reduced magnitude compared with those of wild-type CFTR,
Drumm et al™ speculated that F508del-CFTR forms a chan-
nel with attenuated sensitivity to cAMP agonists, a conclusion
that was to prove prescient. Concurrently, Dalemans et al'"*!
used the patch-clamp technique to demonstrate that F508del-
CFTR forms a CI” channel regulated by cAMP-dependent
phosphorylation in Vero cells. The authors demonstrated that
F508del-CFTR had many properties in common with those of
wild-type human CFTR™. However, there was one notable
exception, the pattern of channel gating of F508del-CFTR dif-
fered dramatically from that of wild-type CFTR™.

Biophysical properties of the F508del-CFTR CI” channel
Like other mutations that affect specific residues within the
NBDs!®!, F508del has no discernable effect on the conduction
and permeation properties of the CFTR CI” channel. First, the
F508del-CFTR CI” channel has a small single-channel conduc-
tance, which does not differ from that of wild-type CFTR (6-10
pS; eg Li et al'). Second, like wild-type CFTR (but see'”)), the
current-voltage (I-V) relationship of F508del-CFTR is linear (eg
Dalemans et alm]). Third, both wild-type and F508del-CFTR
are highly selective for anions over cations (Py,/P¢=0.08; eg Li
et al'). Fourth, wild-type and F508del-CFTR share the identi-
cal anion permeability sequence of Br>CI™>I" (eg Dalemans et
al™). Finally, wild-type and F508del-CFTR both exhibit time-
and voltage-independent gating behavior (eg Denning et al"™).
Consistent with these data, using excised membrane patches
from gallbladder epithelial cells of wild-type and F508del-
CFTR mice French et al™ demonstrated that the F508del muta-
tion is without effect on the biophysical properties of murine
CFTR. Thus, the data suggest that the F508del mutation does
not affect the pore properties of CFTR.

The gating defect of the F508del-CFTR CI™ channel

Figure 1 illustrates the gating pattern of wild-type and
F508del-CFTR CI” channels following phosphorylation by
protein kinase A (PKA). The gating behavior of wild-type
CFTR is characterized by frequent bursts of channel activity
that are interrupted by brief flickery closures and separated
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by longer closures between bursts (Figure 1). By contrast, the
gating pattern of F508del-CFTR is characterized by infrequent
bursts of channel activity that are interrupted by brief flickery
closures, but separated by long closures of prolonged duration
(Figure 1). Work by a number of investigators using a vari-
ety of cells and experimental conditions demonstrate that the
open probability (P,; a measure of the average fraction of time
that a channel is open) of F508del-CFTR is about one third
that of wild-type CFTRI 18 20-53]. although Miki et al® argue
that the Po of F508del-CFTR is likely to be substantially lower
(~fifteen-fold less than that of wild-type CFTR). Surprisingly,
and in marked contrast to these data, other authors found that
the P, of F508del-CFTR did not differ from that of wild-type
CFTR™ .. A likely explanation for these differences is that
the rate of activation of F508del-CFTR is more than seven-fold
slower than that of wild-type CFTR™..

Wild-type CFTR '
"y
| \ . \

TV T V oW X

F508del-CFTR

1 pA

Time (s)

Figure 1. Single-channel activity of wild-type and F508del-CFTR.
Representative recordings of wild-type and F508del-CFTR CI~ channels
in excised inside-out membrane patches from C127 cells expressing
recombinant CFTR. ATP (1 mmol/L) and PKA (75 nmol/L) were
continuously present in the intracellular solution, voltage was clamped
at -50 mV, and a large CI~ concentration gradient was imposed across
the membrane patch ([Cl']g=10 mmol/L; [CI'],,.=147 mmol/L). Dashed
lines indicate where the channels are closed and downward deflections
correspond to channel openings. Beneath each of the prolonged 20 s
recordings, the last 1 s of the record is shown on an expanded scale.
Other details are as described in Cai and Sheppard®®. Modified, with
permission, from Cai and Sheppard?®.

To understand how the F508del mutation disrupts CFTR
channel gating, several investigators have examined the gat-
ing kinetics of the F508del-CFTR CI” channel. Dalemans et
al™ first demonstrated that in cell-attached membrane patches
on Vero cells voltage-clamped at -60 mV, the F508del muta-
tion was without effect on open times, but decreased mean
closed times five-fold compared with those of wild-type
CFTR. Haws et al™ and our group™ *! examined the gating
kinetics of F508del-CFTR in membrane patches from BHK
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and C127 cells. Both groups found that the F508del mutation
was without effect on open and closed times within bursts.
Instead, F508del caused a large decrease in P, by (i) markedly
prolonging the closed time interval between bursts and (ii)
reducing mean burst duration®™ * *!. These data suggest that
the F508del mutation disrupts CFTR channel gating in two
ways: first, F508del dramatically slows the rate of entry into a
burst of channel activity. Second, F508del accelerates the rate
of channel closure.

F508del is located at a critical interface in the CFTR
gating pathway

The F508del mutation profoundly disrupts CFTR channel gat-
ing by slowing dramatically the rate of channel opening and
by accelerating the rate of channel closure. An explanation for
the gating behavior of F508del-CFTR is provided by the ATP-
driven NBD dimerization model of CFTR channel gating™ .
This model integrates the results of functional studies of CFTR
channel gating with biochemical and structural data. Struc-
tural studies of ABC transporters suggest that the NBDs are
organized as a head-to-tail dimer with two ATP-binding sites
located at the NBD1:NBD2 interface™ . The data suggest
that one ATP-binding site is formed by the Walker A and B
motifs of NBD1 and the LSGGQ motif of NBD2 (termed site
1), while the other is formed by the Walker A and B motifs of
NBD2 and the LSGGQ motif of NBD1 (termed site 2) (Figure
2). However, photolabeling studies argue that the ATP-bind-
ing sites of CFTR are not equivalent in function; site 1 stably
binds nucleotides, whereas site 2 rapidly hydrolyses them® .,
Because CFTR CI” channels transit between the closed and
open configurations in seconds, Vergani et al™ *! interpreted
the photolabeling data to suggest that CFTR channel gating

is controlled by ATP binding and hydrolysis at site 2, driv-
ing cycles of NBD dimer assembly and disassembly. To test
this model, Vergani et al® applied mutant cycle analysis to
residues predicted to lie on opposite sides of the NBD1:NBD2
dimer interface. Of note, the authors demonstrated that R555
(NBD1) and T1246 (NBD2) are energetically coupled only in
open channels, arguing convincingly that the NBDs undergo
dynamic reorganization during channel gating®. For further
discussion of how ATP gates the CFTR CI" channel, seel® 37,

Using the ATP-driven NBD dimerization model of CFTR
channel gating”” **!, Roxo-Rosa et al® speculated that the
exceptionally slow rate of channel opening of F508del-CFTR
might be explained by F508del inducing misfolding and/
or structural instability of NBD1, which would hamper ATP
binding. Moreover, the reduced open time of F508del-CFTR
might reflect weakening of the binding energy for stable
NBD1:NBD2 dimer formation by the mutation®. In support
of this idea, Pissarra et al®® demonstrated that the solubilizing
mutations used to promote crystallization of human NBD1"
traffic F508del-CFTR to the surface and abrogate, albeit incom-
pletely, the channel’s gating defect. Thus, deletion of F508
might cause intrinsic misfolding and/or structural instability
of NBD1%.

However, two lines of evidence argue against the idea that
deletion of F508 causes misfolding of NBD1. First, F508del
perturbs the local topography of NBD1, without affecting
domain folding[”], but see Pissarra et al®. Second, F508 is
located at the surface of NBD1, where it might interact with
the MSDsP" *. The residue is remote from the NBD1:NBD2
interface, the location of the ATP-binding sites (Figure 2).

Following the elucidation of the atomic structure of the ABC
transporter Sav1866, the multidrug transporter of S aureus®™),

F508del

Figure 2. The organization of the ATP-binding sites in CFTR. The simplified model shows the molecular architecture of ATP-binding site 1 (site 1) and
ATP-binding site 2 (site 2) in an open CFTR CI” channel. Each ATP-binding site is formed by the Walker A and B motifs (labeled A and B, respectively) of
one NBD and the LSGGQ motif of the other NBD. Site 2 contains a canonical LSGGQ motif, whereas site 1 contains a non-canonical LSGGQ motif (LSHGH).
Site 2 also contains a catalytic base (E1371) at the distal end of the Walker B motif, but this residue is absent in site 1 (S573). The location of the
CF mutation F508del on the surface of NBD1 opposite intracellular loop 4 (ICL4) is shown by an asterisk. Abbreviations: MSD, membrane-spanning
domain; NBD, nucleotide-binding domain; P, phosphorylation of the RD; P, inorganic phosphate; RD, regulatory domain. In and out denote the intra-
and extracellular sides of the membrane, respectively. See text for further information. Modified, with permission, from Hwang and Sheppard®®.
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structural models of the entire CFTR protein have been
developed™*? and used to understand better CFTR func-

43]). Of note, these structural models

tion (eg Alexander et all
have provided important new insight into how the F508del
mutation disrupts CFTR channel gating. They also reveal the
function of the four intracellular loops (ICLs), which connect
transmembrane segments within the MSDs. Each ICL consists
of two long a-helical extensions of transmembrane segments
with an intervening short a-helix at its most cytoplasmic loca-
tion orientated parallel to the plane of the membrane. Because
this short a-helix interacts with the NBDs, it is termed the cou-
pling helix***!,

For two reasons, the positions of the ICLs in structural
models of CFTR are notable. First, the ICLs communicate
both with the same and the opposite NBD (eg ICL1 (MSD1)
with NBD1 and ICL2 (MSD1) with NBD2" ). Prior to these
structural models, communication between the NBDs and
MSDs was presumed to be only vertical (eg NBD1:MSD1).
However, the structural models of Serohijos et al® and Mor-
non et al* argue that communication between the NBDs and
MSDs is both vertical and orthogonal (eg NBD1:MSD1 and
NBD1:MSD2). Second, the coupling helix of ICL4 interacts
with the surface of NBD1 in the region of F508*" *!l. This
observation provides an explanation for why the F508del
mutation profoundly disrupts CFTR channel gating. The
mutation affects a residue located at a critical interface in the
CFTR gating pathway, the sequence of conformation changes
initiated by ATP-driven NBD dimerization, which leads to
opening of the CFTR pore and CI” flow through the channel.
Thus, understanding the interface between the F508 region of
NBD1 and the coupling helix of ICL4 is central to the develop-
ment of drug therapies that target the root cause of CF.

Rational new therapies for CF that target defects in
F508del-CFTR

To target the root cause of CF, future therapies should (i)
overcome the F508del-CFTR processing defect and traffic
the mutant protein to the apical membrane'?; (ii) extend the
residence time of F508del-CFTR at the apical membrane!*!
and abrogate channel “rundown” (eg Schultz et al®™) and (i)
rescue the defective channel gating of F508del-CFTR™. Thus,
small molecules with two or possibly three types of activity
are required to restore function to the F508del-CFTR CI chan-
nel.

Small molecules that overcome the processing defect of
F508del-CFTR and traffic the mutant protein to the apical
membrane are termed CFTR correctors because they rescue the
cell surface expression of F508del-CFTR"* *!. CFTR correctors
might interact with CFTR itself, by acting as either substrate
mimics or active site inhibitors. Alternatively, they might
target one or more of the many CFTR interacting proteins that
orchestrate and control processing of CFTR, its delivery to,
and expression at the apical membrane. This latter group of
CFTR correctors is termed proteostasis regulators because they
aim to treat CF by manipulating the concentration, conforma-
tion, quaternary structure and/ or location of CFTR¥.
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Small molecules that repair the gating defect of the F508del-
CFTR CI” channel are termed CFTR potentiators because
they do not open silent channels, but instead enhance ATP-
dependent channel gating following the phosphorylation
of F508del-CFTR by PKA™!. Although some agents (eg
bromotetramisole!*®) enhance CFTR gating by modulating
activity of the protein kinases and phosphatases that control the
phosphorylation status of CFTR, CFTR potentiators interact
directly with CFTR to enhance channel gating. Interestingly, a
small number of compounds have been identified which pos-
4950 These

small molecules are termed CFTR corrector-potentiators or

sess both CFTR corrector and potentiator activity'

dual-acting molecules.

Because there is insufficient information at the present time
to design rationally CFTR correctors and potentiators, the
strategy of choice to identify drug-like small molecule CFTR
modulators is high-throughput screening (HTS)*!. HTS
exploits a reliable, sensitive, cost-effective assay to screen
libraries of chemically diverse small molecules (eg approved

52] [53]) to

drugs””, drug-like chemicals”® and natural products
identify lead compounds for medicinal chemistry optimiza-
tion. For example, Alan Verkman (UCSF, San Francisco, USA)
used Fischer rat thyroid cells, epithelial cells devoid of CFTR
expression and cAMP-stimulated CI' currents®™ engineered to
co-express recombinant human CFTR and a green fluorescent
protein (GFP) with ultra high halide sensitivity in a halide flux
assay (eg Yang et al®). By contrast, Vertex Pharmaceuticals
(San Diego, USA) employed NIH-3T3 cells expressing recom-
binant human CFTR in a fluorescence resonance energy trans-
fer (FRET)-based membrane voltage-sensing assay (eg Van
Goor et al®). Both of these HTS assays monitor the change
in CFTR-mediated anion flux elicited by CFTR modulators in
real time.

By screening 150000 drug-like compounds using F508del-
CFTR expressing FRT cells, Verkman’s group were the first to
identify CFTR correctors using HTS™. Among the chemical
scaffolds with CFTR corrector activity, the bisaminomethyl-
bithiazole corr-4a (Figure 3) deserves special attention. Pede-
monte et al®! demonstrated that corr-4a is equipotent to low
temperature correction at restoring function to F508del-CFTR-
expressing human bronchial epithelia (CFBE), achieving levels
of CFTR function approximately 8% of that of human bron-
chial epithelia expressing wild-type CFTR (HBE). Of special
note, the aminoarylthiazole corr-2b identified by Pedemonte
et al® exhibits dual activity as both a CFTR corrector and a
CFTR potentiator™. When compared with small molecules
that act as CFTR correctors, corr-2b generated double the
amount of forskolin-activated CFTR CI” current (Isk) rela-
tive to the total CFTR CI” current measured in the presence of
forskolin and the CFTR potentiator genistein (Iror) (CFTR cor-
rectors (eg corr-4a): Irsk/Itor ~40%; corr-2b: Irk/ Iror ~80%; see
Figure 1 of Pedemonte et al[SO]). Moreover, the authors dem-
onstrated that aminoarylthiazoles do not act as typical CFTR
potentiators because they require protein synthesis to exert
their effects (see below and®™). Elucidation of the mechanism
of action of corr-2b and related dual-acting small molecules is
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Figure 3. Chemical structures of some CFTR correctors identified by
HTS. Abbreviations: Corr-4a, N-[2-(5-Chloro-2-methoxy-phenylamino)-4'-
methyl-[4,5']bithiazolyl-2'-yl]-benzamide; VRT-325, 4-Cyclohexyloxy-2-{1-
[4-(4-methoxy-benzensulfonyl)-piperazin-1-yl]-ethyl}-quinazoline; RDR1,
5-(4-nitrophenyl)-2-furaldehyde 2-phenylhydrazone.

a priority for future research.

In a ground-breaking program funded by the Cystic Fibrosis
Foundation (Bethesda, USA), a nonprofit, donor-supported
organization, Vertex Pharmaceuticals identified 13 distinct
chemical scaffolds with CFTR corrector activity after screening
~164000 chemically diverse drug-like small molecules™. Fol-
lowing medicinal chemistry optimization, Vertex Pharmaceu-
ticals identified the quinazoline VRT-325 (Figure 3) as a potent
and efficacious CFTR corrector that enhances the maturation
of native F508del-CFTR protein and augments CFTR-mediated
transepithelial CI” secretion in CFBE"®. Biochemical studies
of VRT-325 suggest that it acts at the endoplasmic reticulum
to promote CFTR folding®. Because VRT-325 decreases
the apparent ATP affinity of purified, reconstituted F508del-
CFTR™), it might rescue the processing and trafficking of
F508del-CFTR, at least in part, by interacting directly with the
mutant protein.

To identify CFTR correctors that interact directly with
F508del-CFTR, Sampson et al™ employed differential scan-
ning fluorimetry, which identifies ligands of a target protein
by monitoring their effects on the thermal unfolding of the
protein. Among 224 hits identified in a previous HTS for
CFTR correctors, just one chemical, the substituted phenyl-
hydrazone RDR1 (Figure 3), was able to thermally stabilize
murine F508del-CFTRP,  As with previous studies of CFTR
correctors by the Hanrahan and Thomas groups®” ), the
authors deployed a battery of biochemical and functional

assays to investigate F508del-CFTR rescue by RDR1 in heterol-
ogous cells, polarized epithelia and genetically-modified mice.
The authors’” data demonstrate that RDR1 thermally stabilizes
murine F508del-NBD1, increases the maturation of human
F508del-CFTR protein and augments the function of human
CFTR in vitro and murine CFTR in vivo®™. Taken together,
these data and the additive effect of RDR1 treatment and low
temperature incubation on human F508del-CFTR maturation
argue convincingly that RDR1 is a CFTR corrector that targets
directly F508del-NBD1 to exert its effects. Identification of the
RDR1-binding site on CFTR should be an important goal of
future research.

To identify CFTR potentiators that rescue the gating defect
of F508del-CFTR, Yang et al® studied FRT cells express-
ing low temperature-corrected F508del-CFTR. A screen
of 100000 compounds identified six novel classes of high-
affinity F508del-CFTR potentiatorsml. However, by screen-
ing additional structural analogues, Yang et al'™ discovered
tetrahydrobenzothiophenes (eg AF508,.-02; Figure 4), which
potentiate F508del-CFTR with K4<100 nmol/L. Subsequently,
Pedemonte et al®! screened 50000 compounds searching for
further ligands that rescue the gating defect of F508del-CFTR.
After secondary analyses, Pedemonte et al® identified phe-
nylglycines and sulfonamides that potentiate F508del-CFTR
with nanomolar potency. Interestingly, by screening a library
of 2000 compounds, including drugs approved for clinical

use, Pedemonte et al®'! demonstrated that the antihyperten-
sive drugs 1,4-dihydropyridines (DHPs) act as F508del-CFTR
potentiators by a mechanism independent of their effects on
voltage-gated Ca®* channels. To identify DHPs that potentiate
F508del-CFTR without inhibiting voltage-gated Ca”" channels,

62]

Pedemonte et al® investigated structure-activity relationships

Q NH-»
Cl
H
| D
S
(0]

OH
Genistein AF508,,-02
HN =1, oH
™ O O HN OH
> w i
N
VRT-532 H

VX-770

Figure 4. Chemical structures of some CFTR potentiators identified
by HTS. Abbreviations: AF508,.,-02, 2-(2-chlorobenzamido)-4,5,6,7-
tetrahydro-3H-indene-1-carboxamide; VRT-532, 4-methyl-2-(5-phenyl-1H-
pyrazol-3-yl)phenol; VX-770, N-(2,4-di-tert-butyl-5-hydroxyphenyl)-4-oxo-1,4-
dihydroquinoline-3-carboxamide. For comparison, the chemical structure
of genistein is shown.
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using a panel of 333 analogues of felodipine, the most potent
CFTR potentiator identified in their original screen. The
authors” data demonstrate that substituents with hydrophobic
groups enhance the potency of DHPs as CFTR potentiators!®.
They also reveal that some DHPs are excellent lead com-
pounds for the development of therapeutically active CFTR
potentiators.

To identify therapeutically active potentiators of F508del-
CFTR, Vertex Pharmaceuticals screened 122000 synthetic
compounds from their compound collection using NIH-3T3
cells expressing temperature-corrected F508del-CFTR™. After
careful scrutiny, Van Goor et al® selected for further study 53
compounds consisting of 10 distinct chemical scaffolds. One
compound, the pyrazole VRT-532 (Figure 4), rescued the gat-
ing defect of F508del-CFTR by accelerating the rate of channel
opening and slowing the rate of channel closure®. Critically,
VRT-532 augmented robustly CFTR-mediated transepithelial
CI secretion in CFBE (ECs, 2.7£0.2 pmol/LP"). Importantly,
the effects of VRT-532 on CFBE were synergistic with the
CFTR corrector VRT-325. CFBE incubated with VRT-325 and
then treated with cAMP agonists and VRT-532 generated
levels of CFTR-mediated transepithelial CI secretion in CFBE
>20% of those observed in HBE®!,

Subsequently, Vertex Pharmaceuticals screened 228 000
chemically diverse drug-like compounds to identify chemical
scaffolds for development into therapeutically active CFTR
potentiators. Following medicinal chemistry optimization,
Vertex Pharmaceuticals identified VX-770 (Figure 4), a potent,

18] Interest-

selective and orally bioavailable CFTR potentiator
ingly, by increasing the frequency and duration of channel
openings, VX-770 (1 pmol/L) restored the channel activity
(measured by P,) of F508del-CFTR to wild-type CFTR levels'®!.
Moreover, treatment of CFBE (genotype F508del/G551D) with
VX-770 (10 pmol/L) increased airway surface liquid volume
and ciliary beat frequency to levels about half those of HBE*.
Based on its performance in preclinical studies, VX-770
became the first CFTR potentiator to be tested in the clinic.
The drug was first tested in 39 adult CF patients carrying the
CFTR mutation G551D, which has no effect on the process-
ing and trafficking of CFTR, but profoundly disrupts channel
gating!® ®!. The CF patients in this study took VX-770 orally
in a randomized, double-blind, placebo-controlled triall®®l,
VX-770 was well tolerated by CF patients, and at high concen-
tration (150 mg), VX-770 decreased the sweat CI” concentra-
tion to a level approaching the normal range (<60 mmol/L)
and improved lung function (measured by forced expiratory
volume in one second, FEV,) by 9% Further clinical stud-
ies of VX-770 are ongoing. Of special note, initial results from
the phase III clinical trial of VX-770 on 83 CF patients with the
G551D mutation demonstrated a sustained improvement in
lung function at 48 weeks with drug-treated CF patients 55%
less likely to experience a pulmonary exacerbation (http://
investors.vrtx.com/releasedetail.cfm?ReleaselD=551869).
Vertex Pharmaceuticals indicate that they plan to apply for US
and European drug approval later in 2011 (http://investors.
vrtx.com/releasedetail.cfm?ReleaselD=551869).
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Knowledge of how ATP gates the CFTR CI” channel, par-
ticularly the ATP-driven NBD dimerization model™® %1, pro-
vides explanations for the mechanism(s) of action of CFTR
potentiators. Ai et al'®” first proposed that genistein and other
CFTR potentiators might enhance CFTR channel gating by
affecting NBD dimerization. The authors speculated first that
the binding of genistein at the interface of the NBD dimer
might lower the free energy of the transition state and, hence,

67]

accelerate channel opening!”’. Second, the authors proposed

that genistein might slow the rate of channel closure by sta-

167]

bilizing the NBD dimer conformation®”. Finally, the authors

argued that the binding site for genistein might be located at
the dimer interface!®. Consistent with this idea, Moran et al®®
used a molecular model of the NBD1:NBD2 dimer to show
that genistein, apigenin and a series of novel CFTR potentia-
tors identified by HTS bind to CFTR at the dimer interface.
As predicted® and verified”” by functional data, this drug-
binding site is distinct from the two ATP-binding sites of
CFTR. Moreover, sequences from both NBD1 (Walker A,
Walker B and LSGGQ) and NBD2 (LSGGQ) contribute to the
drug-binding site, with those from NBD1 forming a cavity in
which CFTR potentiators dock®. Following the development
[40-421 i1 silico
structure-based screening is likely to become a powerful tool

of structural models of the entire CFTR protein

to identify small molecules that interact directly with F508del-
CFTR and other CF mutants. Of note, using this approach
Kalid et al'"™ identified a ligand-binding site in the vicinity of
F508 at the interface of the NBDs and MSDs. Finally, differ-
ences in the molecular pharmacology of CFTR homologs from
RIS 7L 72]) argue
that chimeric CFTR proteins may be valuable tools to identify
where CFTR potentiators dock with CFTR!,

different species (eg human and murine CFT

Conclusions

Two decades after the identification of the defective gene
responsible for CF, therapies based on a molecular under-
standing of the disease are beginning to be tested in the clinic.
Early results from these trials are encouraging. They raise the
prospect of personalized medicine, whereby specific therapies
are designed to target precisely the genetic defects harbored
by individuals afflicted by CF. However, the development of
efficacious and safe drug therapies for CF patients will require
much more work. For example, it is currently unknown
how much CFTR function is required to rescue CF mutants,
whether drug therapy for CF is mutation specific and if long-
term treatment with CFTR correctors and potentiators causes
adverse effects. Answers to these pressing questions will play
an important role in shaping future therapeutic strategies for
CF.
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Aquaporin-4: orthogonal array assembly, CNS
functions, and role in neuromyelitis optica
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Aquaporin-4 (AQP4) is a water-selective transporter expressed in astrocytes throughout the central nervous system, as well as in
kidney, lung, stomach and skeletal muscle. The two AQP4 isoforms produced by alternative spicing, M1 and M23 AQP4, form het-
erotetramers that assemble in cell plasma membranes in supramolecular structures called orthogonal arrays of particles (OAPs).
Phenotype analysis of AQP4-null mice indicates the involvement of AQP4 in brain and spinal cord water balance, astrocyte migra-
tion, neural signal transduction and neuroinflammation. AQP4-null mice manifest reduced brain swelling in cytotoxic cerebral
edema, but increased brain swelling in vasogenic edema and hydrocephalus. AQP4 deficiency also increases seizure duration,
impairs glial scarring, and reduces the severity of autoimmune neuroinflammation. Each of these phenotypes is likely explicable on
the basis of reduced astrocyte water permeability in AQP4 deficiency. AQP4 is also involved in the neuroinflammatory demyelinating
disease neuromyelitis optica (NMO), where autoantibodies (NMO-IgG) targeting AQP4 produce astrocyte damage and inflammation.
Mice administered NMO-IgG and human complement by intracerebral injection develop characteristic NMO lesions with neuroin-
flammation, demyelination, perivascular complement deposition and loss of glial fibrillary acidic protein and AQP4 immunoreactivity.
Our findings suggest the potential utility of AQP4-based therapeutics, including small-molecule modulators of AQP4 water transport

function for therapy of brain swelling, injury and epilepsy, as well as small-molecule or monoclonal antibody blockers of NMO-IgG

binding to AQP4 for therapy of NMO.
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neuromyelitis optica
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Aquaporin-4 identification, distribution, structure and
function
Aquaporin-4 (AQP4) was originally cloned by our lab in 1994
from rat lung!"! and subsequently from different species and
tissues™. AQP4 is most strongly expressed in the central ner-
vous system (CNS), but is found as well in kidney collecting
duct, gastric parietal cells, skeletal muscle, airway epithelium
and various glandular epithelia®™*. In the CNS, AQP4 is
expressed in astrocytes, and is particularly concentrated at
pial and ependymal surfaces in contact with the cerebrospinal
fluid (CSF) in the subarachnoid space and the ventricles®. At
the cell level, AQP4 expression is polarized in astrocytic foot
processes in contact with blood vessels.

AQP4 is present in two major isoforms produced by alterna-
tive splicing: a relatively long (M1) isoform with translation
initiation at Met-1, and a shorter (M23) isoform with transla-

*To whom correspondence should be addressed.
E-mail Alan.Verkman@ucsf.edu
Received 2011-02-28 Accepted 2011-03-14

tion initiation at Met-23 (Figure 1A)*“”\. In rat, but not human
or mouse, a longer isoform (Mz) is also found, but at very
low levels®™ . The M1 and M23 isoforms of AQP4 associate
in membranes as heterotetramers!” ',  AQP4 functions as a
water-selective transporter with a relatively high single chan-
nel water permeability compared to other aquaporins™ . A
high-resolution X-ray crystal structure along with molecular
dynamics simulations suggest a structural basis of AQP4
water selectivity involving steric and electrostatic factors!.
Like other aquaporins™ '®, AQP4 monomers, each of about 30
kdalton molecular size, contain 6 membrane-spanning helical
domains and two short helical segments surrounding cyto-
plasmic and extracellular vestibules connected by a narrow

aqueous pore.

AQP4 assembly in orthogonal arrays of particles

AQP4 is a structural component of orthogonal arrays of par-
ticles (OAPs), which are square arrays of intramembrane
particles seen in cell membranes by freeze-fracture electron
microscopy (FFEM)!"" . Based on the finding that AQP4 is
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Figure 1. Visualization of AQP4 in OAPs in live cells. (A) AQP4 sequence and topology showing site of Myc or GFP insertion in the second extracellular
loop for fluorescence labeling. Black: Metl and Met23 translation initiation sites; blue: residues where single mutations do not affect OAP formation
or disruption; red: residues where single mutations strongly disrupt OAPs; green: C-terminal PDZ-binding domains. (B) Freeze-fracture electron
micrographs of COS-7 cells expressing Myc-tagged AQP4-M23 (left) and AQP4-M1 (right). (C) Schematic showing the organization of AQP4 tetramers
(left) and representative single particle trajectories (right) of quantum dot-labeled AQP4 molecules in cells expressing AQP4-M1 (top) or AQP4-M23
(bottom). Each grey cylinder represents one AQP4 tetramer. A subset of AQP4 molecules is labeled with quantum dots (red) for single particle tracking. (D)
Visualization of AQP4 OAPs by total internal reflection fluorescence microscopy, showing GFP tagged M1 (top) and M23 (bottom) AQP4.

expressed in the same cells in which OAPs were identified,
we originally proposed that AQP4 was the OAP protein.
Experimental support for this hypothesis came from FFEM on
AQP4-transfected CHO cells showing characteristic OAPs!",
and from the absence of OAPs in brain and other tissues from
AQP4 null mice®™. Immunogold labeling of AQP4 in OAPs
in tissues confirmed the conclusion that AQP4 was the key
structural component of OAPs”". The biological significance
of OAP formation by AQP4 remains unknown, though it
has been proposed that OAPs might facilitate AQP4 water
transport, polarization to astrocyte foot processes, and cell-
cell adhesion!™*?!, As discussed further below, AQP4 OAPs
have also been proposed to be the target of neuromyelitis
optica (NMO) autoantibodies (NMO-IgG)?**.

FFEM in cells transfected with the M1 and M23 isoforms
of AQP4 show that M23 assembles into large OAPs, whereas

[25]

M1 tetramers are largely dispersed (Figure 1B)'. In primary
astrocytes, and in cells co-transfected with M1 and M23,
OAPs are considerably smaller on average than OAPs in cells
expressing only M23™ %!, suggesting that M1 interacts with
the array-forming M23 in the plasma membrane, limiting the
size to which OAPs assemble in vivo. Prior to 2008, the only
method for identifying OAPs was FFEM. However, various
technical challenges limit the usefulness of FFEM when exam-
ining questions regarding the mechanisms involved in OAP
formation and regulation. Limitations include fixation arti-
facts, difficulty in obtaining statistically rigorous information
about numbers of AQP4 tetramers in OAPs, and difficulty in
identifying OAPs in cells expressing low levels of AQP4.

We developed a series of optical methods to study AQP4
OAP assembly in live cells. One method used in our stud-
ies has been single particle tracking (SPT), a technique that
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is technically and conceptually simple. A c-myc epitope is
engineered into the second extracellular loop of the AQP4
molecule (Figure 1A), cells are transiently transfected, and
a subset of AQP4 molecules at the plasma membrane in live
cells are labeled, via antibody coupling, to fluorescent quan-
tum dots (Figure 1C, left). The movement of individual quan-
tum dots, due to AQP4 diffusion, is followed using a fluores-
cence microscope, and trajectories of individual quantum dots
are reconstructed and analyzed. We initially applied SPT to
study AQP1 diffusion, finding long-range free diffusion over
a wide variety of conditions, indicating that AQP1 exists in
the plasma membrane largely free of specific interactions,
In applying SPT to AQP4, we reasoned that individual AQP4
tetramers should be mobile, whereas AQP4 in large OAPs
should be relatively immobile. As expected, in a variety of cell
lines and primary astrocytes, we found remarkable immobil-
ity of AQP4-M23 and rapid diffusion of AQP4-M1 (Figure 1C,
right)™,

We exploited AQP4 diffusion as a ‘read-out” of OAP assem-
bly in live cells to investigate a series of questions regarding
the biophysics and determinants of OAP formation. From
measurements on AQP4 mutants and chimeras, we con-
cluded that OAP formation by M23 involved hydrophobic
intermolecular interactions of N-terminal AQP4 residues just
downstream of Met-23, and that lack of OAP formation by M1
results from non-specific blocking of N-terminal interactions
by residues just upstream of Met-23"%, We also demonstrated
rapid and reversible temperature-dependent assembly into
OAPs of certain weakly associating AQP4 mutants®!, and
found that the M1 and M23 isoforms of AQP4 co-mingled in
OAPs". OAPs in live cells were visualized directly by total
internal reflection microscopy of GFP-AQP4 chimeras (Figure
1D)™.. Single-molecule step-photobleaching and intensity
analysis of GFP-labeled M1-AQP4 in the presence of excess
unlabeled AQP4 isoforms/mutants indicated heterotetra-
meric AQP4 association. Time-lapse total internal reflection
fluorescence imaging of AQP4-M23 in live cells indicated that
OAPs diffused slowly and rearranged over tens of minutes.
Together, our measurements in live cells revealed extensive
AQP4 monomer-monomer and tetramer-tetramer interactions
as well as regulated AQP4 assembly in OAPs. Current work
is focused on mathematical modeling of AQP4 assembly in
OAPs and super-resolution imaging of individual OAPs.

Functions of AQP4 in the CNS

We have systematically investigated the roles of AQP4 in the
CNS utilizing AQP4 knockout mice created in 1997 by tar-
geted gene disruption®",
the anticipated involvement of AQP4 in brain water balance,

As described below, we confirmed

and discovered unexpected roles of AQP4 in astrocyte migra-
tion, neuroexcitatory phenomena and neuroinflammation. For
each of these phenotypes there is a direct or at least plausible
link between AQP4 molecular function as a water channel
with the CNS phenotype. AQP4 knockout mice have normal
growth and survival, as well as CNS anatomy and histol-
ogy, vascularity, baseline intracranial pressure and blood-

Acta Pharmacologica Sinica

brain barrier integrity[32"34]

. More recently, Hu and cowork-
ers independently generated AQP4 knockout mice, though
they reported significant baseline abnormalities in their mice
including impaired blood-brain barrier integrity™. The mice
of Hu et al manifest a variety of neurochemical and other

abnormalities®®®!

, which are difficult to interpret because of
their baseline abnormalities and the difficulty in reconciling
the various brain phenotypes with the water transporting role
of AQP4. There are also confusing data in the literature from
Frigeri and coworkers who reported marked abnormalities
in cell structure and proliferation in astrocyte cell cultures
after AQP4 knockdown®'. The original and follow-on data
by that group appear to be incorrect, as AQP4 knockdown or
knockout in astrocyte cultures does not affect cell growth or

morphology™*,

AQP4 and brain edema

The pattern of AQP4 expression in the brain (at interfaces
between brain parenchyma and major fluid compartments) as
well as regulation studies (correlating AQP4 expression and
brain edema) provide indirect evidence for involvement of
AQP4 in brain water balance. We thus postulated the involve-
ment of AQP4 in water movement into and out of brain.
There are several types of brain edema that can occur indepen-
dently or together. In cytotoxic (cellular) brain edema, water
moves into the brain through an intact blood-brain barrier in
response to osmotic driving forces (Figure 2). The archetypal
example of cytotoxic edema is water intoxication in which
acute serum hyponatremia causes brain swelling by a simple
osmotic mechanism. Mice lacking AQP4 show improved clini-
cal outcome and reduced brain water accumulation compared
to wildtype mice in water intoxication as well as in other
models of primarily cytotoxic brain edema, including ischemic

132, 43]

stroke and bacterial meningitis Increased AQP4 protein

expression in a transgenic AQP4-overexpressing mouse wors-

ens brain swelling in water intoxication™!,

Recently, an addi-
tional mechanism of AQP4-dependent brain swelling has been
proposed involving altered cell volume regulation and loss of
AQP4-TRPV4 interaction in AQP4 deficiency[‘*sl, though fur-
ther work is needed to prove the relevance of this mechanism
in vivo.

In vasogenic (leaky-vessel) brain edema, water moves into
the brain by a bulk fluid flow mechanism through a leaky
blood-brain barrier, and exits the brain through the AQP4-
rich glia limitans lining brain ventricles and the brain surface
(Figure 2). When these water exit routes are impaired in
obstructive hydrocephalus, water movement out of the brain
through microvessels at the blood-brain barrier becomes more
significant. The archetypal example of vasogenic edema is
brain tumor-associated edema. AQP4 knockout mice mani-
fest worse clinical outcome and greater brain water accu-
mulation in brain tumor edema as well as in other models
of vasogenic edema including intraparenchymal fluid infu-
sion, cortical-freeze injury, brain abscess and subarachnoid

3346471 AQP4 null mice also manifest an acceler-

[48]
7

hemorrhage
ated course of brain swelling in obstructive hydrocephalus
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Figure 2. Routes of AQP4-facilitated water entry and exit from the brain, showing blood-brain barrier, ependyma and pial surface.

which is generally classified as a cause of interstitial edema.
As a bidirectional water channel, AQP4 thus facilitates brain
water accumulation in cytotoxic edema and clearance of
excess brain water in vasogenic and interstitial edema. AQP4
appears to play a similar role in spinal cord, with reduced
swelling and improved clinical outcome in AQP4 deficiency in
spinal cord compression injury*”’), which is primarily associ-
ated with cytotoxic edema, while worse swelling and clinical
outcome in spinal cord contusion injury®, which is primarily
vasogenic in nature.

AQP4 and astrocyte migration

Work done by our lab in tumor angiogenesis led to the dis-
covery of AQP4 involvement in astrocyte migration. Moti-
vated by the strong expression of AQP1 in tumor microves-
sels, we found impaired angiogenesis and tumor growth in
AQP1 null mice after subcutaneous or intracranial tumor cell
implantation®!. Studies in primary aortic endothelial cell
cultures from wildtype and AQP1 null mice revealed similar
adhesion and proliferation, though impaired cell migration.
Supporting a general role of aquaporins in cell migration were
the findings that transfection of non-endothelial cells with
various AQPs accelerated their migration, and that migrat-
ing AQP1-expressing cells had prominent membrane ruffles
at their leading edge with polarization of AQP1 protein to
lamellipodia. Similar observations were made in brain, where
astrocyte migration is important in glial scar formation. Glial
scar formation can both be beneficial, by sequestering an acute
lesion such as in brain injury, and deleterious, by inhibiting

705
Ependyma
Astrocyte
process
Glia
limitans
interna
Blood-brain barrier
Lumen
AQP4
Astrocyte Endothelial
foot cell
process Tight
junction

neuronal regeneration and axonal sprouting®. We found

that astrocyte cultures from brains of wildtype and AQP4
knockout mice had similar morphology, proliferation and
adhesiveness, but showed markedly impaired migration in
the AQP4-deficient cultures in wound healing and transwell
Boyden chamber assays*l. AQP4 was polarized to the lead-
ing edge of migrating cells, with more lamellipodia formed
in wildtype vs AQP4 null astrocyte cultures. Further, glial
scarring was impaired in AQP4 null mice following a stab
injury. In a follow-on study, we showed remarkably impaired
migration of AQP4-null astrocytes in intact brain in a model
of stab injury involving injection of fluorescently labeled
astrocytes™. Of relevance to brain, the tumor grade of astro-
cytomas has been correlated in a number of studies with
AQP4 expression®. We found that aquaporin expression in
tumor cells increased their extravasation from blood vessels
and local invasiveness®™, providing a potential explanation for
the expression of aquaporins in many high-grade tumors.

We propose that aquaporin-facilitated cell migration
involves enhanced water movement at the plasma membrane
in lamellipodial protrusions®. The importance of water
fluxes across the plasma membrane in causing localized swell-
ing of lamellipodia has been considered in the early literature
on cell migration™). As diagrammed in Figure 3A, we propose
that actin de-polymerization and ion influx at the leading edge
of a migrating cell increase cytoplasmic osmolality locally,
driving water influx across the cell plasma membrane. Sup-
porting the idea of water flow into and out of migrating cells
is evidence that migration can be modulated by changes in

Acta Pharmacologica Sinica
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Figure 3. Roles of AQP4 in brain. (A) Proposed mechanism of aquaporin-facilitated cell migration. Aquaporin-facilitated water influx across
lamellipodia at the leading edge of a migrating cell promotes membrane protrusion. (B) Proposed pseudo-solvent drag mechanism of AQP4-facilitated
neuroexcitation. K* released into the extracellular space (ECS) following neuroexcitation is mainly taken up by astrocytes. K reuptake results in osmotic
water influx into astrocytes and consequent ECS shrinkage, maintaining the electrochemical driving force for K" reuptake. (C) Proposed mechanism for
AQP4 involvement in neuroinflammation. AQP4 facilitates cytokine secretion, as well as astrocyte swelling and local cytotoxic edema.

extracellular osmolality and transcellular osmotic gradients!*".

The resultant water transport and expansion of the adjacent
plasma membrane caused by increased hydrostatic pressure is
followed by actin re-polymerization to stabilize the cell mem-
brane protrusion. In support of this idea is the observation
that regional hydrostatic pressure changes within cells do not
equilibrate throughout the cytoplasm on scales of ten microns

¥ and could thus contribute to the formation

and ten seconds!
of localized cell membrane protrusions. Further studies are
required to validate our ideas relating aquaporin water per-

meability to cell migration.

AQP4 and neuroexcitation

The brain extracellular space (ECS) comprises ~20% of brain
tissue volume, consisting of a jelly-like matrix in which neu-
rons, glial cells and blood vessels are embedded. The ECS
contains ions, neurotransmitters, metabolites, peptides, and
extracellular matrix molecules, forming the microenviron-
ment for neurons, astrocytes and other brain cells. During
neuronal activity, depolarization of neurons and adjacent
glial cells increases extracellular glutamate and K*. Excess
K" in the ECS is taken up and ‘siphoned’ largely by astro-
cytes. AQP4 is expressed in electrically excitable tissues in
supportive cells adjacent to excitable cells, including glia but
not neurons in brain, Miiller but not bipolar cells in retina,
supportive but not hair cells in the inner ear, and supportive
cells but not olfactory receptor neurons in olfactory epithe-
lium. Postulating from its expression pattern the involvement
of AQP4 in neuroexcitatory phenomena, we characterized
various neurosensory and neuroexcitatory phenotypes in the
AQP4 knockout mice. Electrophysiological measurements
showed impaired vision®, hearing[E’O] and olfaction® in AQP4
null mice, as demonstrated by increased auditory brainstem
response thresholds, and reduced electroretinogram and elec-
troolfactogram potentials. Also, seizure threshold is reduced
and seizure duration is prolonged in AQP4 knockout mice!®.
Possible mechanisms for these phenomena supported by
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experimental data include delayed K' reuptake by astrocytes
in AQP4 deficiency following neuroexcitation'® ®), and mild
ECS expansion®*). Delayed K" reuptake was also found in
a-syntrophin null mice in which astrocyte AQP4 is mislocal-
ized. Slowed K' reuptake in brain would prolong seizure
duration, as found experimentally.

The precise link between K* reuptake by astrocytes and
AQP4 water permeability remains speculative. It had been
postulated that interaction between AQP4 and the inwardly
rectifying K* channel, Kir4.1, was responsible[(’g]; however,
patch-clamp analysis indicated that AQP4 deficiency did not
affect Kir4.1 K* channel function in retinal Miiller cells or brain
astrocytes” ", As diagrammed in Figure 3B, we propose a
simple mechanism in which AQP4-dependent water perme-
ability enhances K* transport by pseudo-solvent drag. Excess
K" released into the ECS by neurons during neuroexcitation is
taken up largely by the AQP4-containing astrocytes. Reuptake
of K" following neuroexcitation results in osmotic water influx
into AQP4-expressing astrocytes and consequent ECS shrink-
age, which maintains the electrochemical driving force for
K reuptake. Reduced astrocyte water permeability in AQP4
deficiency would reduce ECS contraction and hence slow K*
reuptake. This hypothesis is attractive because it relates the
neuroexcitation phenotypes directly to AQP4 water transport.

AQP4 and neuroinflammation

We recently discovered a novel role of AQP4 in neuroin-
flammation following studies of experimental autoimmune
encephalomyelitis (EAE), an extensively used model of neu-
roinflammatory demyelinating diseases such as multiple scle-
rosis. EAE is mediated primarily by myelin-specific Th1 or
Th17 cells. The motivation for this work is the central involve-
ment of astrocytes in neuroinflammation and evidence, as
discussed in the next section, that AQP4 is the target antigen
in the neuroinflammatory autoimmune disease neuromyelitis
optica (NMO). In an initial phenotype study, we found that
compared with wild type mice, AQP4 knockout mice showed



remarkably attenuated EAE following active immunization
with myelin oligodendrocyte glycoprotein (MOG) peptide,
with reduced motor dysfunction, brain inflammation and

myelin loss!™.

In a follow-on study, potential mechanisms
for the protective effect of AQP4 deficiency were investigated,
including AQP4-dependent leukocyte and microglia cell func-
tion, immune cell entry in the CNS, intrinsic neuroinflamma-

I As we found with

tion, and humoral immune response
active-immunization EAE, neuroinflammation was greatly
reduced in AQP4 knockout mice in adoptive-transfer EAE,
which involved injection of MOG-sensitized T-lymphocytes
in naive mice. A series of negative studies ruled out AQP4-
dependent differences in immune cell function and CNS
entry, microglial function and humoral immune responses: (a)
AQP4 was absent in immune cells, including activated T-lym-
phocytes; (b) CNS migration of fluorescently labeled, MOG-
sensitized T-lymphocytes was comparable in wildtype and
AQP4 knockout mice; (c) microglia did not express AQP4; and
(d) serum anti-AQP4 antibodies were absent in EAE. Remark-
ably, however, intracerebral injection of lipopolysaccharide
produced much greater neuroinflammation in wildtype than
in AQP4 knockout mice, indicating an intrinsic pro-neuroin-
flammatory role of AQP4. In analyzing possible cellular mech-
anisms, we found that the secretion of the major cytokines
TNF-alpha and IL-6 was reduced in astrocyte cultures from
AQP4 knockout mice. Further, adenovirus-mediated expres-
sion of AQP4, or of a different aquaporin, AQP1, increased
cytokine secretion in astrocyte and non-astrocyte cell cultures,
supporting the involvement of aquaporin water permeability
in cytokine secretion.

These findings implicated a novel intrinsic pro-inflamma-
tory role of AQP4, which we propose at the cellular level
involves AQP4-dependent differences in astrocyte water per-
meability and consequent cell swelling and cytokine release
(Figure 3C). AQP4-dependent neuroinflammation is likely
further exaggerated by a positive-feedback cycle of secretion
of pro-inflammatory cytokines and local cytotoxic brain swell-
ing, which, as discussed above, is also AQP4-dependent.

AQP4 and neuromyelitis optica

NMO is a neuroinflammatory demyelinating disease that,
unlike multiple sclerosis, primarily affects optic nerve and
spinal cord, leading to blindness, paralysis and death™!. A
defining feature of NMO is the presence of serum autoan-
tibodies directed against extracellular epitopes on AQP4",
Recent data suggest that most, if not all NMO patients are
seropositive for AQP4 autoantibodies (NMO-IgG), which
recognize 3-dimensional epitopes on the extracellular surface
of AQP4". There is emerging evidence for a pathogenic role
of NMO-IgG in NMO, as administration of human NMO-IgG
to naive mice or to rats with pre-existing neuroinflammation
produces NMO-like pathology”*”".
evidence to date implicating a pathogenic role of NMO-IgG

The most compelling

is the appearance of characteristic NMO lesions, with neu-
roinflammation, loss of glial fibrillary acidic protein (GFAP)
and AQP4 immunoreactivity, demyelination and perivascular
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complement deposition, following direct intracerebral injec-
tion of NMO-IgG in mice”. As diagrammed in Figure 4, it is
thought that NMO-IgG binding to AQP4 in astrocytes initiates
an inflammatory cascade involving recruitment of leukocytes
(granulocytes, macrophages, NK cells, lymphocytes), cytokine
release, and complement and NK cell-mediated astrocyte

dama ge[gol.

The consequent neuroinflammation and myelin
loss produce neurological deficits. A glutamate excitotoxicity
mechanism for NMO pathogenesis has also been proposed
based on NMO-IgG-induced internalization of glutamate
transporters in transfected cells®: however, the relevance of
glutamate transporter internalization to astrocytes in the CNS
remains unproven. The initiating events in NMO-IgG produc-
tion and CNS penetration remain unknown, as do the reasons
why NMO-IgG produces much greater pathology in spinal
and optic nerve compared to brain, with no significant pathol-
ogy in peripheral AQP4-expressing organs.

NK-cells

D
e / B-lymphocyte

\7 / NMO-IgG
AQP4\ g \/ /

------- -———>

Complement

Cytokines
granulocytes
macrophages

l

Astrocyte damage
neuroinflammation

Astrocyte

Neurological impairment <«—— Myelin loss

Figure 4. Proposed mechanism of NMO disease pathogenesis. NMO-IgG
binding to AQP4 on astrocytes causes complement- and NK-mediated cell
injury, resulting in leukocyte recruitment and cytokine release.

There has been recent interest in determining whether
NMO-IgG targets the M1 vs M23 isoforms of AQP4, and OAP
vs non-OAP associated AQP4. One report that analyzed NMO
serum specimens concluded that OAPs were the exclusive
target of NMO—IgG[24]. However, this conclusion cannot be
correct because the clinical assay for serum anti-AQP4 autoan-
tibody uses M1 AQP462 and wel' and others”® * reported
strong binding of some NMO autoantibodies to cells express-
ing only M1 AQP4. The paper of Nicchia®! was also flawed
in that they reported OAPs sized smaller than the diffraction
limit of light, which was not possible. We recently examined
the issue of NMO binding specificity utilizing a two-color fluo-
rescence ratio imaging assay of AQP4-expressing cells stained
with NMO patient serum or a recombinant monoclonal NMO
autoantibody (NMO-rAb), together with a C-terminus anti-
AQP4 antibody™®. NMO-rAb titrations showed single site
binding with dissociation constants down to 44 nmol/L. Dif-
ferent NMO-rAbs and NMO patient sera showed wide varia-
tion in NMO-IgG binding to M1 vs M23 AQP4. We found
that differences in binding affinity rather than stoichiometry
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accounted for M23>M1 binding specificity. Binding and OAP
measurements in cells expressing M23 AQP4 mutants with
OAP-disrupting mutations indicated that the differential bind-
ing of NMO-IgG to M1 vs M23 was due to OAP assembly
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The expression and role of the aquaporin (AQP) family water channels in the peripheral nervous system was less investigated. Since
2004, however, significant progress has been made in the immunolocalization, regulation and function of AQPs in the peripheral
nervous system. These studies showed selective localization of three AQPs (AQP1, AQP2, and AQP4) in dorsal root ganglion neurons,
enteric neurons and glial cells, periodontal Ruffini endings, trigeminal ganglion neurons and vomeronasal sensory neurons. Functional
characterization in transgenic knockout mouse model revealed important role of AQP1 in pain perception. This review will summarize
the progress in this field and discuss possible involvement of AQPs in peripheral neuropathies and their potential as novel drug targets.
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Introduction

Aquaporins (AQPs) are a family of water-transporting pro-
teins selectively expressed in epithelial, endothelial and many
other cell types where they play important physiological
functions™ . In the past two decades, studies on the expres-
sion and function of AQPs in the nervous system have been
focused mainly in the central nervous system. Numerous
studies reported the localization of six AQPs including AQP1,
AQP3, AQP4, AQP5, AQPS, and AQP9 in the brain and spinal
cord®. Functional studies using transgenic knockout mouse
model revealed important roles of AQP1 in cerebral spinal
fluid (CSF) secretion and pain sensation and AQP4 in brain
edema formation, neuronal transduction, neurogenesis, glioma
spreading, neuroinflammation and pain perception®'?.

In contrast, the expression and function of AQPs in the
peripheral nervous system are less investigated. Until 2004,
Matsumoto et al first described AQP1 mRNA expression in
the trigeminal ganglion by the hierarchical cluster analysis
of DNA microarray and in situ hybridization™. Since then,
significant progress has been made in the immunolocaliza-
tion, regulation and function of AQPs in the peripheral ner-
vous system. So far studies have reported the expression of
three AQPs including AQP1, AQP2, and AQP4 in peripheral
neuronal or glial elements such as dorsal root ganglion neu-
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rons, enteric neurons and glial cells, periodontal Ruffini end-
ings, trigeminal ganglion neurons and vomeronasal sensory
neurons. Functional characterization in transgenic knockout
mouse model suggested important role of AQP1 in peripheral
pain perception. This review will summarize the progress in
this field and discuss possible involvement of AQPs in periph-
eral neuropathies and their potential as novel drug targets.

Expression and function of AQP1 in peripheral sensory
nerves

In a study to identify candidate genes involved in somatosen-
sory functions of cranial sensory ganglia reported in 2004,
Matsumoto et al first described the expression of AQP1 mRNA
in neurons of somatosension-related ganglia by the hierarchi-
cal cluster analysis of DNA microarray!®. Further analysis
by in situ hybridization showed specific expression of AQP1
mRNA in neurons with higher frequencies in trigeminal and
petrosal ganglion and with low frequency in nodose ganglia.
AQP1 is expressed in small to medium size neurons with a
diameter under 30 pm. The expression pattern suggested the
involvement of AQP1 in somatosensation in cranial structures
such as the face, oral cavity and pharynx. Although there was
no protein expression data provided, this is the first report of
an AQP expression in peripheral nerve.

Later on, a study conducted by Oshio et al reported AQP1
protein localization in nerve fibers in the trigeminal and sciatic
nerves as well as in small neurons and nerve fibers in dorsal
root ganglia (DRG) in the peripheral nervous system™. Co-
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localization of AQP1 with substance P and capsaicin recep-
tor TRPV1 in DRG suggested that AQP1 was expressed in
C-fiber nociceptive neurons and possibly contributed to the
processing of pain signals. They performed a study on the
role of AQP1 in pain sensation by comparing acute pain
responses to thermal, mechanical, and chemical noxious
stimuli in AQP1 knockout (AQP17") and wildtype (AQP1*/")
mice. Although no significant differences were found in the
morphology or number of neurons expressing SP or TRPV1
in the DRG between AQP17~ and AQP1"/" mice, they showed
that AQP1”~ mice had reduced responsiveness to thermal
and capsaicin chemical stimuli, but not to mechanical stimuli

or formalin™¥.

This study was the first evidence for a role of
AQP1 in pain signal transduction.

However, a following study reported by Shields ef al was in
[15] B

- By

more sophisticated expression analysis, they found several

marked disagreement with the above functional data

lines of evidences suggesting the involvement of AQP1 in
pain sensation including: (1) AQP1 protein is present in the
spinal cord in laminae associated with nociceptive process-
ing, (2) AQP1 is present on the membrane of DRG neurons
neurochemically defined as nociceptors, (3) the onset of AQP1
expression in DRG corresponds temporally to the forma-
tion of functional synaptic contacts between nociceptors and
their postsynaptic partners in the spinal cord, and (4) AQP1
labeling in the dorsal horn changes after sciatic nerve lesion,
a manipulation that results in an altered pain state. They
then performed in vivo electrophysiological measurements
and behavioral analyses in a comprehensive battery of acute
and persistent pain tests on AQP17" and AQP1*/" mice to
evaluate a functional role of AQP1 in nociceptive processing.
Unexpectedly, they could not detect a differential phenotype
suggesting a functional contribution of AQP1 to nociceptive
processing in all the acute and persistent pain tests including
Hargreaves test, tail flick test, Hot plate test, von Frey test of
mechanical threshold, spared nerve injury model of neuro-
pathic pain, capsaicin test, prostaglandin E2 inflammation and
hypoosmolar challenge. They concluded that AQP1 was not
required for normal pain processing despite its abundant and
restricted expression in nociceptive primary afferent neurons.
To resolve the discrepancy for the role of AQP1 in pain
physiology, Zhang and Verkman performed a study with
more extensive behavioral testing as well as immunolocaliza-
tion, water permeability, and patch clamp studies on freshly
isolated, dissociated DRG neurons from AQP17/~ and AQP1*/*

micel’®

. They reported greatly reduced behavioral responses
to inflammatory thermal and cold pain in litter-matched
AQP17/" mice. In mechanistic studies, they found distinct
electrophysiological defects related to impaired Na,1.8 Na*
channel functioning in AQP1-deficient DRG neurons. By
patch clamp, immunoprecipitation, and single particle track-
ing studies in transfected cell models, the researchers identi-
fied a novel AQP1-Na,1.8 interaction that may be responsible,
in part, for the impaired pain sensation in AQP1 deficient
mice. Based on these results, the researchers proposed poten-
tial utility of AQP1 inhibitor to reduce pain nociception as a
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novel strategy to achieve analgesia at the presynaptic spinal
level.

It is not known why these studies generated conflict
results in the same AQP1 knockout mouse model by similar
approaches. More investigations will be required to estab-
lish a role of AQP1 in peripheral pain perception. Based on
some recent studies that indicated functional involvement of
AQP1 and AQP4 in pain perception of the central nervous sys-

[10-12]

tem"" ", we have reason to speculate a contribution of AQP1

in certain types of peripheral pain perception.

Expression of AQP1 in enteric nervous system

Gao et al first reported the expression pattern of AQP1 in
human enteric nervous system by immunolocalization in
2006"""). Strong AQP1 expression was identified in the submu-
cosal and myenteric nerve plexuses in the esophagus. AQP1
was localized to the same cell population expressing glial
fibrillary acidic protein (GFAP), but clearly not to the neurons
in the ganglia, indicating glial cell-specific expression. The
same study also described glial selective expression of AQP1
in pancreatic ganglia. AQP4 and AQP9, which are broadly
expressed in astroglial cells in brain and spinal cord, were
not localized in glial cells or neurons in the peripheral nerve
plexuses. The study concluded that AQPs were differentially
expressed in the peripheral versus central nervous system and
that channel-mediated water transport mechanisms may be
involved in peripheral neuronal activity by regulating water
homeostasis in the ganglia and nerve fiber bundles.

Some following studies indicated that the expression of
AQP1 in the enteric nervous system exhibited species dif-
ference. Nagahama et al reported the localization of AQP1
protein in a particular neuronal subtype in the enteric nervous

system of the rat ileum!.

Co-localization study indicated
that AQP1-positive neurons simultaneously expressed a neu-
ronal marker HuC/D. AQP1 is expressed in a subpopulation
(~9.3%) of the HuC/D-positive neurons. AQP1-positive neu-
rons were classified as Dogiel type I cells, which have several
short processes and a single long process. Many AQP1-pos-
itive nerve fibers were also found both in the myenteric and
submucosal plexuses in all regions of the ileum. The neuronal
expression pattern of AQP1 in rat ileum is apparently different
from the glial cell-specific expression seen in the nerve plex-
uses in human esophagus and pancreas!”.

In consistent with the above study, Ishihara ef al confirmed
the localization of AQP1 in neurons and fibers of rat myen-

teric plexus™.

Based on their analysis, AQP1 is expressed in
a subpopulation (about 5.5%) of the HuC/D-positive neurons,
slightly different from the data by Nagahama et al™®. To study
the possible involvement of AQP1 in diabetic gastrointesti-
nal dysfunctions, the researchers examined the pathological
changes in AQP1-positive neurons in streptozotocin-induced
(STZ) diabetic rats. Although the total number of the HuC/
D-positive neurons is similar between normal and STZ rats,
AQP1-positive neurons in STZ rats were found to be signifi-
cantly increased by two-fold (11.2% vs 5.5% in normal rats).
It was also described that many AQP1-positive fibers with



swollen varicosities were seen in the secondary and tertiary
myenteric plexus and in the longitudinal and circular muscle
layers of STZ rats. The swollen AQP1-positive varicosities and
increased AQP1-positive neurons were thought to be the con-
sequence of the long-term diabetic conditions in STZ rats. It
was postulated that these pathological changes of AQP1-pos-
itive neurons possibly contribute to diabetic gastrointestinal
dysfunction in streptozotocin-induced diabetic rats. There-
fore, AQP1 may become a potential new therapeutic target for
gastrointestinal dysfunction in diabetes.

Recently, another study by Arciszewski et al supported the

[0 However, their results

presence of AQP1 in enteric neurons
indicated AQP1 expression on submucosal but not myenteric
neurons in the sheep duodenum. The vast majority of AQP1-
bearing submucosal neurons were immunoreactive to sub-
stance P, suggesting that they are probably a subpopulation
of sensory neurons. In both the rat and sheep studies, AQP1
expression was not detected in glial elements of submucosal
plexus, which is different from the finding by Gao et al in the
human esophagus”. These results further demonstrate spe-
cies difference of AQP1 expression in enteric nervous system.
The physiological function of AQP1 as a water channel in the
enteric nervous system remains unknown. Apparently, more
systematic studies are required to clarify the function as well
as the expression patterns of AQP1 in the enteric nervous sys-
tems in human and different species of animal models.

Expression of AQP1 in the mechanoreceptive periodontal
Ruffini endings

Nandasena et al reported the immunolocalization of AQP1 in
the periodontal Ruffini endings of the rat incisors and trigemi-
nal ganglionm]. AQP1 immunostaining was detected in the
axon terminals of the periodontal Ruffini endings as well as
their associated terminal Schwann cells, as confirmed with
a double staining with AQP1 and either a neuronal marker
PGP9.5 or a glial marker S-100 protein. In addition, the study
determined AQP1 expression in about 16.1% trigeminal neu-
rons and in certain satellite cells which surrounded AQP1-
positive or -negative neurons. An analysis of a cross-sectional
area of these AQP1-positive neurons demonstrated that
approximately 66.9% of the positive neurons were 400-1000
pm? (averaged at 671.4+172.4 pm?), indicating that they belong
to medium-sized neurons that mediate mechanotransduction.
This is the first report confirming that the axon terminals of
mechanoreceptors are positive for an AQP. Further inves-
tigation is needed for clarifying co-localization of SP/AQP1
or TRPV1/AQP1 in the trigeminal ganglion to determine the
proportion of AQP1-positive neurons that are similar to dorsal
root ganglion nociceptors. These findings suggest that AQP1
may control water transport in the periodontal Ruffini end-
ings. But whether AQP1 is involved in neural signal trans-
duction in the mechanoreceptive periodontal Ruffini endings
remains to be determined.
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Expression and regulation of AQP2 in peripheral nervous
system

The first report about AQP2 expression in peripheral nervous
system was seen in a study of AQP distribution in human
tissue microarrays by Mobasheri et al in 2005, AQP2 was
described to be expressed in peripheral nerve bundles. But no
information about tissue origin was provided. In 2009, Radel-
la’s group reported two studies about regulated expression of
AQP2 in rodent peripheral nerve and its possible involvement
in pain transmission!® .,

The first study analyzed the expression of AQP2 in the
trigeminal ganglia in an mouse model of perioral acute inflam-
matory pain induced by formalin™!. The data showed altered
AQP2 expression in trigeminal ganglia in acute inflammatory
pain. In the control group, the AQP2 immunostaining showed
general labeling in the cytoplasm of each neuronal class that
appeared stronger in the medium- and large-sized neurons
than in the small neurons. After formalin treatment, there was
a marked increase of AQP2 expression in small-sized neurons
and a decrease in medium- and large-sized neurons. A strong
increase of AQP2 protein in the neuronal membrane of small-
sized neurons was seen, suggesting increased expression and
intracellular redistribution of AQP2 mainly in small-sized neu-
rons. The expression pattern of AQP1 in the ganglia remained
unaltered after formalin treatment. Quantitative immunoblot
analysis also indicated increased expression of AQP2, but
not AQP1 upon formalin treatment. These data support the
hypothesis that AQP2 is involved in pain transmission in the
peripheral nervous system.

In the second study, they analyzed the presence and local-
ization of AQP2 in the spinal cord and dorsal root ganglia
of normal rats and evaluated AQP2 expression in response
to chronic constriction injury of the sciatic nerve, a model of
neuropathic pain®!. The results showed that although AQP2
expression was not detectable in the dorsal root ganglia of
normal rats, a remarkable increase of AQP2 expression in
response to chronic constriction injury treatment was seen in
small-diameter neurons in dorsal root ganglia. These data
suggested that AQP2 expression was involved in neuropathic
nerve injuries, although its precise role remains to be deter-
mined.

The exact mechanism by which AQP2 is enhanced in DRG
neurons is not clear. AQP2 is known as a regulated water
channel both at protein translocation and transcriptional level
in response to arginine vasopressin (AVP) in the renal collect-
ing ducts through V2 receptor™. AVP and its V1 receptor
were reported to present in DRG** ¥, It is not known whether
AQP2 is regulated by AVP in DRG. Further studies are war-
ranted to elucidate the mechanism of pain-induced AQP2
expression and function in peripheral sensory ganglia.

Expression of AQP4 in peripheral nervous system

Role of AQP4 in the central nervous system has been a major
focus in the aquaporin field. Many important functions of
AQP4 have been determined including brain edema formation

Acta Pharmacologica Sinica
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and absorption, pathogenesis of neuromyelitis optica, hydro-

(3-6.8-12.28] * T jttle is known about

cephalus and pain perception
the expression and function of AQP4 in the peripheral nervous
system.

In a recent study, Thi et al identified AQP4 protein expres-
sion in the myenteric and submucosal nerve plexuses of the
mouse and the rat colon by immunofluorescence™. In the
myenteric plexus, about 12% in the mouse and 13% in the rat
myenteric neurons were AQP4 positive as revealed by double
staining of the enteric ganglia with antibodies to AQP4 and
the neuronal marker NF-H (neurofilament-heavy chain 100).
In the submucosal plexus, nearly 80% neurons were positive
for AQP4 in both the mouse and the rat colon. Double label-
ing for AQP4 and the glial marker GFAP (glial fibrillary acidic
protein) verified that glial cells in the enteric plexuses were not
immunoreactive to AQP4. In the same study, they confirmed
a neuronal distribution of AQP1 in the myenteric and the sub-
mucosal plexuses similar to that reported by Nagahama ef al

in the rat small intestine™®

. This study clearly indicated that
neurons rather than glial cells contained AQP4 in the colonic
nerve plexuses, providing the first evidence that AQP4 was
differentially expressed in peripheral versus central nervous
system. The expression of AQP4 in myenteric and submu-
cosal neurons suggests that AQP4 may be involved in intesti-
nal motility and the neuronal regulation of transport processes
in the intestinal mucosa. The researchers did not analyze
the colocalization of AQP4 with neuronal markers specific to
sensory neurons. Therefore, it is not known whether AQP4 is
expressed in enteric sensory neurons.

Another recent study reported by Ablimit et al identified
AQP4 expression in the neuronal sensory cells of the vome-

[30]

ronasal organ Vomeronasal organ is part of the nasal

chemosensory system situated at the base of the nasal septum

in the anterior nasal cavity” *? and is anatomically and physi-
ologically distinct from the olfactory system™ . The sensory
epithelium of the vomeronasal organ is composed of a sensory
cell layer and supporting cell layer. AQP4 expression was
highly concentrated in the sensory cells of the sensory epithe-
lium. By immunogold electron microscopy, AQP4 protein
was localized to the plasma membrane of neuronal sensory
cells. Gold labeling representing AQP4 is clearly seen along
the entire plasma membrane of the cell body and axons except
for the apical membrane facing the surface of the lumen. In
contrast to the presence of AQP4 in the axon forming the
vomeronasal nerve, nerve fiber bundles running in the lamina
propria of the nonsensory mucosa were negative for AQP4,
suggesting a specific role of AQP4 in the neuronal transduc-
tion of the vomeronasal organ. A previous study indicated
impaired olfaction in mice lacking AQP4 water channel®.
Vomeronasal organ is regarded as a chemosensory organ for
pheromones™. It will be interesting to study the role of AQP4
in the regulation of social behavior and sexual preference in
AQP4 knockout mouse model.

Perspectives

The study on the expression and function of AQPs in the
peripheral nervous system is still in an early stage although
significant progress has been made in this field (summarized
in Table 1). The picture on the distribution of AQP family
members in the peripheral nervous system is far from com-
plete. The precise cellular localization of AQPs in different
types of peripheral nerves requires further systematic studies
in human as well as model animals. The functions of AQPs in
the peripheral nervous system are still largely unknown. The
conflict results on the role of AQP1 in pain perception will
await more investigations to clarify before AQP1 can become

Table 1. Expression and function of aquaporins in peripheral nervous system.

AQP Species Tissue Cell type Function Reference
AQP1 Human Pancreatic and enteric ganglia and  Glial cells Enteric neuronal transduction? 17
nerve fiber bundles
Sheep Enteric ganglia Neurons Enteric neuronal transduction? 20
Rat Enteric ganglia and nerve fiber  Neurons Diabetic gastrointestinal dysfunction? 18, 19, 29
bundles
Incisors and trigeminal ganglia Axon terminals of periodontal Mechanoreception? 21
Ruffini endings, terminal
Schwann cells
Mouse Trigeminal, petrosal, and nodose  Small to medium size neurons Somatosensation in cranial structures? 13, 29
ganglia
Dorsal root ganglia Norciceptive neurons Pain sensation 14-16
AQP2 Rat Dorsal root ganglia Small-diameter neurons Neuropathic nerve injury? 24
Mouse Trigeminal ganglia Neurons Pain transmission? 23
AQP4 Rat Enteric nerve plexus Neurons Neuronal control of intestinal motility 29
and mucosal transport?
Vomeronasal organ Neuronal sensory cells Social behavior and sexual preference? 30
Mouse Enteric nerve plexus Neurons Neuronal control of intestinal motility 29

and mucosal transport?
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a drug target to reduce pain nociception. The physiological
functions of AQP1 and AQP4 in enteric nerve plexuses remain
to be determined. The role of AQP1 in mechanoreception
requires further investigation. The mechanism of regulated
AQP?2 expression in neurons of peripheral sensory ganglia and
its functional significance in pain transmission needs further
elucidation. The physiological importance of AQP4 in sensory
neurons of vomeronasal organ remains to be uncovered. More
functional studies using transgenic AQP knockout mouse
models or human subjects with lose-of-function mutations are
required to establish the role of AQPs in the peripheral ner-
vous system and evaluate their potential as novel drug targets
for peripheral neuropathies.
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Maternal-fetal fluid balance is critical during pregnancy, and amniotic fluid is essential for fetal growth and development. The placenta
plays a key role in a successful pregnancy as the interface between the mother and her fetus. Aquaporins (AQPs) form specific water
channels that allow the rapid transcellular movement of water in response to osmotic/hydrostatic pressure gradients. AQPs expression
in the placenta and fetal membranes may play important roles in the maternal-fetal fluid balance.
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Introduction

Water is the major component of cells and tissues. Although
adults contain 55%-65% water, the fetal body consists of about
70%-90% water, with a lower percentage close to term!" ?.
Water across the plasma membrane of cells is a fundamental
activity of life, and water homeostasis during fetal develop-
ment is of crucial physiological importance. Fluid balance in
the fetus is dependent on its mother. For example, when the
mother is dehydrated, the fetal plasma osmolality increases
in parallel with the maternal plasma osmolality when the pla-
cental function is normal®. Maternal-fetal fluid exchange at
the placenta and fetal membranes and through one pathway
of exchange between the fetus and amniotic fluid can occur
across the skin before full keratinization. Abortion, premature
birth, amniotic fluid volume abnormality, malformation and
fetal growth restrictions may result when the homeostasis of
the maternal-fetal fluid exchange is disrupted. Thus, mater-
nal-fetal fluid balance is critical during pregnancy.

The molecular mechanisms of maternal-fetal fluid balance
61 several mecha-
nisms, including aquaporins, hormones, blood pressure
differences, vascular endothelial growth factor (VEGF) and
behavioral regulation, play important roles in maternal-fetal

are not known. According to researchers

fluid balance. Hormonal mechanisms include the renin-angio-
tensin system, aldosterone and vasopressin regulation, which
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Received 2011-02-15 Accepted 2011-04-18

are involved in the alteration of fetal renal excretion, water
and sodium reabsorption, and the regulation of vascular vol-
ume. In addition, elevated levels of angiotensin II in the fetus
increase blood pressure and cause diuresis, which contribute
to an increase in amniotic fluid volume. Blood pressure regu-
lation also plays a role in sodium/water homeostasis. VEGF
is involved in the regulation of intramembranous blood ves-
sel proliferation, membrane transport via passive permeation
and the non-passive transcytotic vesicular movement of fluid.
In utero behavioral regulations, such as fetal swallowing, are
early functional developments in response to dipsogens. Sev-
eral aquaporins are expressed in placenta, and aquaporins
play key roles in the placental mechanism.

Aquaporins (AQPs) are small (about 30 kDa) membrane
proteins that are named for their ability to increase the water
permeability of the lipid bilayer of plasma membranes. There
are 13 known mammalian AQPs, and certain AQPs increase
the permeability to small molecules, such as glycerol (AQP3,
7,9), urea (AQP3, 7, 8, 9) and ammonia (AQPS)m. AQPs are
distributed in different cells in various organs and play critical
roles in water and other small uncharged molecules transport
across cell membranes®™® ', AQPs facilitate transepithelial
fluid transport and are involved in a variety of physiological
and cellular functions, such as peritoneal dialysis[15], pleural
fluid transport"®, intraocular pressure and aqueous fluid
production"”), corneal endothelium fluid transport™ and
amniotic fluid volume!™.

This review discusses the role of AQPs in maternal-fetal
fluid balance. The location, expression and regulation of



AQPs in the female reproductive system, placenta and fetal
membranes, abnormal amniotic fluid volume combined with
direct evidence from AQP knockout mice (AQP-KO) support
that AQPs play important roles in maternal-fetal fluid balance.

AQP expression in the female reproductive system

All living things reproduce. The reproductive system is
essential for species survival, but it is not essential to keep an
individual alive. A normal reproductive system is the basis of
pregnancy and is fundamental for the maternal-fetal fluid bal-
ance.

Several subtypes of AQPs have been documented in the
reproductive system of both male and female humans, rats
and mice™ . In the female reproductive system, AQPs are
strongly expressed in the ovary, oviduct, uterus, placenta,
amnion and chorion during pregnancy!** . At least nine
AQP isoforms (AQP1-9) are expressed in these organs (Figure
1).
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Figure 1. AQPs expression in pregnant female mammalian reproductive
system.

The location and expression of AQPs in the female repro-
ductive system suggest that AQPs play important roles in the
production of ovum, the secretion of hormones, the regulation
of the success of fertilization and early embryonic develop-
ment®. Moreover, these functions of AQPs indicate an
involvement in maternal-fetal fluid homeostasis.

Placenta (pregnant temporary organ)

The placenta is a remarkable organ between the mother and
her fetus and plays a key role in ensuring a successful preg-
nancy. During its relatively short life span, the placenta
undergoes rapid growth, differentiation and maturation.
Nearly all materials that are exchanged between mother
and fetus occur at the placenta, and all transport across the
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placenta must occur across the syncytial covering of the vil-
lous tree, the syncytiotrophoblast, the villous matrix and the
fetal endothelium, each of which may impose its own restric-
tions and selectivity.

Placental transfer

The tissue that separates maternal and fetal blood in the pla-
centa is called the placental barrier. The mature human pla-
centa (hemochorial type) is a discoid organ with an elaborately
branched fetal villous tree that is bathed directly by maternal
blood. Primates, rodents and lagomorphs have placentas of
the hemochorial type.

Paracellular and transcellular are the two pathways of trans-
ference across the placenta. The paracellular pathway across
the placenta is based on the observation that the placenta is
permeable to inert hydrophilic solutes that do not enter cells
(eg, inulin), and its existence in the hemochorial placenta is
generally accepted™. However, the placental barrier includes
a layer of continuous trophoblast syncytium. Therefore, the
transcellular route is very important for placental transfer.
The existence of transtrophoblastic channels has been demon-
strated™ .

In the transcellular route, molecules pass through the
plasma membranes of the cells that constitute the barrier. A
transcellular pathway is available for substances such as lipid-
soluble molecules, very small hydrophilic molecules and
membrane carriers and channels.

Water is transferred across the hemochorial placenta
through both the paracellular and transcellular routes, and its
transfer may be facilitated by integral membrane water chan-
nel proteins (ie, AQPs).

Amniotic fluid (AF) circulation
Because amniotic fluid volume regulation is a key part of the
maternal-fetal fluid balance, it has been the focus of research.
The amniotic fluid serves as a significant extracorporeal water
store for fetal development, including normal anatomic and
fetal lung development, and as protection from fetal trauma.
A normal amniotic fluid volume is critical for normal fetal
growth and symmetrical development. Insufficient (oligohy-
dramnios) or excessive (polyhydramnios) amniotic fluid vol-
ume is associated with impaired fetal outcome, including fetal
structural or functional abnormalities.

Amniotic fluid volume is dependent on gestational age, and
a high regulatory ability maintains the amniotic fluid volume
within a fixed range®™. Amniotic fluid pathways include the
production of fetal urine, fetal swallowing, fetal lung secretion
and intramembranous and transmembranous pathways?* ¥,

A variety of factors, such as postmaturity syndrome, mater-
nal disease, maternal medications, altitude, fetal malforma-
tions and abnormal fetal weight, may affect amniotic fluid
Bl Although the regulation of amniotic fluid circula-
tion is poorly understood, the flow of water across biological
membranes and the function of membrane water channels is

volume

involved.
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AQP and maternal-fetal fluid balance

AQP expression in placenta and fetal membranes

Placentation varies in rodents, sheep and humans. Consistent
with previous research, our studies®™*'! have demonstrated
that AQP1, 3, 8, and 9 are the major AQPs in the placenta

and fetal membranes™. This localization indicates a possible
functional role in fluid homeostasis. The location of AQPs in

placenta and fetal membranes are summarized in Table 1.

Table 1. AQPs location in placenta and fetal membranes of human,
mouse and ovine.

AQP Species Location References
AQP1 Human vascular endothelial cell, [38]
syncytiotrophoblasts, [44]
epithelial cells of the amnion,
cytotrophoblasts of the chorion
Mouse amnion, [19]
vessel walls of placental labyrinth
Ovine vascular endothelial cells,
capillary endothelium of the cotyledons [14]
AQP3 Human placenta syncytiotrophoblasts, [39]
cytotrophoblasts, [55]
chorion cytotrophoblasts, [56]
amnion HST cells
Mouse amnion,
labyrinth trophoblast cells [14]
QOvine cytotrophoblasts of chorion and placenta,
fibroblasts of amnion and allantois [19]
AQP8 Human amnion and chorion epithelial cells, [28]
trophoblasts [40]
AQP9 Human amnion epithelial cells, [41]
cytotrophoblasts of chorion, [56]
trophoblasts
Ovine epithelial cells amnion and allantois [57]

AQP expression regulation in placenta and fetal membranes
Ontogeny expression of AQPs in placenta and fetal membranes
Several AQP subtypes are expressed in placenta and fetal
membranes, and an alteration in the expression of AQPs
has been detected during pregnancy. Our previous study™!!
showed that the ontogeny of mRNA expression for AQP1, 3
and 8 in the ovine placenta at different gestational ages (27, 45,
66, 100, and 140 d, where term is ~150 d). AQP1 was the only
aquaporin present in the vasculature and was significantly
higher at 27 d of gestation compared to the other time points.
This result suggested that AQP1 might be related to placental
angiogenesis. AQP3 was increased significantly across the
gestational period, and the increase in expression coincided
with a substantial increase in urea permeability in the ovine
placenta.

Beall et al" demonstrated that advancing gestation was
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associated with an increase in amniotic fluid volume from ges-
tational days e10 to el6 with a marked decrease in amniotic
fluid volume from e16 to e19. Fetal membrane AQP1, placen-
tal AQP1 and AQP9 expression were negatively correlated
with amniotic fluid volume, and placental AQP3 expression
was positively correlated with amniotic fluid volume.

The above results indicate that AQPs play roles in placental
development and placental functions. Moreover, these results
imply that the ontogeny of AQP expression is related to mater-
nal-fetal fluid balance.

AQP expression in placenta with abnormal amniotic fluid volume
Amniotic fluid is essential for the developing fetus to provide
the appropriate aquatic environment for symmetrical and nor-
mal development. Abnormal amniotic fluid volume induces
premature delivery, fetal growth restriction, fetal distress,
meconium aspiration syndrome, malformations and fetal
death!***], Compared to normal amniotic fluid volume, Mann
et al*
particularly in the amnion (33-fold) of polyhydramnios. Zhu

I'detected a significant increase in AQP1 expression,

et al™ also indicated that there was a significant decrease of
AQP1 and AQP3 expression in the amnion and chorion of the
oligohydramnios group, but AQP3 expression in placenta was
significantly increased compared to the normal amniotic fluid
volume group.

Our preliminary studies”*** have shown that the expres-
sion of AQP1 mRNA is significantly lower in oligohydramnios
placenta and fetal membranes than in normal pregnancy at
term. The expression of AQP8 mRNA is significantly lower in
oligohydramnios placenta than in normal pregnancy placenta
at term. The expression of AQP9 mRNA in fetal membranes
is significantly higher in polyhydramnios groups than in
controls. AQP1, 3, 8, and 9 may play important roles in the
maintenance of amniotic fluid volume and the balance of dif-
ferent components in oligohydramnios and polyhydramnios
patients.

The above results indicate that the change in AQP expres-
sion in human placenta is related to amniotic fluid volume
regulation. Furthermore, more evidence at the molecular level
demonstrates that AQPs have an important effect on amniotic
fluid volume and maternal-fetal fluid balance.

Direct evidence from AQP gene knockout mice

The AQP gene knockout mice (AQP-KO) have been studied
for years and have provided direct evidence of their physi-
ological functions. Several analysis of AQP-KO mice have
revealed that AQP-knockout mice induce unexpected physio-
logical changes, including an impairment of angiogenesis and

[50]

cell migration!*”), saliva secretion disability”™, cerebrospinal

fluid (CSF) dynamics®™, peritoneal dialysis®, urinary concen-

trating ability disturbances®™ " 2o,

and polyhydramnios

AQP1 plays an important role in angiogenesis and endothe-
lial cell migration. In AQP1-knockout mice, aortic endothelia
migration and wound healing is greatly impaired, but abnor-
mal vessel formation is observed in vitro. The mechanism pro-

posed is that water influx at the tip of a lamellipodium results
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in membrane protrusion in the direction of cell migration!*”),

AQPs play roles in saliva secretion by transepithelial fluid
transport. Osmotic equilibration is impaired in AQP5-knock-
out mice, which results in a reduced volume of relatively
hypertonic fluid secretion®. AQP1 is strongly expressed at
the ventricular facing surface of the choroids plexus epithe-
lium (CPE). CSF production and intracranial pressure (ICP)
are decreased in AQP1-knockout mice. Water transport by
AQP1 is a substantial percentage of choroidal CSF produc-
tion, and a deficiency of AQP1-mediated transcellular routes
may contribute to the decrease in CSF following a reduction
in ICP®!.  AQP1-knockout mice show a decreased initial and
cumulative ultrafiltration (UF) without sodium sieving dur-
ing peritoneal dialysis (PD). This result supports the essential
three-pore theory and a similar mechanism in the descending
vasa recta®. AQP1 is also strongly expressed in the proximal
tubule of the kidney, the descending limb of Henle epithelia
and in the vasa recta endothelia. Urinary concentrating abil-
ity is severely impaired in AQP1-knockout mice. The primary
renal defect in AQP1 knockout mice is the inability to gener-
ate a hypertonic medullary interstitium by countercurrent
multiplication™ >,

Mann et al® have shown that AQP1 gene knockout mice
have a greater amniotic fluid volume and lower amniotic fluid
osmolality than wild-type and heterozygote counterparts. The
result represents the movement of water through the AQP1
channel because of the impaired renal fluid absorption and
concentrating ability in AQP1-knockout mice. Moreover,
deficiency in the regulation of water movement across the
fetal membranes and within the placental trophoblast may be
another mechanism for this result. AQP1 in fetal membranes
may contribute to amniotic fluid volume regulation, and it is
speculated that idiopathic polyhydramnios may be associated
with a deficiency in AQP1 in human fetal membranes.

Our research in AQP-knockout pregnant mice is consistent
with the above results. For example, our study showed an
increase in embryo numbers, heavier placental and fetal/
neonatal weight and an increase in the amount of amniotic
fluid in AQP8-knockout pregnant mice®™. The results of the
pregnant phenotypes of AQP-knockout mice provide direct
evidence that AQPs play important roles in pregnancy, fetal
growth and maternal-fetal fluid balance. Therefore, screening
for aquaporin mutations in genetic diseases associated with
abnormalities in fluid balance may be required.

In summary, successful pregnancy requires high-quality
ovulation, successful fertilization and normal embryonic and
fetal development, in which water homeostasis plays a key
role throughout pregnancy. The location, expression and
regulation of AQPs in the female reproductive system, pla-
centa and fetal membranes, coupled with direct evidence from
AQP-knockout mice support the involvement of AQPs in this
physiological process and maternal-fetal fluid balance.
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Aquaporins in sperm osmoadaptation: an emerging

role for volume regulation
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Upon ejaculation, mammalian sperm experience a natural osmotic decrease during male to female reproductive tract transition. This
hypo-osmotic exposure not only activates sperm motility, but also poses potential harm to sperm structure and function by inducing
unwanted cell swelling. In this physiological context, regulatory volume decrease (RVD) is the major mechanism that protects cells
from detrimental swelling, and is essential to sperm survival and normal function. Aquaporins are selective water channels that enable
rapid water transport across cell membranes. Aquaporins have been implicated in sperm osmoregulation. Recent discoveries show
that Aquaporin-3 (AQP3), a water channel protein, is localized in sperm tail membranes and that AQP3 mutant sperm show defects in
volume regulation and excessive cell swelling upon physiological hypotonic stress in the female reproductive tract, thereby highlighting
the importance of AQP3 in the postcopulatory sperm RVD process. In this paper, we discuss current knowledge, remaining questions
and hypotheses about the function and mechanismic basis of aquaporins for volume regulation in sperm and other cell types.
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Efficient sperm volume regulation is a prerequisite for
normal sperm function

In most mammalian species studied, the journey of sperm
from the male to the female reproductive tract experience
a natural osmotic decreasel'l, an evolutionary vestige from
freshwater fish species”. Before ejaculation, the mammalian
sperm are quiescent in the relatively hypertonic male repro-
ductive tract with no or very low motility. Upon copulation,
the sperm enter into the relatively hypotonic female reproduc-
tive tract and quickly show motility activation™*, indicating
that osmotic changes are beneficial for initial sperm motility
activation. However, postcopulatory hypotonic stress also has
a negative effects as it induces osmotic cell swelling, which if
uncontrolled, can be detrimental to sperm function and sur-
vivalP®l. Mammalian sperm have evolved to effectively reduce
the negative impact of hypotonic cell swelling by means of
regulatory volume decrease (RVD), which was proposed to
involve efficient volume regulation driven by active solute
transport and rapid transmembrane water movement!.

*To whom correspondence should be addressed.
E-mail duane®@ioz.ac.cn
Received 2011-02-13 Accepted 2011-03-17

Functional importance of aquaporins in sperm volume
regulation: emerging evidence from AQP3 knockout mice
In the early 1970s, it was demonstrated that the water per-
meability coefficient of bull spermatozoa was quite high,
about four times greater than that of bovine erythrocytes and
between ten and thirty times greater than that of artificial
bimolecular lipid membranes”.
tions, the author made an insightful conclusion that the chief
route for the passage of water through the sperm membrane
must be via “pores”U. Similar high water permeability coef-
ficients have been discovered in other mammalian species,
including humans® *..

In the past two decades, the understanding of the movement
of water through cell membranes has been greatly advanced
by the discovery of aquaporins, a family of water-specific
membrane channel proteins”. Recently, it was proposed that
aquaporins might be active players in sperm volume-regula-
tory water flux"". Indeed, two aquaporins (AQP7 and 8) were
first cloned from rat testes and identified by staining in murine
sperm tails!* . Aquaporin-11 (AQP11) has also been found
in the end piece of rat sperm!” (although some controversies
exist due to variable antibody specificity; for a more detailed
description, see the comprehensive reviewm]). However,
genetic deletion of AQP7 and 8 in mice did not result in obvi-
ous abnormalities in sperm morphology and function™ '* "7,

According to these observa-
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suggesting that these AQPs are not essential for mouse sperm
function or that they can be functionally substituted by other
aquaporin members.

After a previous study identified Aquaporin-3 (AQP3)
expression in mouse testes™, we demonstrated that AQP3
was present in both mouse and human sperm and was located
in the plasma membrane of the principle piece of flagellum®!
(Figure 1A). Further functional studies using AQP3 knockout
mice have shown that upon exposure to physiological hypo-
tonic stress, AQP3 mutant sperm show normal initial motility
but display increased vulnerability to hypotonic cell swell-
ing characterized by increased tail bending after entering the
uterus®. The observed sperm defect was due to impaired cell
volume regulation and progressive cell swelling in response to
physiological hypotonic stress, as revealed by sperm volume
detection using flow cytometry in a population-based man-
ner and by time-lapse imaging of individual sperm®. The
tail deformation hampers normal sperm migration into the
oviduct, resulting in impaired fertilization and reduced male
fertility””. These results provided direct evidence that AQP3
was actively involved in mouse sperm volume regulation dur-
ing physiological hypotonic stress by protecting sperm from
excess cell swelling and, therefore, optimizing postcopulatory
sperm behavior.

Notably, it has also been demonstrated that, compared to

A AQP3/DIC

B
Normal
AQP tetramer
Hypotonic stress x4
induces membrane| >
stretch -
Membrane tension

00

Extended distance
between each monomer
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Membrane stretch causes conformational changes of AQP tetrameric superstructure

Figure 1. (A) AQP3 localization in mouse sperm. (B) A hypothesized mod-
el showing how the AQP tetrameric structure could be involved in cellular
mechanosensing during hypotonic stress-induced cell swelling.
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mouse sperm, human sperm show a strikingly similar pattern
of AQP3 localization®, thus providing the intriguing possibil-
ity of a similar role for AQP3 in human sperm. On the other
hand, we failed to detect AQP3 expression in rat sperm, which
is consistent with previous reports™. Indeed, such species-
specific expression of AQP3 has been observed in other tis-
sues. For example, AQP3 is expressed in human and rat eryth-
rocytes but not in mouse erythrocytes™ !, The discrepancies
in AQP3 expression patterns between closely related species
such as mice and rats suggest a dynamic selection of AQP3
expression during evolution.

How do AQP proteins mediate cell RVD during hypotonic
stress?

Despite the observation that AQP3 is important for normal
sperm RVD during hypotonic exposure®® and the increasing
body of evidence that several members of AQPs (AQP1, 2, 3, 4,
and 5) are actively involved in RVD of diverse cell types®™>,
the molecular mechanisms by which AQPs take part in RVD
are hard to explain using the “simple permeability” theory,
which considers aquaporins as inert pores that simply increase
the osmotic permeability of plasma membranes. Under such
a “simple permeability” model, RVD begins with a hypotonic
stress-induced water influx, followed by active solute trans-
port that enables osmolyte efflux and provides the driving
force for water to exit?””), and the participation of AQPs in RVD
is merely to facilitate the time it takes to reach osmotic equi-
librium. When applying such a model in the AQP3 mutant
sperm, since both water influx and efflux were supposed to
be equally diminished, the progressive sperm cell swelling
should not have been observed.

Given such a dilemma, it is our belief that AQP3-dependent
water permeability in sperm, if any, is not the primary con-
tribution to sperm RVD under hypotonic stress. Alterna-
tively, we hypothesize that AQP3 may function as a part of
the membrane osmosensing/mechanosensing system for the
initial sensing of cell swelling and therefore, may “trigger”
subsequent RVD events such as solute transport and cytoskel-
eton reconstruction. This hypothesis is supported by the fact
that AQP3 is strongly expressed in many organs, such as the
bladder, trachea and esophagus, and in olfactory cellg!"® 28 21
where they seem to have no obvious requirements for rapid
water movement but need sensitive perception of tension,
shear stress and so on. Moreover, this hypothesis is supported
by the recent discovery that AQPS5 is actively involved in sali-
vary gland cell RVD by coordinating with TRPV4, a volume
sensitive calcium channel, to concertedly regulate cell volume

under hypotonic stimulation®!

. This provides the first mecha-
nistic evidence that AQPs are actively involved in upstream
events of cell volume sensing through interaction with other
volume-sensitive ion channels. Interestingly, the scenario of
volume regulation by AQP5/TRPV4 interaction has recently
been expanded for AQP4. As demonstrated in mouse astro-
cytes, the TRPV4/AQP4 complex plays an important role
in the initiation of RVD similar to that of the TRPV4/AQP5

25]

complex in salivary gland cells™!. In this regard, it would
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not be hard to imagine that AQP3 might also form molecular
complexes with other ion channels to mediate sperm RVD.
Such candidate molecules may involve the volume sensitive
chloride channel CLC-3", which has been observed in mam-
malian sperm and has been implicated in sperm volume regu-
lation®"*2,

Despite the accumulating evidence, a most basic question
remains for the involvement of AQPs in RVD: As water chan-
nel proteins, by what structural basis do AQPs play a role in
osmosensing/mechanosensing? We propose that the answer
to this question might reside in the homotetrameric structure
of aquaporins, as revealed by molecular crystal structure
analysis"”. Although it has been established that the water
permeability characteristics of AQPs rely on the pores of each
monomer, the evolutionary driving force for AQPs to form
a tetramer is not understood"’. Tt is hypothesized that the
homotetrameric nature of aquaporins could provide a struc-
tural base to sense membrane stretching during hypotonic
stress-induced cell swelling. As shown in Figure 1B, cell swell-
ing in response to hypotonic stress would increase membrane
tension and might result in an extended distance between
each AQP monomer and cause conformational changes of
the homotetramer. Such changes in molecular structure may
initiate downstream signaling cascades for RVD events. This
model would be particularly suitable in cases when AQPs
form functional complexes with other mechanosensors (such
as TRPV4™ )y or directly interact with cytoskeletal compo-
nents such as actin filaments (AQP2 has been shown to inter-
act directly with actin[33]). However, to stringently test such
a hypothesis, it would be necessary to create a mutant AQP
protein that could not form a tetrameric structure while main-
taining the water permeability of each AQP monomer.

There is also a remote possibility that under processes such
as sperm RVD under hypotonic stress, AQP3 functions as a
unidirectional water channel allowing only water efflux, while
other sperm AQPs, such as AQP7 and 8, only allow water
influx. Indeed, recent findings have demonstrated that a for-
mate transporter shows an AQP-like channel structure® *,
thus lending support to the radical notion that an aquaporin
structure may have the potential to function as a unidirec-
tional water transporter in cooperation with other molecules,
at least under certain circumstances.

Conclusion

In summary, the emerging evidence for AQPs in cell vol-
ume regulation, including AQP3 in sperm, can not be fully
explained by considering AQPs as inert pores simply for water
permeability. These phenomena provide future directions for
a new round of AQP research focused on AQPs with more
fundamental roles as general regulators, such as osmosensors/
mechanosensors, possibly with novel mechanisms.
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Searching for effective pharmacological agents for stroke treatment has largely been unsuccessful. Despite initial excitement, antago-
nists for glutamate receptors, the most studied receptor channels in ischemic stroke, have shown insufficient neuroprotective effects
in clinical trials. Outside the traditional glutamate-mediated excitotoxicity, recent evidence suggests few non-glutamate mechanisms,
which may also cause ionic imbalance and cell death in cerebral ischemia. Transient receptor potential melastatin 7 (TRPM7) is a Ca**
permeable, non-selective cation channel that has recently gained attention as a potential cation influx pathway involved in ischemic
events. Compelling new evidence from an in vivo study demonstrated that suppression of TRPM7 channels in adult rat brain in vivo
using virally mediated gene silencing approach reduced delayed neuronal cell death and preserved neuronal functions in global cere-
bral ischemia. In this review, we will discuss the current understanding of the role of TRPM7 channels in physiology and pathophysiol-

ogy as well as its therapeutic potential in stroke.
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Introduction
Stroke is one of the leading causes of death and disability in
the world™?. The disease itself and associated morbidity have
caused significant social and economic impacts on society and
individuals worldwide. The prevalence of stroke is expected
to increase and our aging population is especially vulner-
able to stroke insults. The clinical trials of anti-excitotoxic
therapies (AET) have failed to benefit stroke patients”, thus
diminishing the initial excitement of translating research from
bench to bedside and using glutamate receptor blockers in
treating stroke patients. Even though the mechanisms under-
lying cerebral ischemia are beginning to be better understood,
there is still no clinical or experimental treatment that has
shown improved outcome for stroke patients. To ease per-
sonal and societal burden of stroke, continuous efforts have
been directed towards searching for new therapeutic targets
in stroke. This review provides a current view on one of the
non-glutamate mechanisms of stroke that mediates through
TRPM7 channels from a recent in vivo study'.

A major event during cerebral ischemia is a concomitant
massive release of the excitatory neurotransmitter glutamate,

*To whom correspondence should be addressed.
E-mail hss.sun@utoronto.ca
Received 2011-03-14 Accepted 2011-04-18

which results in intracellular calcium overload and eventual
cell death®. The excitotoxicity in ischemia has been in the
centre of stroke research for a long period of time. Triggered
release of excessive glutamate causes cell death following isch-
emia, which is associated with an increase of the intracellular
calcium (Ca”™) concentration!®®. Thus, identifying the source
of the excessive Ca®* influx and/or release from the intracel-
lular Ca® stores during ischemia has been a research focus.
Traditionally, Ca® -permeable NMDA (N-methyl-D-aspartic
acid), AMPA (DL-alpha-amino-3-hydroxy-5-methyl-4-isoxa-
zole propionic acid) receptors™ and L-type voltage-dependent
Ca®" channels®” were considered as the major calcium entry
paths and the causes of Ca®* overload during ischemia. This
Ca*" overload, or a broad spectrum of ion imbalance, during
ischemia is considered to initiate a wide range of sequential
events that lead to irreversible damage to protein synthesis,
mitochondria, cytoskeleton and plasma membrane, and to
eventual cell death. In an ideal scenario, the interruption of
this Ca®* overload in ischemia is thought to be clinically ben-
eficial for stroke patients. Blocking these receptor channels
prevents the intracellular Ca®* overload and provides signifi-
cant neuroprotection in the laboratory. Some of the findings
from the bench have been translated into many clinical trials
in stroke treatment. However, the results of clinical trials test-
ing AET, which include NMDA and AMPA receptor block-
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ers, turned out to be ineffective and even with unwanted side

[10-14]

effects . This may be due to multiple factors and it will

151 Because of the limitation of

not be the focus of this review
the glutamate mechanism and the unfavourable outcomes of
AET trials, stroke researchers have been seeking for alterna-
tive, non-glutamate related therapeutic targets that cause ionic
imbalance and cell death. Some of these channels include:
acid-sensing ion channels"® '), transient receptor potential
(TRP) channels™” !, and hemichannels™*!, volume-regu-

25] [26, 27]

lated anion channels™®, sodium-calcium exchangers and

non-selective cation channels™!.

Based on the recommendations from the Stroke Therapy
Academic Industry Roundtable (STAIR) committee, it is
important to validate the preclinical development in proof of
concept starting with in vivo rodent models as experimental

#1 Recent in vivo studies aimed at iden-

animal stroke models!
tifying the non-glutamate mechanisms for stroke have demon-
strated the involvement of acid-sensing ion channels"® " first,
and then the TRPM7 (transient receptor potential melastatin
7) channel ” 21 In this review, we will mainly focus on
the current understanding of the molecular, biophysical, and
pharmacological properties of TRPM7 as well as its physiolog-
ical and pathophysiological roles and its therapeutic potential
in stroke.

Classification, structures and distributions
Classification
The TRP superfamily is comprised of a group of non-selective

cation channelst*®

. Its nomenclature was originated from
the first found member of this superfamily, which was identi-
fied in a Drosophila phototransduction mutant showing tran-

sient receptor potential to a continuous light*!

. Currently,
about 30 mammalian TRP channels have been discovered and
named according to their sequence homologous structures.
They are classified into six subfamilies: 1) TRPC (canonical),
2) TRPM (melastatin), 3) TRPV (vanilloid), 4) TRPA (ankyrin),
5) TRPML (mucolipin) and 6) TRPP (polycystin). Different
TRP channels are activated by different physical and chemi-
cal stimuli. The diverse gating mechanisms of TRP channels
make them good cellular signal integrators critical for physi-
ological and pathological functions™*,

TRPMY7 belongs to the melastatin-related subfamily of TRP
channels, which is comprised of eight members (eg, TRPM1-8).
It was suggested that TRPM7 may also form heteromers with
TRPM2 as application of TRPM7 siRNA also down-regulated
TRPM2 channel mRNA in an in vitro study™.. This is impor-
tant as TRPM2 has also shown to play a role in oxidative
stress-mediated cell death, which is a cellular condition shown

in stroke.

Gene and protein structures

In human, TRPM7 gene is located on chromosome 15 in the
q21.2 region, and encoded by 39 exons that spans about 127 kb
of DNA sequence. The mouse TRPM7 gene is 95% identical

135

to human gene!™!. Tt is located on chromosome 2 on cytoband

F2 and it is also encoded by 39 exons that spans about 85 kb of
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DNA sequence.

TRPMY is a large protein (1864 amino acids in human; 1863
amino acids in mouse) with a predicted molecular weight
of approximately 212 kDa. Each subunit has six transmem-
brane (TM) spanning domains (S1-S6) with a re-entrant
pore-forming loop (known as P-loop) between the fifth (S5)

and sixth (S6) Segmentsm' 33] (

Figure 1). The N-terminus has
another hydrophobic region (H1) and four regions of TRPM
subfamily homology domain (MHD), but their biological
significance is largely undefined. The C-terminus contains a
TRP box of ~25 highly conserved residues, which may interact
with phosphatidylinositol 4,5-bisphosphate (PIP,), a positive

18 A coiled-coil domain close

regulator of some TRP channe
to the C-terminus may mediate subunit-subunit interactions
and tetrameric assembly of TRPM7"". The most unique struc-
tural feature of the channel is the enzymatic domain located
at the end of C-terminus. In TRPM?7, the distal C-terminus
has an atypical serine/threonine protein kinase domain that is
homologous to a family of a-kinases'™!. Although this kinase
domain does not seem to affect channel activity directly™ > ],
it may be important for the regulation of channel function by

Mg* nucleotides!".

Tissue and cellular distribution
TRPM?7 channel mRNA is ubiquitously expressed in almost all

tissues™ *> #

Recently, real-time quantitative RT-PCR analy-
ses with either Tagman or SYBR Green were used to create
comparative distribution profiles of TRPM channels in selected
human tissues, including brain, pituitary, heart, lung, liver,
fetal liver, skeletal muscle, stomach, intestine, spleen, periph-
eral blood mononuclear cells, macrophages, pancreas, pros-
tate, placenta, cartilage, bone and bone marrow!*”. TRPM7
mRNA has the highest expression in heart, pituitary, bone,
and adipose tissue*”. Similar distribution patterns of TRPM7

were also observed in mouse tissue samples!*!

. Compared to
other TRP members, TRPM7 mRNA expression levels were
significantly higher in most tissues.

The TRPMY7 protein shown by immunofluorescent labeling
is strongly expressed at the plasma membrane in N1E-115
neuroblastoma cells®”, and in vascular smooth muscle cells™!.
In N1E-115 neuroblastoma cells, HA-tagged TRPM7 antibod-

[45]

ies were localized in membrane ruffles™. Similarly, protein

expression of TRPM7 is also shown in cell bodies and pro-
cesses of hippocampal neurons with immunostaining® " *I,
In superior cervical ganglion neurons, TRPMY7 is exclusively

localized within cholinergic vesicles™.

Biophysical properties, regulatory mechanisms, pharma-
cology

Biophysical properties

TRPMY is a non-selective cation channel that displays several
biophysical features that make this channel distinguishable
TRPM?7 channel has a reversal

potential of approximately 0 mV, and a prominent outward
30, 33, 43, 50] (

from other TRP members.

rectification! Figure 1B). At negative membrane

potentials, TRPM7 conducts a small inward current by trans-
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Figure 1. Schematic diagram showing proposed transmembrane topology of TRPM7. (A) The putative membrane topology of a single subunit of TRPM7
is shown. Each subunit has six transmembrane (TM) spanning domains (S1-S6) with a re-entrant pore-forming loop between the fifth (S5) and sixth (S6)
segments. The intracellularly located N-terminus has another hydrophobic region (H1) and four regions of TRPM subfamily homology domain (MHD).
The intracellularly located C-terminus contains a TRP box of ~25 highly conserved residues (TRP) and a coiled-coil domain (CCD). The distal C-terminus
has an atypical serine/threonine protein kinase domain. As indicated in the figure, TRPM7 is a non-selective cation channel that conducts both mono-
valent ions (eg, Na* and K") and divalent ions (eg, Ca®*, Mg?* and other trace metal ions). (B) Representative current-voltage (I-V) relationship of TRPM7.

porting divalent cations (eg calcium and magnesium) down
their concentration gradients™™. TRPM7 current density is
usually under 20 pA/pF® . At positive membrane potential,
TRPMY conducts a strong outward current as intracellular cat-
ions experience strong driving force to exit the cell. This out-
wardly rectifying property is entirely due to a voltage-depen-
dent block of monovalent cation influx by extracellular diva-
lents. For instance, in the absence of divalent cations, TRPM7
1351, Consequently, its -V
relation becomes quasi-linear suggesting the lack of voltage-
dependent gating and channel selectivity (Figure 1B).

Unlike many other Ca®* permeating channels, TRPM?7 is

conducts inward monovalent cations

characteristically more permeable to a series of trace metal
ions. Using equimolar divalent ion substitution approaches,
Monteilh-Zoller and colleagues reported a permeation profile
for TRPM7 in a sequence of: Zn**~Ni**>>Ba**>Co’*>Mg*">
Mn**25r*"2Cd*2Ca* P!, TRPM? allows entry of these divalent
ions even with physiological levels of extracellular Ca** and
Mg>. TRPMY is constitutively active and this feature makes
TRPM7 a good candidate for both sensing the extracellular
concentration of divalents and maintaining intracellular Mg**
homeostasis during ischemic episodes that lead to intense
neuronal activity™.

TRPM7 channel activity is regulated by extracellular pH.
A decrease in extracellular pH (acidic) strongly potentiated
current activity of the recombinant TRPM7 channel expressed
in HEK-293 cells (~10-fold increase at pH 4.0, and 1-2 fold

increase at pH 6.0)"? and in CHOK1 cells (~12-fold increase
at pH 4.0)*. However, the TRPM7-like current in the FaDu
cell line was insensitive to the acidic condition (pH 5.0)**,
while the TRPM7-like inward current in human cervical epi-
thelial HeLa cells was increased at pH 4.0°°. Protons likely
compete with Ca®* and Mg’ for their binding sites, thus
increase the inward current by releasing the divalent cation
block®. Point mutation of Glu'™’ (E1047Q) of TRPM7 chan-
nels eliminated the proton-enhanced inward current activity,
indicating the residue may be involved in the pH sensitivity
of the channels™. Although the effects of protons on endog-
enous TRPM7 remains controversial, TRPM7 can be regulated
in acidic pathophysiological conditions, including ischemic
stroke®!.

TRPM?Y7 is not a mechanosensitive channel, however, shear
stress in vascular smooth muscle cells doubled the number of
TRPM? channels near the plasma membrane®. Further stud-
ies are required to deduce the mechanism of stress-induced
regulation of TRPM7 channels.

Regulatory mechanisms

The heterologously expressed foreign and native TRPM7 chan-
nels are constitutively active, and their activities can be modu-
lated by several extracellular and intracellular factors*> ",
TRPMY activities can be tonically inhibited by intracellular
Mg2+, and Mg-complexed nucleotides, MgATP, MgGTP, and
such tonic inhibition is usually less than 10% of maximal
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conductance® **l, Whole-cell patch-clamp recordings have

shown that either adding Mg** chelators (eg HEDTA or Na-
ATP) intracellularly or omitting Mg>* and Mg**-complexed
nucleotides in intracellular solutions increased activation of
TRPM7[4O, 41, 43]'
binding to C-terminal kinase domain

These inhibitory effects may be mediated by

%41 which in itself is

not essential for the activation of TRPM7%%3% 401,

Compared to
the wild-type, phosphotransferase-deficient mutant channels
(K1648R and G1799D) demonstrated a reduced sensitivity to
inhibition by Mg* at intermediate concentrations close to the
1C5 ™, [41]

ferential sensitivity to Mg2+ and Mg2+—nuc1e0tides inhibition

Moreover, Demeuse and colleagues™ reported dif-
in the wild-type, phosphotransferase deficient point mutant
(K1648R), and the A-kinase truncation mutant. These find-
ings lead to a hypothetical model: only Mg*"-nucleotides bind
to the kinase domain but this domain interacts with the Mg**
binding site, which is responsible for regulating the channel
activity.

Activation of TRPM7 can be regulated via PIP,, which is
a substrate of phospholipase C (PLC)"™. The C2 domain of
PLC is directly associated with the kinase domain of TRPM?7.
When carbachol, an agonist for G.-linked muscarinic type
1 (M1) receptors, was used, PLC-beta was activated. This
activation of PLC-beta led to the hydrolysis of localized PIP,,
which caused a rapid decreased Iigpyy.

TRPMY7 may also be regulated by phosphorylation. A vari-
ant of TRPM7 with a missense mutation (T1482I) is found
in a subset of patients with Guamanian amyotrophic lateral
sclerosis (ALS-G) and Parkinsonism-dementia (PD-G)®.
When recombinant TRPM7s with T1482] mutation were het-
erologously expressed in HEK-293 cells, these channels were
functional but showed increased sensitivity to Mg inhibi-
tion and reduced phosphorylation compared to wild-type!®.
Based on the computer analysis of the secondary structure,
both Thr-1482 in fish, amphibian, avian, and primate species,
and Ser-1482 in murine species are the potential substrates
for autophosphorylation by the C-terminus serine/threonine
a-kinase domain in TRPM?7. Ile-1482 mutation found in these
patients, however, cannot be phosphorylated. TRPMS6, the
closest member to TRPM7, also regulates TRPM?7 via cross-

phosphorylation, and alters Mg** homeostasis regulation'®’.

Pharmacological properties

There are currently no selective pharmacological tools (both
agonists and antagonists) that can specifically modulate
TRPM7 channels®. Gene deletion in global TRPM7 knockout
animal is confirmed to be embryonically lethal® ®*. Thus,
inability to modulate the TRPM7 channels pharmacologically
creates a huge obstacle for investigating the physiological and
pathophysiological roles of TRPM7 in stroke. There are some
successful studies of gene silencing using small interfereing
RNA (siRNA) to knockdown the TRPM7 in either mRNA

and/or protein expression in central neurons!**"*}

[49] [64]

, peripheral

, vascular smooth mus-
[66]

neurons™”, vascular endothelial cells

65]

cle cells'®, gastrointestinal tract interstitial pacemaker cells

and human epithelial cells'””. TRPM?7 can be blocked non-spe-
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cifically by trivalent ions, such as Gd** ((ICs ~1.4-2.5 pmol/L)
and La** (ICs, ~17 pmol/L)®" and 2-Aminoethoxydiphenyl
borate (2-APB) (ICs, ~50 pmol/L), which is a well known non-
specific blocker of many TRP channels®.. Recently, it has been
reported that inhibitors of 5-lipoxygenase (5-LOX), NDGA
(nordihydroguaiaretic acid, 1C5y ~6.3 pmol/L), AA861(ICs,
~6.0 pmol/L), and MK886 (ICs, ~8.6 pmol/L), can suppress
the TRPM7 current in HEK-293 cells'®. Application of these
molecules also prevented some of the phenomena (eg cell
death) associated with TRPM7 when exposed to low extra-
cellular divalent cations and other apoptotic stimuli. These
effects seem to be independent of their actions on 5-LOX, and
the expression level and cellular concentrations of TRPM7 at
the plasma membrane were not affected. Previously, studies
have reported less tissue damage during cerebral ischemia
and myocardial ischemia-reperfusion injury with 5-LOX
inhibition” 7. Although drawing a connection between cel-
lular protective effects during ischemic injury with 5-LOX and
blockade of TRPM7 with 5-LOX would be premature, these
findings emphasize the importance of future follow-up stud-
ies. Thus, there is a pressing need of specific pharmacological
agents for studying the physiological and pharmacological
roles of the TRPM7 channels in vivo and potential therapeutic
uses.

Physiological functions

Our current knowledge of the physiological functions of
TRPMY7 channels has recently been improved, even with lim-
ited molecular and specific pharmacological tools. Under
physiological conditions, several lines of evidence suggest the
role of TRPM?7 in cell survival and proliferation®™ 72, The
early embryonic lethality in global TRPM7 knockout mice
hints at the requirement of TRPM7 in cell survival and pro-
liferation as embryonic development involves extensive cell

proliferationr(’z].

In the same study, TRPM7 gene was selec-
tively deleted in developing thymocytes. These T-cells did not
differ in its ability of uptake Mg or maintaining global cel-
lular Mg*, but showed defective thymopoiesis. A more recent
study showed that knocking out of TRPM7 kinase domain
homozygously resulted in embryonic lethality[63], while het-
erozygous knockout mice were viable, but exhibited abnormal
homeostasis'®®., TRPM7 knockout in chicken DT40 B cells

caused growth arrest and eventual cell death in culture®”,

which may be linked to a regulation of Mg™* homeostasis”?.
Supplementing TRPM7 knockout cells with a high Mg** con-
taining medium, but not Ca* or Zn?*', could restore normal
cell growth and survival in culture. Knockdown of TRPM7
with RNA interference reduced Ca®* and Mg”* influxes, and

decreased cell proliferation in human osteoblast-like cells””,

and retinoblastoma cells™

. TRPM7 dependence for prolifera-
tion and differentiation was also shown in zebrafish mutants
as they displayed severe growth retardation and general alter-
ations in skeleton development™.

Several studies have shown the importance of TRPM?7 in cell
adhesion. Over-expression of TRPM7 in HEK-293 cells lead

to cell rounding, loss of adhesion and cell death®™. Consis-
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tent with these findings, knockdown of TRPM?7 in HEK-293

cells increased cell adhesion!™!.

Over-expression of TRPM7
may produce cell rounding by stimulating the activity of the
Ca’*-dependent protease m-calpain. TRPM7 has also been
implicated in cell motility”®. Knockdown of TRPM7 by RNA
interference reduced the number of high Ca* micro-domains
induced by platelet-deprived growth factor (PDGF) and dis-
rupted the turning of migrating WI-38 fibroblasts.

It has also been suggested that TRPMY7 is involved in the
neurotransmitter release by mediating Ca** influx*!. In
primary rat superior cervical ganglion neurons, TRPM?7 is
localized in the synaptic vesicles and interacts with synaptic
vesicular snapin, synapsin 1 and synaptotagmin 1. Further-
more, there were some correlations between TRPM7 expres-
sion levels and quantal sizes, amplitudes and decay times of
the excitatory postsynaptic potential (EPSPs). When TRPM7
specific siRNA was used to suppress endogenous TRPM7 in
PC12 cells, acetylcholine-secreted-synaptic-like vesicle fusion
was inhibited.

Pathophysiological relevance in cerebral ischemia and
stroke

Unregulated monovalent or divalent cation influx is impli-
cated in several different cellular mechanisms (eg, excitotox-
icity, apoptosis, and oxidative stress) underlying neural cell

U Since cation chan-

death during ischemic periods of stroke
nels are the main pathways for cation influx from extracel-
lular space, they are closely involved in neuronal cell death.
Conventionally, Ca*" permeable NMDA and AMPA receptor
channels are widely accepted as the main pathways of Ca*
entrance during ischemia as well as the promising therapeutic
targets[7’ 877
patients, however, yielded disappointing outcomes. The

. Numerous clinical trials testing AETs in stroke

shortcomings of AET led researchers to consider other non-

[10-14]

glutamate dependent mechanisms , such as non-specific

cation channels including acid-sensing ion channels®'”, TRP

[22-24]

channels™ 7 *21 hemichannels , volume-regulated anion

26, 27]

channels™®, sodium-calcium exchangers[ and non-selective

cation channels®,

Previous studies demonstrated pathophysiological involve-
ment of TRPM7 in stroke from in vitro data. When primary
cultured cortical neurons were subjected to oxygen-glucose
deprivation (OGD) for a prolonged period, there was an
increase in ROS production, a Ca** influx mediated by TRPM7
and cell deaths®!. When the primary mouse cortical neurons
were transfected with siRNA vector directed against TRPM7,
the TRPM7 mRNA expression was suppressed, ROS-mediated
activation was inhibited and subsequent cell death under
anoxia was reduced. Such effects were consistently shown
with cocktail of blockers for glutamate NMDA and AMPA
receptor and L-type calcium channels (MK-801, CNQX, and
nimodipine), indicating the independent role of TRPM7 in
mediating intracellular Ca> elevation and subsequent cell
death during the prolonged anoxia. In another study, the con-
tribution of TRPM7 channels in cell membrane depolarization,
intracellular Ca® accumulation and cell swelling during the

initial period of brain ischemia is also observed in native CA1
neurons of brain slices”.

TRPM?Y in vivo studies have been scarce for a period of
time because both the knockout model and selective phar-
macological agents are not available. Eventually, a report
demonstrated in vivo changes in TRPM7 channels during
focal ischemia. Jiang and colleagues studied the interaction
of nerve growth factor (NGF) with TRPM7 channels using
both in vivo cerebral ischemia-reperfusion and in vitro OGD
models. NGF, a neurotrophic factor, showed neuroprotec-
tive effects during ischemia. In their in vivo model, middle
cerebral artery occlusion (MCAO) was performed on rats for
1 h and it was followed by reperfusion that lasted for 5, 10, 20,
and 30 h. Both mRNA and protein levels of TRPM7 were up-
regulated compared with pre-ischemia, peaking at 20 h after
the reperfusion with about 2-3 fold increase. Given that there
are increases in both mRNA and protein levels of TRPM7,
up-regulation of the channels may be another mechanism that
increases TRPM7-like current. Interestingly, these expression
levels of TRPM7 were close to the normal level when 500 ng of
NGF was applied 30 min before ischemia. The effects of NGF
on TRPM7, however, disappeared when NGF was introduced
after K252a, which is an inhibitor for the NGF-activated TrkA
pathway. When wortmannin, which is an inhibitor for phos-
phatidylinositol-3 kinase (PI-3K) signal pathway, was applied,
NGEF effects were also abolished. These findings indicate that
TRPM7 may be involved in neuronal cell damage in vivo dur-
ing ischemia.

Recently, Sun and colleagues* demonstrated that suppres-
sion of TRPM7 channels in vivo reduced neuronal cell death
and preserved functions after global cerebral ischemia. The
study used virally mediated gene silencing with shRNA to
knockdown TRPM7 channels in hippocampal CA1 pyramidal
neurons of adult rat brains. The viral vectors were delivered
in vivo using stereotaxic microinjection to CA1 area. First, the
authors showed that infecting adult hippocampal CA1 neu-
rons in vivo was feasible by using the adeno-associated viral
vectors (AAV serotype-1). Secondly, suppression of TRPM7
channels was convincingly demonstrated by measuring: 1)
mRNA level in conjunction with the Laser Capture Microdis-
section for infected hippocampal CA1 cells; 2) protein level
with both Western Blot and immunohistochemistry in con-
junction with Laser Confocal microscope; and 3) functional
level with electrophysiology. Thirdly, the injected viral vec-
tors and transient suppression of TRPM7 channels in the
adult rat brains in vivo showed no ill effects on cell survival,
neuronal and dendritic morphology, neuronal excitability, or
synaptic plasticity. Finally, they showed that following fifteen
minutes of global cerebral ischemia induced by occluding both
common carotid and vertebral arteries, TRPM7 suppression
reduced hippocampal CA1 neuronal death in vivo and pre-
served functional outcomes after stroke. The survived neu-
rons preserved their morphological integrity and fine struc-
tures, and even maintained their electrophysiological proper-
ties (LTP) and hippocampal-dependent behaviours, such as
fear-associated and spatial-navigation memory tasks. This is
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the first in vivo evidence showing the important role of TRPM7
channel in mediating ischemic neuronal cell death in stroke.

Working model of TRPM7 activation during cerebral
ischemia

During the initial phase of an ischemic attack, a strong NMDA
receptor activation leads to a large influx of Ca®*, and the
resulting Ca® directly stimulates (i) production of nitric oxide
(NO) by neuronal nitric oxide synthase (NOS) and (ii) produc-
071% " When NO
and O, are combined, highly reactive species peroxynitrite

tion of superoxide (O,) from mitochondria

(ONOO") form. Along with other factors, such as decreases
in pH and extracellular divalents, that are associated with
ischemic episodes, ONOO™ enhances TRPM7 activation. This
completes the lethal positive feedback loop of free radical
production. In this model, the failure of AET could be partly
explained: AET could delay the process but insufficient to ulti-
mately prevent lethal TRPM7 activation (Figure 2).

TRPM7 channels may also be involved in the ischemic
lethal process by conducting metal ions other than Ca®. For
instance, Zn**, which is the most permeable trace ion through
TRPM?, is highly toxic to cells if its concentration exceeds the
physiological level”™ *! and has been implicated in cerebral
ischemia. After the brief global ischemic insults, a delayed
increase in intracellular Zn>* is observed before cell death in

Bl Increases in

some selective hippocampal CA1 neurons
intracellular Zn** and neuronal cell death were prevented with
the application of the membrane-impermeable zinc-chelator
calcium-EDTA (calcium-ethylenediaminetetraacetic acid)
before the ischemia. Recently, it has been shown that Zn*'-
induced neurotoxicity may be mediated by TRPM7®*. Both
Zn**-mediated neurotoxicity and neuronal injury associated
with oxygen-glucose deprivation (OGD) were reduced by non-
specific blockers (Gd** and 2-APB) and knockdown of TRPM7
by siRNA. Overexpression of TRPM7 in HEK-293 cells led to

increase in intracellular Zn?" accumulation and Zn**-mediated
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cell deaths.

Clinical potentials and therapeutic perspectives

To date, therapeutic intervention for stroke is very scarce. The
only approved treatment of acute ischemic stroke by the US
Food and Drug Administration (FDA) is the tissue plasmi-
nogen activator (tPA), which relieves vascular occlusion by
dissolving clots®™. Although tPA is a potent treatment for
stroke, the usage and effectiveness of tPA are still limited by
its short therapeutic window, and intrinsic toxicity. With dis-
appointing preliminary clinical results from drugs targeting
glutamate-induced excitotoxicity, considerable efforts have
been put into searching for alternative targets.

Several lines of evidence support our hypothesis that
TRPMY is involved in ischemic stroke””. Even though find-
ings from cellular and animal studies are compelling, TRP
channels should be studied in their native cellular environ-
ment, as the specific cellular environment and expression
levels seem to be important for the normal physiological func-
tions. It would be necessary to validate their diverse physi-
ological and pathophysiological functions using in vivo animal
models. For in vivo studies, developing tissue-specific or
inducible TRPM7 knockout models will be useful as the con-
ventional TRPM7 knockout mouse is not viable!® **,

Without the development of specific pharmacological mod-
ulators of TRPM7, we do not expect to see any preliminary
clinical trials in the near future. At the initial stage of most
drug development, potential therapeutic targets are first iden-
tified, and experimental high-throughput screening (HTS) is
used to narrow down the drug candidates that bind to the tar-
gets and changes their activities™. Hence, in order to design
specific and potent inhibitors, it is important to understand
their molecular or structural properties in detail®™ *!. This is
especially true for TRPM7, which seems to have conflicting
roles in cell death and cellular survival > *J. It may be the
case that TRPM7 function would have to be regulated sepa-

Figure 2. Working model of TRPM7 activation during cer-
ebral ischemia. (A) During the early phase of an ischemic
attack, an increase in the extracellular glutamate activates
NMDA receptors. Ca*" influx due to activated NMDA recep-
tors stimulates: (i) production of nitric oxide (NO) by nitric
oxide synthase (NOS) and (ii) production of superoxide
(0,7) from mitochondria. NO and O, combine to produce
highly reactive species peroxynitrite (ONOO"). Along with
factors, such as decrease in pH, that are associated with
ischemia, these free radicals promote sustained activa-
tion of TRPM7, which leads to further Ca®* build-up in the
intracellular space. (B) Consequences of unchecked Ca*
influx. Increased intracellular Ca®* concentration may lead
to excitotoxicity, oxidative stress, inflammatory processes
and eventual cell death.
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rately, either enhanced or depressed, in different tissues for
the prevention of cerebral ischemia and stroke. For instance,
Touyz and colleagues®® have shown that reduced Mg** influx
in cultured vascular smooth muscle cells (VSMCs) of the spon-
taneously hypertensive rat (SHR) is associated with down-reg-
ulation of TRPM7. Furthermore in the normotensive Wistar-
Kyoto rat, TRPM7 expression and activity in VSMCs of the
SHR were attenuated by angiotensin II. Since hypertension
is a well-known risk factor for cerebral ischemia and stroke, it
suggests that TRPM7 channels may enhance cerebral ischemia
7] However,
either supplement or depletion of Mg*" showed no effect on

and stroke by regulation of Mg®* homeostasis

hypertension, thus questioning the role of TRPM? in vascula-
ture regulation®’. In contrast, reduction of TRPM7 expression
prevented cerebral ischemia and stroke* indicating TRPM?7
may play a differential role in vascular smooth muscle cells
and neurons. Further investigation is required to evaluate
pathophysiological roles of TRPM7 channels in different cell
types. Therefore, designing activity-dependent antagonists
that preferentially target TRPM7 during stroke is critical in the
future study. Understanding its temporal, spatial expressions
and interactions with other proteins may aid the development
of selective drugs for modulating TRPM7 activity.

When specific TRPM7 channel modulators are developed,
these might be added in combination therapy for cerebral isch-
emic stroke in future. Now it is suspected that, although the
recruitment of NMDAR:s is the key event in the early phase
of cell death cascades in cerebral ischemia, there is also pro-
gressive recruitment of other non-selective cation channels,
such as TRPM?7, in the later stages. Based on this hypothesis,
combination therapy, which includes drugs that are applied
at empirically determined time points for each target, will be
more effective in providing neuroprotection and potentially
facilitating the recovery of function.

TRPM?7 genetic variants may be related to various human
diseases. For instance, heterologously expressed T1482I
TRPM?7 variant was found in a subset of ALS-G (Guama-
nian amyotrophic lateral sclerosis) and PD-G (Parkinsonism

% The mutation resulted in an increase

dementia) patients
in sensitivity of the channels to intracellular Mg**-mediated
inhibition, thus the patients were more vulnerable to the

[59]

diseases No test has been performed related to the risk

assessment of ischemic stroke. Romero and Colleagueslsgl,
recently conducted a prospective, nested case-control investi-
gation to evaluate the associations of TRPM7 gene variations
with the risk of ischemic stroke, and showed that 16 tag-single-
nucleotide TRPM7 polymorphisms from 259 Caucasian men
had no direct association with the risk assessment of ischemic
stroke. However, no test has been done to suggest whether
these TRPM7 mutants have neither dysfunction nor abnormal-
ity of the expression level of the channels. Thus, these human
studies lead to no conclusion between TRPM7 activation and
cerebral stroke. Further study is needed to fully understand
the biophysical properties of the TRPM7 polymorphisms.
Such information will dramatically contribute to our current
understanding of the pathophysiological role of TRPM7 in

cerebral ischemia and stroke.

Conclusions

With the failure of using NMDA and AMPA antagonists in
clinical trials for stroke treatment, other non-glutamate mecha-
nisms to ischemic cell death have been rigorously investigated.
Such disappointing clinical outcomes may originate from the
insufficient understanding of non-glutamate mechanisms and
their molecular cascades involved in stroke, problems in drug
development, delivery of drugs, side effects of drug, or limited
time windows for treatment. While the compelling findings
from both in vitro and in vivo studies indicate the involvement
of TRPM7 channels in ischemic neuronal injury, further exten-
sive preclinical testing is required to assess the therapeutic
potential of the TRPM7 blockade in stroke.

References

1 Goldstein LB, Bushnell CD, Adams RJ, Appel LJ, Braun LT, Chaturvedi
S, et al. Guidelines for the primary prevention of stroke: a guideline
for healthcare professionals from the American Heart Association/
American Stroke Association. Stroke 2011; 42: 517-84.

2 Carandang R, Seshadri S, Beiser A, Kelly-Hayes M, Kase CS, Kannel
WB, et al. Trends in incidence, lifetime risk, severity, and 30-day
mortality of stroke over the past 50 years. JAMA 2006; 296: 2939-
46.

3 Davis SM, Lees KR, Albers GW, Diener HC, Markabi S, Karlsson G, et
al. Selfotel in acute ischemic stroke: possible neurotoxic effects of an
NMDA antagonist. Stroke 2000; 31: 347-54.

4 Sun HS, Jackson MF, Martin LJ, Jansen K, Teves L, Cui H, et al.
Suppression of hippocampal TRPM7 protein prevents delayed
neuronal death in brain ischemia. Nat Neurosci 2009; 12: 1300-7.

5 Lipton P. Ischemic cell death in brain neurons. Physiol Rev 1999; 79:
1431-568.

6 Sattler R, Tymianski M. Molecular mechanisms of calcium-dependent
excitotoxicity. J Mol Med 2000; 78: 3-13.

7 Macdonald J, Xiong Z, Jackson M. Paradox of Ca*' signaling, cell
death and stroke. Trends Neurosci 2006; 29: 75-81.

8 Choi DW. Glutamate neurotoxicity and diseases of the nervous
system. Neuron 1988; 1: 623-34.

9 Horn J, Limburg M. Calcium antagonists for acute ischemic stroke.
Cochrane Database Syst Rev 2000; (2): CD001928.

10 Tymianski M, Charlton MP, Carlen PL, Tator CH. Secondary ca®
overload indicates early neuronal injury which precedes staining with
viability indicators. Brain Res 1993; 607: 319-23.

11 Manev H, Favaron M, Guidotti A, Costa E. Delayed increase of Cca?*
influx elicited by glutamate: role in neuronal death. Mol Pharmacol
1989; 36: 106-12.

12 Randall RD, Thayer SA. Glutamate-induced calcium transient triggers
delayed calcium overload and neurotoxicity in rat hippocampal
neurons. J Neurosci 1992; 12: 1882-95.

13 Lee JM, Zipfel GJ, Choi DW. The changing landscape of ischaemic
brain injury mechanisms. Nature 1999; 399: A7-14.

14 Wahlgren NG, Ahmed N. Neuroprotection in cerebral ischaemia: facts
and fancies — the need for new approaches. Cerebrovasc Dis 2004;
17: 153-66.

15 Fisher M. New approaches to neuroprotective drug development.
Stroke 2011; 42: S24-7.

16 Xiong ZG, Zhu XM, Chu XP, Minami M, Hey J, Wei WL, et al. Neuro-
protection in ischemia: blocking calcium-permeable acid-sensing ion

Acta Pharmacologica Sinica



www.nature.com/aps
Bae CYJ et al

732

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

channels. Cell 2004; 118: 687-98.

Xiong ZG, Chu XP, Simon RP. Ca?'-permeable acid-sensing ion
channels and ischemic brain injury. J Membr Biol 2006; 209: 59-68.
McNulty S, Fonfria E. The role of TRPM channels in cell death.
Pflugers Arch 2005; 451: 235-42.

Aarts MM, Tymianski M. TRPMs and neuronal cell death. Pflugers
Arch 2005; 451: 243-9.

Aarts MM, Tymianski M. TRPM7 and ischemic CNS injury. Neurosci-
entist 2005; 11: 116-23.

Aarts M, lihara K, Wei WL, Xiong ZG, Arundine M, Cerwinski W, et al.
A key role for TRPM7 channels in anoxic neuronal death. Cell 2003;
115: 863-77.

Thompson RJ, Zhou N, MacVicar BA. Ischemia opens neuronal gap
junction hemichannels. Science 2006; 312: 924-7.

de Pina-Benabou MH, Szostak V, Kyrozis A, Rempe D, Uziel D, Urban-
Maldonado M, et al. Blockade of gap junctions in vivo provides neuro-
protection after perinatal global ischemia. Stroke 2005; 36: 2232-7.
Oguro K, Jover T, Tanaka H, Lin Y, Kojima T, Oguro N, et al. Global
ischemia-induced increases in the gap junctional proteins connexin
32 (Cx32) and Cx36 in hippocampus and enhanced vulnerability of
Cx32 knock-out mice. J Neurosci 2001; 21: 7534-42.

Liu HT, Tashmukhamedov BA, Inoue H, Okada Y, Sabirov RZ. Roles of
two types of anion channels in glutamate release from mouse astro-
cytes under ischemic or osmotic stress. Glia 2006; 54: 343-57.
Matsuda T, Arakawa N, Takuma K, Kishida Y, Kawasaki Y, Sakaue
M, et al. SEA0400, a novel and selective inhibitor of the Na*-Ca*
exchanger, attenuates reperfusion injury in the in vitro and in vivo cer-
ebral ischemic models. J Pharmacol Exp Ther 2001; 298: 249-56.
Pignataro G, Tortiglione A, Scorziello A, Giaccio L, Secondo A, Sev-
erino B, et al. Evidence for a protective role played by the Na*/Ca?*
exchanger in cerebral ischemia induced by middle cerebral artery oc-
clusion in male rats. Neuropharmacology 2004; 46: 439-48.

Simard JM, Chen M, Tarasov KV, Bhatta S, Ivanova S, Melnitchenko L,
et al. Newly expressed SUR1-regulated NC(Ca-ATP) channel mediates
cerebral edema after ischemic stroke. Nat Med 2006; 12: 433-40.
Recommendations for standards regarding preclinical neuroprotective
and restorative drug development. Stroke 1999; 30: 2752-8.

Moran M, Xu H, Clapham D. TRP ion channels in the nervous system.
Curr Opin Neurobiol 2004; 14: 362-69.

Pedersen S, Owsianik G, Nilius B. TRP channels: an overview. Cell
Calcium 2005; 38: 233-52.

Ramsey IS, Delling M, Clapham DE. An Introduction to TRP channels.
Annu Rev Physiol 2006; 68: 619-47.

Wu LJ, Sweet TB, Clapham DE. International Union of Basic and Clini-
cal Pharmacology. LXXVI. Current progress in the mammalian TRP ion
channel family. Pharmacol Rev 2010; 62: 381-404.

Montell C, Rubin GM. Molecular characterization of the Drosophila trp
locus: a putative integral membrane protein required for phototrans-
duction. Neuron 1989; 2: 1313-23.

Nadler MJ, Hermosura MC, Inabe K, Perraud AL, Zhu Q, Stokes AJ, et
al. LTRPCY is a Mg.ATP-regulated divalent cation channel required for
cell viability. Nature 2001; 411: 590-5.

Clapham DE. TRP channels as cellular sensors. Nature 2003; 426:
517-24.

Mei ZZ, Xia R, Beech DJ, Jiang LH. Intracellular coiled-coil domain
engaged in subunit interaction and assembly of melastatin-related
transient receptor potential channel 2. J Biol Chem 2006; 281:
38748-56.

Yamaguchi H, Matsushita M, Nairn AC, Kuriyan J. Crystal structure of
the atypical protein kinase domain of a TRP channel with phospho-
transferase activity. Mol Cell 2001; 7: 1047-57.

Acta Pharmacologica Sinica

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56
57

58

59

Schmitz C, Perraud AL, Johnson CO, Inabe K, Smith MK, Penner R,
et al. Regulation of vertebrate cellular Mg?* homeostasis by TRPM7.
Cell 2003; 114: 191-200.

Kozak JA, Cahalan MD. MIC channels are inhibited by internal diva-
lent cations but not ATP. Biophys J 2003; 84: 922-7.

Demeuse P, Penner R, Fleig A. TRPM7 channel is regulated by mag-
nesium nucleotides via its kinase domain. J Gen Physiol 2006; 127:
421-34.

Fonfria E, Murdock PR, Cusdin FS, Benham CD, Kelsell RE, McNulty S.
Tissue distribution profiles of the human TRPM cation channel family.
J Recept Signal Transduct Res 2006; 26: 159-78.

Runnels LW, Yue L, Clapham DE. TRP-PLIK, a bifunctional protein with
kinase and ion channel activities. Science 2001; 291: 1043-7.
Kunert-Keil C, Bisping F, Kruger J, Brinkmeier H. Tissue-specific ex-
pression of TRP channel genes in the mouse and its variation in three
different mouse strains. BMC Genomics 2006; 7: 159.

Clark K, Langeslag M, van Leeuwen B, Ran L, Ryazanov AG, Figdor CG,
et al. TRPM7, a novel regulator of actomyosin contractility and cell
adhesion. EMBO J 2006; 25: 290-301.

Yogi A, Callera GE, Tostes R, Touyz RM. Bradykinin regulates calpain
and proinflammatory signaling through TRPM7-sensitive pathways in
vascular smooth muscle cells. Am J Physiol Regul Integr Comp Physiol
2009; 296: R201-7.

Wei WL, Sun HS, Olah ME, Sun X, Czerwinska E, Czerwinski W, et al.
TRPM7 channels in hippocampal neurons detect levels of extracellu-
lar divalent cations. Proc Natl Acad Sci U S A 2007; 104: 16323-8.
Jiang H, Tian SL, Zeng Y, Li LL, Shi J. TrkA pathway(s) is involved in
regulation of TRPM7 expression in hippocampal neurons subjected to
ischemic-reperfusion and oxygen-glucose deprivation. Brain Res Bull
2008; 76: 124-30.

Krapivinsky G, Mochida S, Krapivinsky L, Cibulsky SM, Clapham DE.
The TRPM7 ion channel functions in cholinergic synaptic vesicles and
affects transmitter release. Neuron 2006; 52: 485-96.

Penner R, Fleig A. The Mg®" and Mg®"-nucleotide-regulated channel-
kinase TRPM7. Handb Exp Pharmacol 2007; (179): 313-28.
Monteilh-Zoller MK, Hermosura MC, Nadler MJ, Scharenberg AM, Pen-
ner R, Fleig A. TRPM7 provides an ion channel mechanism for cellular
entry of trace metal ions. J Gen Physiol 2003; 121: 49-60.

Jiang J, Li M, Yue L. Potentiation of TRPM7 inward currents by pro-
tons. J Gen Physiol 2005; 126: 137-50.

Li M, Du J, Jiang J, Ratzan W, Su LT, Runnels LW, et al. Molecular de-
terminants of Mg?* and Ca®" permeability and pH sensitivity in TRPM6
and TRPM7. J Biol Chem 2007; 282: 25817-30.

Jiang J, Li MH, Inoue K, Chu XP, Seeds J, Xiong ZG. Transient receptor
potential melastatin 7-like current in human head and neck carcino-
ma cells: role in cell proliferation [Research Support, NIH, Extramural].
Cancer Res 2007; 67: 10929-38.

Numata T, Okada Y. Proton conductivity through the human TRPM7
channel and its molecular determinants. J Biol Chem 2008; 283:
15097-103.

Rehncrona S. Brain acidosis. Ann Emerg Med 1985; 14: 770-6.
Oancea E, Wolfe JT, Clapham DE. Functional TRPM7 channels ac-
cumulate at the plasma membrane in response to fluid flow. Circ Res
2006; 98: 245-53.

Runnels LW, Yue L, Clapham DE. The TRPM7 channel is inactivated
by PIP(2) hydrolysis. Nat Cell Biol 2002; 4: 329-36.

Hermosura MC, Nayakanti H, Dorovkov MV, Calderon FR, Ryazanov
AG, Haymer DS, et al. A TRPM7 variant shows altered sensitivity to
magnesium that may contribute to the pathogenesis of two Guama-
nian neurodegenerative disorders. Proc Natl Acad Sci U S A 2005;
102: 11510-5.



www.chinaphar.com
Bae CYJ et al

®

733

60

61

62

63

64

65

66

67

68

69

70

71

72

73

Schmitz C, Dorovkov MV, Zhao X, Davenport BJ, Ryazanov AG, Perraud
AL. The channel kinases TRPM6 and TRPM7 are functionally nonre-
dundant. J Biol Chem 2005; 280: 37763-71.

Simard JM, Tarasov KV, Gerzanich V. Non-selective cation channels,
transient receptor potential channels and ischemic stroke. Biochim
Biophys Acta 2007; 1772: 947-57.

Jin J, Desai BN, Navarro B, Donovan A, Andrews NC, Clapham DE.
Deletion of Trpom7 disrupts embryonic development and thymopoiesis
without altering Mg?* homeostasis. Science 2008; 322: 756-60.
Ryazanova LV, Rondon LJ, Zierler S, Hu Z, Galli J, Yamaguchi TP, et al.
TRPM?7 is essential for Mg?* homeostasis in mammals. Nat Commun
2010; 1: 109.

Inoue K, Xiong ZG. Silencing TRPM7 promotes growth/proliferation
and nitric oxide production of vascular endothelial cells via the ERK
pathway. Cardiovasc Res 2009; 83: 547-57.

He Y, Yao G, Savoia C, Touyz RM. Transient receptor potential mel-
astatin 7 ion channels regulate magnesium homeostasis in vascular
smooth muscle cells: role of angiotensin Il. Circ Res 2005; 96: 207 -
15.

Kim BJ, Lim HH, Yang DK, Jun JY, Chang IY, Park CS, et al. Melastatin-
type transient receptor potential channel 7 is required for intestinal
pacemaking activity. Gastroenterology 2005; 129: 1504-17.

Numata T, Shimizu T, Okada Y. TRPM7 is a stretch- and swelling-
activated cation channel involved in volume regulation in human epi-
thelial cells. Am J Physiol Cell Physiol 2007; 292: C460-7.

Li M, Jiang J, Yue L. Functional characterization of homo- and hetero-
meric channel kinases TRPM6 and TRPM7. J Gen Physiol 2006; 127:
525-37.

Chen HC, Xie J, Zhang Z, Su LT, Yue L, Runnels LW. Blockade of
TRPM7 channel activity and cell death by inhibitors of 5-lipoxygenase.
PLoS ONE 2010; 5: e11161.

Jatana M, Giri S, Ansari MA, Elango C, Singh AK, Singh |, et al. Inhibi-
tion of NF-kappaB activation by 5-lipoxygenase inhibitors protects
brain against injury in a rat model of focal cerebral ischemia. J Neu-
roinflammation 2006; 3: 12.

Adamek A, Jung S, Dienesch C, Laser M, Ertl G, Bauersachs J, et al.
Role of 5-lipoxygenase in myocardial ischemia-reperfusion injury in
mice. EurJ Pharmacol 2007; 571: 51-4.

Abed E, Moreau R. Importance of melastatin-like transient receptor
potential 7 and cations (magnesium, calcium) in human osteoblast-
like cell proliferation. Cell Prolif 2007; 40: 849-65.

Hanano T, Hara Y, Shi J, Morita H, Umebayashi C, Mori E, et al. In-
volvement of TRPM7 in cell growth as a spontaneously activated Ca**
entry pathway in human retinoblastoma cells. J Pharmacol Sci 2004;
95: 403-19.

74

75

76

7

78

79

80

81

82

83

84

85

86

87

88

Elizondo MR, Arduini BL, Paulsen J, MacDonald EL, Sabel JL, Henion
PD, et al. Defective skeletogenesis with kidney stone formation in
dwarf zebrafish mutant for TRPM7. Curr Biol 2005; 15: 667-71.

Su LT, Agapito MA, Li M, Simonson WT, Huttenlocher A, Habas R, et al.
TRPM7 regulates cell adhesion by controlling the calcium-dependent
protease calpain. J Biol Chem 2006; 281: 11260-70.

Wei C, Wang X, Chen M, Ou-Yang K, Song LS, Cheng H. Calcium flick-
ers steer cell migration. Nature 2009; 457: 901-5.

Besancon E, Guo S, Lok J, Tymianski M, Lo EH. Beyond NMDA and
AMPA glutamate receptors: emerging mechanisms for ionic imbalance
and cell death in stroke. Trends Pharmacol Sci 2008; 29: 268-75.
Lipski J, Park TI, Li D, Lee SC, Trevarton AJ, Chung KK, et al. Involve-
ment of TRP-like channels in the acute ischemic response of hippoc-
ampal CA1 neurons in brain slices. Brain Res 2006; 1077: 187-99.
Lee JM, Grabb MC, Zipfel GJ, Choi DW. Brain tissue responses to
ischemia. J Clin Invest 2000; 106: 723-31.

Lee JM, Zipfel GJ, Park KH, He YY, Hsu CY, Choi DW. Zinc transloca-
tion accelerates infarction after mild transient focal ischemia. Neuro-
science 2002; 115: 871-8.

Koh JY, Suh SW, Gwag BJ, He YY, Hsu CY, Choi DW. The role of zinc in
selective neuronal death after transient global cerebral ischemia. Sci-
ence 1996; 272: 1013-6.

Inoue K, Branigan D, Xiong ZG. Zinc-induced neurotoxicity mediated
by transient receptor potential melastatin 7 channels. J Biol Chem
2010; 285: 7430-9.

Bambauer KZ, Johnston SC, Bambauer DE, Zivin JA. Reasons why few
patients with acute stroke receive tissue plasminogen activator. Arch
Neurol 2006; 63: 661-4.

Jorgensen WL. The many roles of computation in drug discovery. Sci-
ence 2004; 303: 1813-8.

Zheng C, Han L, Yap CW, Xie B, Chen Y. Progress and problems in
the exploration of therapeutic targets. Drug Discov Today 2006; 11:
412-20.

Touyz RM, He Y, Montezano AC, Yao G, Chubanov V, Gudermann T, et
al. Differential regulation of transient receptor potential melastatin 6
and 7 cation channels by ANG Il in vascular smooth muscle cells from
spontaneously hypertensive rats. Am J Physiol Regul Integr Comp
Physiol 2006; 290: R73-8.

Yogi A, Callera GE, Antunes TT, Tostes RC, Touyz RM. Transient recep-
tor potential melastatin 7 (TRPM7) cation channels, magnesium and
the vascular system in hypertension. Circ J 2011; 75: 237-45.
Romero JR, Ridker PM, Zee RY. Gene variation of the transient
receptor potential cation channel, subfamily M, member 7 (TRPM7),
and risk of incident ischemic stroke: prospective, nested, case-control
study. Stroke 2009; 40: 2965-8.

Acta Pharmacologica Sinica



Acta Pharmacologica Sinica (2011) 32: 734-740
© 2011 CPS and SIMM Al rights reserved 1671-4083/11 $32.00

@

www.nature.com/aps

Review

Calcium-permeable ion channels involved in
glutamate receptor-independent ischemic brain

injury

Ming-hua LI*, Koichi INOUE?, Hong-fang SI®, Zhi-gang XIONG* *

Department of Psychology, Washington State University, Vancouver, WA, USA; 2Department of Physiology, Hamamatsu University
School of Medicine, Hamamatsu Shizuoka 431-3192, Japan; ®School of Pharmacy, Anhui Medical University, Hefei 230032, China;
“Neuroscience Institute, Morehouse School of Medicine, Atlanta, GA 30310, USA

Brain ischemia is a leading cause of death and long-term disabilities worldwide. Unfortunately, current treatment is limited to throm-
bolysis, which has limited success and a potential side effect of intracerebral hemorrhage. Searching for new cell injury mechanisms
and therapeutic interventions has become a major challenge in the field. It has been recognized for many years that intracellular Ca®*
overload in neurons is essential for neuronal injury associated with brain ischemia. However, the exact pathway(s) underlying the toxic
Ca** loading remained elusive. This review discusses the role of two Ca?*-permeable cation channels, TRPM7 and acid-sensing chan-
nels, in glutamate-independent Ca*" toxicity associated with brain ischemia.
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Introduction

Stroke or cerebral ischemia is a leading cause of death and
long-term disabilities worldwide. Although major advances
have occurred in the past decades in the prevention of brain
ischemia, treatment is limited to the use of tissue plasminogen
activator (tPA), which has limited success and a major side
effect of intracranial hemorrhage! ?. Searching for new cell
injury mechanisms and effective therapeutic strategies there-
fore constitutes a major challenge for stroke research.

It has been recognized for several decades that exces-
sive Ca™ entry and resultant cytosolic Ca>* overload play an
important role in neuronal injury associated with stroke/
brain ischemial’. In the resting condition, free intracellular
Ca* concentration ([Ca*];) is maintained at nanomolar levels.
Following ischemia, [Ca®"]; can reach as high as several micro-
moles. Excessive [Ca®]; loading can activate enzymes such
as proteases, phospholipases, and endonucleases. Over-acti-
vation of these enzymes causes breakdown of proteins, lipids
and nucleic acids, which leads to destruction of neurons**. In
addition, overloading Ca* in mitochondria can cause opening
of mitochondria permeability transition pore (PTP), a large

*To whom correspondence should be addressed.
E-mail zxiong@msm.edu
Received 2011-03-13 Accepted 2011-04-11

conductance channel residing in mitochondrial membrane!” ¥,

promoting apoptosis through release of cytochrome c and acti-
vation of caspases”™!l.

Ca® may enter neurons through various Ca**-permeable
ion channels (eg voltage-gated or ligand-gated channels)
or through ion exchange systems (eg reverse Na"/Ca*
exchanger). Accumulation of [Ca®"]; can also occur through
Ca® release from intracellular stores (eg endoplasmic reticu-
lum, ER). The exact source(s) of Ca** loading responsible for
ischemic brain injury, however, remains unclear. This review
discusses the involvement of two novel Ca*-permeable cation
channels, TRPM7 channels and acid-sensing ion channels, in
ischemic brain injury.

Glutamate mediated Ca**-toxicity

Glutamate is the major excitatory neurotransmitter in the
central nervous system (CNS)"*™. Its receptors are widely
expressed at soma and dendrites of the CNS neurons. Activa-
tion of these receptors is involved in a variety of physiologi-
cal functions of neurons including synaptic transmission/
plasticity, learning/memory, neuronal development and
differentiation> ™, Glutamate receptors are classified into
two major categories: ionotropic receptors, which are ligand-
gated cation channels; and metabotropic receptors, which are
coupled through G proteins to second messenger systems!"®l.



One subtype of ionotropic glutamate receptors, the N-methyl-
D-aspartate (or NMDA) receptor, is highly permeable to Ca™*
ions. Activation of these receptors has been considered to
play a critical role in Ca® toxicity associated with ischemic
brain injury®™ 7. Accordingly, blocking these receptors has
been shown to be neuroprotective in cell culture and animal
models of brain ischemia. Unfortunately, none of the human
trials using the antagonists of glutamate receptors showed a
satisfactory protection for stroke patients. Although multiple
factors, including difficulty in early initiation of treatment and
intolerance of severe side effects, may have contributed to the

(42124 recent studies suggest that Ca> entry

failure of the trials
through glutamate-independent pathways, eg TRPM7 chan-
nels and Ca**-permeable acid-sensing ion channels (ASICs),
may contribute to the injury of neurons associated with brain

ischemia.

TRPM channels and ischemic neuronal injury
Transient receptor potential (TRP) channels belong to a novel
family of cation channels that are highly expressed in vari-

(25,26 geyeral members of TRP

ous tissues including the brain
family can be activated by oxidative stress and oxygen free
radicals, both of which play important roles in neuronal injury
associated with stroke/brain ischemia. Recent work has indi-
cated that members of the melastatin subfamily (TRPM) of the
TRP channels, particularly the TRPM7, play a key role in neu-
ronal cell death associated with brain ischemial®-!,

The TRP superfamily is a diverse group of voltage-inde-
pendent calcium-permeable cation channels expressed in
mammalian cells® *!. These channels have been divided
into six subfamilies, and two of them, TRPC and TRPM, have
members that are widely expressed and activated by oxidative
stress. TRPC3 and TRPC4 are activated by oxidants, which
induce Na* and Ca®* entry into cells through phospholipase
C-dependent mechanisms. TRPM2 is activated by oxidative
stress or TNFalpha, and the mechanism involves production
of ADP-ribose, which binds to an ADP-ribose binding cleft in
the TRPM2 C-terminus. Treatment of neurons or HEK 293T
cells expressing TRPM2 with H,O, resulted in Ca*" influx and

increased susceptibility to cell death.

Inhibition of endoge-
nous TRPM2 function, in contrast, protected cell Viabilitym’ 52
Nevertheless, the exact role of TRPM2 in Ca*' toxicity associ-
ated with ischemic brain injury remains to be explored.

The potential role of TRPM7 channels in ischemic neuronal

death has been described recently™ I,

Aarts and colleagues
first examined the mechanism of neuronal cell death in isch-
emic conditions in the presence of glutamate antagonists.
Cultured mouse cortical neurons were exposed to oxygen-
glucose deprivation (OGD), an in vitro model of ischemia
reported to mediate neuronal death through NMDA receptor

activation® 3,

Blocking the glutamate excitotoxicity in these
cultures, however, unmasked a potent, previously unappreci-
ated mechanism of non-excitotoxic neuronal cell death, which
became increasingly responsible for neurodegeneration as the
duration of OGD was prolonged®. Further studies demon-

strated that the mechanism of cell death involved activation
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of a non-selective cation current with high permeability to
Ca”™. The current showed outward rectifying properties, was
potentiated by reactive oxygen/nitrogen species (ROS), and
was blocked by Gd*. The electrophysiological characteristics
and pharmacological properties of the current suggested the
involvement of TRPM7 channels. Indeed, molecular biological
approaches (eg siRNA) confirmed the involvement of TRPM7
channels in glutamate-independent anoxic neuronal injury®,
Although a specific agonist remains to be determined, these
studies suggest that, in ischemic conditions, TRPM7 channels
could be activated by ROS. Ca** entry through these channels
participates in neuronal injury. A lethal positive feedback
loop is established when Ca* influx through TRPM7 channels
stimulates additional ROS production, causing further TRPM7

activation.

Blocking TRPM7 channels or suppressing its
expression by RNA interference was effective in preventing
the death of neurons by OGD.

Very recent studies by Sun and colleagues also demon-
strated involvement of TRPM7 channels in the injury of hip-
pocampal neurons in vivo in rat model of global ischemia.
Suppressing TRPM7 expression in CA1 neurons by intrahip-
pocampal injections of viral vectors bearing shRNA specific
for TRPM?7 channels had no ill effect on animal survival, neu-
ronal and dendritic morphology, neuronal excitability, or syn-
aptic plasticity. However, TRPM7 suppression made neurons
resistant to ischemic injury and preserved neuronal morphol-
ogy and function. Also, it prevented ischemia-induced defi-
cits in long-term potentiation and preserved performance in
fear-associated and spatial-navigational memory tasks. Thus,
regional suppression of TRPM7 is feasible, well tolerated and
inhibits delayed neuronal death in vivo. In addition to Ca*
toxicity mediated by TRPM7 channels, studies by Inoue and
colleagues have suggested that Zn”* permeability of these

channels also plays a role in ischemic brain injury™.

Acid-sensing ion channels and ischemic brain injury
In acute neurological conditions such as brain ischemia,

marked reduction of tissue pH takes place®**!

. Following
ischemia, shortage of oxygen supply promotes anaerobic
glycolysis, leading to lactic acid accumulation and resultant
decrease in brain pH"**!. Increased ATP hydrolysis and
release of H" also contributes to pH drop. At the same time,
cessation of local circulation results in carbon dioxide accu-
mulation and carbonic acid build up, which may participate

in the decrease of tissue pH™.

During ischemia, decreases of
brain pH to ~6.5 are commonly observed. It can also fall to 6.0
or below during severe ischemia or under hyperglycemic con-
ditions[37, 40,41, 44,45]'

Decrease of brain pH or acidosis has long been known to
play an important role in ischemic brain injury®™ ** %=1 A
direct correlation between the degree of brain acidosis and
infarct size has also been described™ *. However, the exact
mechanism underlying acidosis-mediated neuronal injury
remained vague. Acidosis may cause non-selective denatur-
ation of proteins and nucleic acids™; trigger cell swelling and

osmolysis via stimulation of Na"/H" and ClI'/HCO;" exchang-
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ers®™); hinder postischemic metabolic recovery by inhibiting
mitochondrial energy metabolism and impairing postischemic

blood flow via vascular edema®; or stimulate pathologic free

53]

radical formation®™. At the neurotransmitter level, profound

acidosis inhibits astrocytic glutamate uptake, which may con-
tribute to excitatory neuronal injury'®.

Interestingly, mild acidosis has been considered to be ben-
eficial in protecting neurons from excitotoxic injury®™ .. This
may be explained by proton inhibition of NMDA channel
activity™ *!. In contrast to its modulating effect on other ion
channels, protons can activate a distinct family of ligand-gated
channels, the acid-sensing ion channels (ASICs)*7". ASICs
belong to the amiloride-sensitive epithelial Na*-channel/
degenerin (ENaC/Deg) superfamily!®””*
with homomultimeric or heteromultimeric subunits.

, which are formed
Each
subunit contains two transmembrane spanning regions (TM1
and TM2) flanked by a large cysteine-rich extracellular loop

and short intracellular N and C termini® ¢ 778,

To date, four
genes encoding seven ASIC subunits have been cloned and
characterized. ASICla subunits (originally named ASIC or
BNaC2) are widely expressed in peripheral sensory neurons

61,65 79,801 Pertinent to brain ischemia,

and in CNS neurons
these channels are activated by moderate decreases of pH,
with a threshold pH of ~7.0 and a pH for half maximal activa-
tion (pHy;) at ~6.21081 I addition to Na*, homomeric ASICla
0182831 ASIC1B and its
longer form variant ASIC1b are expressed only in sensory
neurons®™ ®!. Similar to ASICla, homomeric ASIC1f chan-
nels have high sensitivity to H" with a pHysat ~5.9%1 Unlike
ASIC1a, however, ASIC1b or ASIC1p has no detectable Ca**
permeability™® ®!.  ASIC2a subunits (originally named MDEG,

or BNaC1) have widespread distribution in both peripheral
[63, 79, 86]

channels are permeable to Ca®* ions

sensory and central neurons However, homomeric
ASIC2a channels have very low sensitivity to H" with a pHjs
of 4.416386.87)

can be activated in any physiological or pathological condi-

It is unlikely that homomeric ASIC2a channels

tions in the brain. Similarly, ASIC2b subunits (originally

named MDEG?2) are expressed in peripheral sensory and cen-

187]

tral neurons However, they do not form functional homo-

meric channels, but may associate with other ASIC subunits (eg
ASIC3) to form heteromultimeric channels®™. ASIC3 subunits
(originally also named DRASIC) are predominantly expressed

88, 89

in neurons of dorsal root ganglia™® *, though its expression in

the brain has been reported”. Homomeric ASIC3 channels
respond to pH drops biphasically, with a fast desensitizing

current followed by a sustained component®® ¥ *!l. ASIC4 sub-

4oz o

units are highly expressed in the pituitary glan I, Similar

to ASIC2b, they do not seem to form functional homomeric

193]

channels ASICs were initially believed to be assembled as

161, 77]

tetramers . However, recent analysis of crystal structure

suggested that ASICs existed as trimers™..

ASICs in peripheral sensory neurons are implicated in
nociception, mechanosensation, and taste transduction™%".
The presence of ASICs in the brain, which lacks nociceptors,
suggests that these channels have functions beyond noci-

ception. Indeed, ASICla has been shown to be involved in

Acta Pharmacologica Sinica

synaptic plasticity, learning and memory!® '™ Both ASICla
and ASIC2a are implicated in the maintenance of retinal
integrity[m"m].

permeable ASICla is involved in glutamate-independent,
[71, 82, 112

In pathological conditions, activation of Ca*'-

, and in axon
[113]

acidosis mediated, ischemic brain injury
degeneration associated with multiple sclerosis In con-
trast, increased expression of ASIC2a is associated with neu-

[114]

ronal survival following global ischemia"™, while reduced

expression of ASICla is associated with neuroprotection elic-
ited by ischemic pre- and post-conditioning!"”.

The presence of ASICla in the brain, its activation by pH
drops to the levels commonly seen during brain ischemia, and
its permeability to Ca* make it a potential player in ischemic
brain injury. A series of recent studies, performed in vitro
in neuronal cell culture and in vivo in whole animal models
of ischemia, have provided strong evidence supporting this
[71, 82, 112]

hypothesis . In cultured neurons, for example, brief
acid incubations induced significant neuronal injury. This
acid-induced neuronal injury was glutamate-independent,
but was inhibited by amiloride, a non-specific ASIC blocker,
or PcTX1, a specific ASICla inhibitor. In contrast to the neu-
rons from ASIC1*/* mice, neurons cultured from ASIC17/~
mice were resistant to acid injury. Reducing the concentration
of extracellular Ca**, which lowers the driving force for Ca*
entry through ASICs, also decreased acid-induced injury of

CNS neurons”" #

. Thus, activation of ASICs, and subsequent
Ca™ entry, participates in acidosis-mediated injury of neurons.
While homomeric ASICla can conduct Ca*, some stud-
ies have suggested that, a significant portion of acid-evoked
increases of intracellular Ca*" is not due to Ca> entry directly
through ASICla homomers. Rather, acidosis might induce
Ca® accumulation through secondary activation of voltage-
gated Ca®* channels due to ASIC-mediated membrane depo-
larization and/or Ca*' release from intracellular stores!"*™",
In vivo studies also support a role for ASICla activation in

LU 1 rats and

acidosis-mediated, ischemic brain injuryI
mice, intracerebral ventricular injection of ASICla inhibi-
tors reduced the infarct volume by up to 60%. Similarly,
ASICla gene knockout protected the mouse brain from isch-
emic injury. Furthermore, ASICla blockade and ASIC1 gene
knockout provided additional protection in the presence of
glutamate receptor antagonist”’. The protection by ASICla
blockade has an effective time window of >5 h, and the pro-

tection persists for at least 7 d""”.

Attenuating brain acidosis
by intracerebroventricular administration of NaHCQO; is also
protective, further suggesting that acidosis is a mediator of

ischemic brain injury.

Interactions between ASICl1a and hypoxia/ischemia
related signals contribute to ischemic brain injury

In the normal condition, ASICla current desensitizes rap-
idly in the continuous presence of acidosis. This property
of ASICla argues against its role in brain ischemia in which
acidosis is, in general, long-lasting. Recent findings showing
that the properties of ASICs, particularly the ASICla chan-
nels, can be dramatically modulated by ischemia per se and/



or ischemia-related signals have provided good explanation
supporting the role of ASICla channels in ischemic brain

(71, 1121201221 11y oyltured mouse cortical neurons, for

injury
example, brief OGD not only increased the amplitude but
also reduced the desensitization of the ASIC current. Accord-
ingly, OGD treatment enhanced acidosis-mediated neuronal
injury”. The cellular and molecular mechanisms underlying
ischemia-induced increase of ASIC activity has been investi-
gated extensively by several studies. Allen and Attwell dem-
onstrated that arachidonic acid, a lipid metabolite released
in ischemia, increased the amplitude of the ASIC current

in rat cerebellar Purkinje neurons!'??,

Gao and colleagues
demonstrated that an increased phosphorylation of ASICla
channels by CaMKII, mediated by NMDA receptor activa-
tion, was involved in ischemia-induced enhancement of the
M2 Sherwood and Askwith demonstrated

that dynorphins, the most basic neuropeptides abundantly

ASIC responses

expressed in the central nervous system, could increase the
activities of ASICla channels and enhance neuronal damage
020 They do so by reducing the steady-
state desensitization of the ASICla channels. Very recent

following ischemia

studies by Duan and colleagues also showed that, spermine,
one of the endogenous polyamines, exacerbated ischemic
neuronal injury through sensitization of ASICla channels to

extracellular acidosis™™?.

Spermine slows down the desensiti-
zation of these channels in the open state, shifting steady-state
desensitization to more acidic pH, and accelerating recovery
of the channels between repeated periods of acid stimulation.
Thus, therapeutic interventions for brain ischemia may target
ASICs directly by using ASIC blockers/inhibitors or indirectly
by blocking the ischemia-related signals which enhance the

activation of ASICs.

Perspectives

Stroke/brain ischemia is a leading health problem worldwide.
Although in recent years enormous progresses have been
made in the prevention of stroke, unfortunately, there is still
no effective treatment for stroke patients. Searching for new
cell injury mechanisms and effective therapeutic strategies is
therefore a major challenge in the field. Brain ischemia initi-
ates various biochemical changes such as increased glutamate
release, production of oxygen free radicals, lactic acidosis,
and reduced ATP synthesis, etc. These changes may facilitate
the opening of various Ca**-permeable ion channels such as
glutamate-receptor-gated channels, voltage-gated Ca* chan-
nels, TRPM7 channels, acid-sensing ion channels, etc. Activa-
tion of these channels induces entry of Ca* and accumulation
of intracellular Ca*". Intracellular Ca** accumulation can also
occur through other pathways, eg release of Ca* from intra-
cellular stores, or entry of Ca® through reversed Na*/Ca*
exchange system (Figure 1). Overload of neurons with Ca*
activates a panel of enzymes including proteases, phospholi-
pases and endonucleases, leading to destruction of neurons
either through necrotic or apoptotic process. Targeting the
pathways responsible for Ca®* overload may lead to effective
neuroprotective interventions for stroke patients. The recent
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Acidosis
ROS * 4 GI"{

Cell death

Figure 1. Potential pathways responsible for intracellular Ca®* accumula-
tion in neurons in ischemic condition. VGCC: voltage-gated Ca** channel;
ASIC: acid-sensing ion channel; ROS: reactive oxygen species; TRPM7:
transient receptor potential melastatin 7; Na*/Ca?": sodium-calcium
exchanger.

failure of clinical trials using the antagonists of glutamate
receptors, however, suggests that future effort should also
consider glutamate-independent Ca** toxicity in ischemia, eg
through activation of TRPM7 channels or ASICs.
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Calcium ion entry through voltage-gated calcium channels is essential for cellular signalling in a wide variety of cells and multiple physi-
ological processes. Perturbations of voltage-gated calcium channel function can lead to pathophysiological consequences. Calcium
binding proteins serve as calcium sensors and regulate the calcium channel properties via feedback mechanisms. This review high-
lights the current evidences of calcium binding protein-mediated channel regulation in human diseases.
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Introduction

Calcium (Ca*™) entry via voltage-gated calcium channels
(VGCCs), conveys the electric signals to intracellular trans-
duction cascades in a wide variety of cells including neurons,
muscle cells and endocrine cells". Ca* dependent-signalling
cascades are largely mediated by Ca®* binding proteins™”, and
are essential for multiple cellular and subcellular processes in
physiological conditions. Perturbations of VGCCs functions
can cause abnormity of cellular events, leading to pathological
consequences. Ca’* binding proteins mediate Ca**-dependent
signal transduction pathways and regulate Ca®* influx via the
VGCCs in Ca**-dependent feedback mechanisms.

VGCCs are classified into L-, N-, P/Q-, R-, and T-types,
based on their distinct electrophysiological and pharmaco-
logical properties® . VGCCs are heteromultimeric protein
complexes composed of a pore forming a; and four distinct
auxiliary subunits: a,, 8, B, and y subunits'*”. Mammalian a,
subunits are encoded by at least 10 distinct genes'®”.. The high
voltage-activated VGCCs include Cay1 and Cay2 subfamilies.
The Cayl subfamily (Cay1.1 to Cayl.4) conducts L-type Ca*
current and includes the channels containing as, oy, aip, and
ayr subunits. The Cay2 subfamily (Cay2.1 to Cay2.3) conducts
P/Q-type, N-type, and R-type Ca”" currents, through the chan-
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nels containing oy, oy and ayg subunits, respectively. The
Cay3 subfamily (Cay3.1 to Cay3.3) conducts low voltage-acti-
vated T-type Ca®* current mediated by the channels containing
i, dyp, and ayp subunits, respectively. The cell- and tissue-
specific expression of these subunits allows for a vast variety
of the channel subtypes exhibiting distinct functions.

Ca”-binding proteins containing EF-hand Ca®* binding
motifs regulate mostly high voltage-activated VGCCs*'?. The
EF-hand motif is a conserved Ca**-binding structure, spanning
a region of 30-35 amino acids containing a 12-residue Ca"
binding loop flanked by the N- and C-terminal a-helix regions
which are differentially exposed in the presence of Ca®" P34,
Each EF-hand protein has distinct Ca** binding affinity and
cellular localization. The EF-hand Ca**-binding protein super-
families™ > !, such as calmodulin (CaM), calcineurin, calcium
binding proteins (CaBP), and neuronal Ca®* sensors (NCSs),
contains 2 to 4 functioning EF-hand Ca®* binding domains.
The EF-hand Ca**-binding proteins may achieve their cellular
effects through Ca**-dependent or Ca**-independent signal-
ling mechanisms® ' (Figure 1). Many EF-hand Ca**-binding
proteins alter Ca® kinetics directly through regulation of
VGCC properties®™®™. With the availability of human genetic
databases and advanced molecular technologies, growing
evidences suggest that dysfunctions in Ca**-binding protein
mediated VGCC regulation may be one of the mechanisms
leading to human diseases.
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Figure 1. Ca?' binding proteins regulate
voltage-gated Ca* channels (VGCCs) via Ca®'-
dependent inactivation (CDI), Ca®"-dependent
facilitation (CDF) and Ca®*-independent regula-
tion (CIR) of the channels, hence contributing
to Ca®" homeostasis. Disrupting Ca®*-binding
protein-mediated VGCC regulation results
in pathophysiological processes leading to
human diseases. CDI: Ca" ions entering
the cell through VGCCs bind to Ca®" binding
proteins to (a) inactivate the channel via
negative feedback mechanism, reducing

o

e M
Vol

I

further Ca®* entry through the channel and
(b) lead to downstream mechanisms and
pathways implicated in human diseases. CDF:
Ca*" ions entering the cell through VGCCs bind
to Ca®" binding proteins to (c) facilitate the
channel via a positive feedback mechanism,
thus enhancing further Ca®" entry through
the channel and (d) lead to downstream
mechanisms and pathways implicated in
human diseases. CIR: Ca** binding proteins,
in absence of Ca®* binding (e) regulate VGCCs
and (f) lead to downstream mechanisms and

~ )

Calmodulin mediated P/Q-type regulation in familial
hemiplegic migraine type 1
The best studied Ca* binding protein that regulates
VGCCs is CaM!"?! CaM contains 4 functional EF-hand
122 and regulates VGCCs properties in an enzyme-
inhibitor like fashion™. CaM binds to various high-voltage
activated VGCCs and causes the Ca**-dependent inactivation
(CDI)B %2+ 51 o1 Ca®*-dependent facilitation (CDF)!% > 20
(Figure 1). In brief, CaM has a higher binding affinity to Ca**
in the N-lobe than the C-lobe EF-hand motifs. This allows
for antagonistic regulation of the Ca®" channel through
differential Ca®* binding to CaM™. Specifically, CDI of Cay1.2
channels®™ 2! and CDF of Cay2.1 channels depend on Ca®
binding to the C-lobe of CaM!"”#.  Conversely, Ca** binding
to the N-lobe of CaM induces CDI of Cay2.11 2% Ca,2.201012
and Cav2.3"" type channels. The differential regulatory effects
of CaM on VGCCs are likely due to different conformational
changes in the structure of CaM following Ca*" binding at
alternate sites. CaM-mediated regulation of the presynaptic
VGCCs results in a dual feedback regulation. The cellular
and molecular mechanisms underlying CaM mediated VGCC
regulation have been extensively reviewed previously"**".
FHM is characterized by recurrent migraines and includes
visual disturbance, sensory loss, hemiparesis and ataxia.
FHM type 1 is an autosomal dominant type of migraine
with aura and hemiparesis, which is linked to the VGCC
a;-subunit gene, CACNL1A4 encoding Cay2.1%7!. All five
FHM1 mutations change the biophysical properties of Cay2.1
channels, leading to both gain and loss of P/Q-type channel

motifs
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pathways implicated in human diseases.

function® *!. Specifically, single channel recording showed

that the mutations enhanced the open probability of the Cay2.1
channels and shifted the activation gating of the channel to
more negative voltages, allowing increased Ca® influx at
more negative membrane potentials in cerebellar neurons® .
Common treatments with Ca*" channel blockers, such as
verapamil, is effective in some FHMI1 patients, carrying the
CACNA1IA mutations due to decreased open probability of
P/Q-type Cay2.1 channels and reduced Ca** influx®.
Consistent with reports of increased open-channel
probability™*, a recent study showed that FHM-1 missense
mutants of the C-terminus in Cay2.1 subunit, R192Q and
S218L, permitted a larger Ca* influx during action potentials
than the wildtype channels in the cerebellar neurons™!. Inter-
estingly, these FHM-1 gain-of-function missense mutations
characteristically occlude CDF of human Cay2.1 channels in
both recombinant preparations and the cerebellar Purkinje
cells. The altered CDF of Cay2.1 channels coincided with a
decrease in short-term synaptic facilitation at the parallel fiber-
to-purkinje cell synapse in the cerebellum in FHM-1 mutant
mice®. The compelling evidence suggests that FHM-1 gain-
of-function missense mutations of Cay2.1 channels favour
a constitutively facilitated state that prevents further Ca*-
dependent CaM-mediated channel facilitation. It is hypoth-
esized that disruption of Cay2.1 CDF may cause the cerebellar
ataxia-associated FHM-1 due to an imbalance between excit-
atory and inhibitory inputs to the cerebellar Purkinje cells.
This disruption suppresses the intrinsic pacemaker activity
of these cells, thus leading to motor deficits®. The knock-in



mouse model carrying FHM-1 R192Q mutation exhibited an
enhanced velocity of cortical spreading depression in vivo™,
and it is thus important to demonstrate whether the cortical
hyper-excitability is also associated with perturbation of CDF
of the mutant Cay2.1 in future studies.

CaBPs mediated L-type channel inactivation
CaBPs consist of 8 members (CaBP 1-8) and are considered
similar to CaM in that they bear four recognizable, but not

BB7 CaBP1, also known as

necessarily functional EF-hands
caldendrin (a splice variant of CaBP1), has ~50% sequence
homology to CaM and is widely expressed in the brain, includ-
ing the cerebral cortex, hippocampus, in the cone bipolar
and amacrine cells of the retina®™, and in the inner hair cells.
CaBP1 interacts with Cay2.1 P/Q -type channels™” * and

421 CaBP1 accelerates inactivation kinetics,

L-type channels
prevents CaM-induced Cay2.1 channel facilitation, and shifts
the voltage-dependent activation of Cay2.1 channels®. These
effects of CaBP1 are mediated by binding to the CaM-binding
1Q-domain in the a;, subunit of Cay2.1 channels. CaBP1 bind-
ing to the CaM binding domain (CBD) of oy, causes a signifi-
cantly faster inactivation of Cay2.1 channel than CaM.

CaBPs regulate L-type channels in a Ca**-independent
manner*” *! (Figure 1), in contrast to CaM. CaBP1 and
CaBP4 act as negative regulators to compete with CaM
binding to the C-terminal IQ motif in the Cay1.2 and Cay1.3
subunit*> **!  CaBP1 also interacts with the N-terminal
domain of Cayl.2 to prolong the channel activation, inde-
pendent of CaM effect *l, Some CaBPs, such as CaBP1 and
CaBP4, have the capacity to negatively regulate influx of Ca™
through a direct inhibitory interaction with plasma member
P/Q-type channels in cochlear cells>™*”). In the inner ear, at
least 4 CaBPs have been found in hair cells, including CaBP1,
CaBP2, CaBP4 and CaBP5. Sustained activation of presynaptic
Cay1.3 channels triggers graded changes in neurotransmit-
ter release which is required for sound detection!*), CaBP1
binding to Cay1.3 channels on CaM interaction sites, induced
a stronger, than CaBP4, inhibition of Ca**-dependent channel

inactivation!*!.

Closely co-localization between CaBP1 and
Cayl1.3 at the presynaptic ribbon synapse of adult inner hair
cells further suggests CaBP1-mediated inhibitory effect on
Ca2+—dependent inactivation of Cay1.3 channel is critical for
auditory transmission*.

CaBP4"*! and CaBP5"” regulates L-type channels in pho-
toreceptors. CaBP4 is located at the photoreceptor synaptic
terminals in the retina, and is important for developing and
sustaining synaptic transmission to bipolar cells'®’. CaBP4
regulates Cay1.4 channel and shifts the activation of Cay1.4 to
more hyperpolarized potentials through a direct interaction
with the C-terminal domain of the Cay1.4 channel protein.
CaBP4”" mice exhibited visual deficits similar to that caused
by dysfunction of Cay1.4 channels™ * . CaBP4, like CaBP1,
is found to interact with CaM-binding IQ domain in Cay1.3 to
14046 " CaBP4 has the
capacity to eliminate even the baseline Ca”* dependent inacti-

vation of Cay1.3", Phosphorylation of S37 of CaBP4 by pro-

dampen the inactivation of the channel
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tein kinase CC in retina regulates Cay1.3, likely by facilitating
the low-affinity interaction which exerts inhibitory regulation
of Cay1.3 channel inactivation™®!. Phosphorylation of CaBP4 is
critical for tuning presynaptic Ca®* signals required for light-
induced neurotransmitter release. Incomplete congenital sta-
tionary night blindness (CSNB2) is linked to mutations in both
CaBP4P* % and Cay1.45*%). Interrelation between CaBP4 and
Cay1.4 in CSNB2 remains to be determined.

Bestrophin-1 mediated Ca,1.3 modulation in macular
degeneration

Bestrophins are a family of calcium-activated chloride
channels®” encoded with VMD2 (Best vitelliform macular dys-
trophy-2) gene on chromosome 11q13"*. Human bestrophin-1
(hBest1) is a founding member of the family and contains one
EF-hand (EF1, 350-390) at the C-terminal and a regulatory
domain adjacent to EF1 that is required for Ca® activation of
the channel™. EF1 has a slightly higher Ca**-binding affinity
than the third EF hand of CaM and lower affinity than the sec-
ond EF hand of troponin C. Mutations in hBest1 are involved
in ~100 human diseases'™.

Retinal cell death, induced by glaucoma, diabetic reinopathy
and age-related macular degeneration are primarily caused by
a form of metabolic stress which results from a lack of nutrient
supply. This process is initiated primarily through the acti-
vation of NMDA receptors with a subsequent influx of Ca*
and Na" ions into the cells'®”. The close relationship between
ataxia and macular degeneration suggests that these disorders
may share a common molecular network®!. Oxidative stress,
an important cause of retinal pigmental eipithelium death and
subsequent age-related macular degeneration, induces calcium
overload and leads to cell injury®. Oxidative stress induced
elevation of Ca*" level is sensitive to VGCC blocker!®, suggest-
ing the role of VGCCs in retinal cell death.

The hBestl is localized at the basolateral plasma membrane
of the retinal pigment epithelium cells®®. Mutations of the
hBest1 gene are associated with macular degeneration®.
Bestrophin-1 is co-localized with Cay1.3 channels and the aux-
iliary p4-subunit in the cell membrane in the retinal pigment
epithelium, and inhibits Cay1.3 channels via a direct interac-
tion with the Cayp4 subunit’® ®!. Mutations of hBest1 on P330
and P334 prevented Bestl-mediated inhibition of Cay1.31* .
These findings provide new insights into the mechanisms of
the retinal degeneration involved in hBestl-mediated Cay1.3
channel regulation.

Calcineurin regulation of Ca®>* channels in human
diseases

Calcineurin is a calcium-dependent phosphatase activated
by Ca*/CaM®! It is a heterodimer and consisted of a 59
kDa catalytic subunit and a 19 kDa Ca**-binding regulatory
subunit. Calcineurin regulatory subunit is encoded with four
putative EF-hand Ca**-binding motifs™. The high-affinity
Ca”™ binding site has a K, of ~24 nmol/L to Ca* whereas three
low-affinity binding sites have a Ky of 15 pmol/L to Ca?"®l,

Calcineurin regulates L-type channels in both myocytes®”’ and

Acta Pharmacologica Sinica
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neurons[f’s’ 69].

Calcineurin regulation of Ca,1.2 L-type channel in cardiac hyper-
trophy

Ca” signalling pathways play a critical role in the develop-
ment of cardiac hypertrophy, one of the predisposing factors
related to hypertension and development of heart failure.
The downstream effector of calcineurin, NFAT signalling
transduction pathway, plays a critical role in pathological
cardiac hypertrophy response!” "
play an important role in blood pressure and development of

. L-type Cay1.2 channels

myogenic tone. In cardiac muscles, L-type currents through
Cayl.2 channels stimulate the excitation-contraction cou-
pling. The C-terminus of this channel serves an autoinhibi-
tory role to mediate the fight-or-flight response. Inactivation
of Cayl.2 was found to reduce mean arterial blood pressure
in mice and there was a severe dampening of response to
penylephrine and angiotensin II, due to a significant por-
tion of penylephrine-induced resistance being dependent on

172 The trunca-

calcium influx through the Cay1.2 channe
tion in the distal C-terminus of the a; subunit of Cay1.2 leads
to 10-15 fold increase in channel activity in mammalian cell
lines”. The increased force of contraction during the fight-
or-flight response is thought to be mediated by regulation of
Cay1.2 channels via activation of secondary systems which act

41 Deletion of this C-terminus

to phosphorylate the channel
causes a reduction in Ca®* currents, as a result of lower surface
expression of the channel, and leads to development of cardiac
hypertrophy and premature death after E15 during embryonic
development in mice!®,

Recently, an EF-hand containing Ca®* and integrin-binding
protein-1 (CIB1) was found to specifically enhance cardiac
pathological hypertrophy, without a role in altering physio-
logical hypertrophy, through a regulation of calcineurin inter-

1 One mechanism of calcineurin

action with the sarcolemma
function is thought to be via L-type channels, which mediates
Ca® influx into cardiomyocytes. Transgenic mice express-
ing an activated form of calcineurin were found to exhibit
an enhanced I, density compared with the non-transgenic
littermates and to have a faster kinetics of I, inactivation®”.
Calcineurin can directly bind to both N- and C-termini (a.a.
1943-1971) of Cay1.2 channels, and dephosphorylate the chan-
nels, which in turn increase the channel conductance”™. Mag-
nesium ions (Mg bind to the C-terminal EF-hand to inhibit
Cay1.2 channels, thereby reducing Ca® influx to maintain the
[77]

intracellular Ca® at low levels””. Supplement of Mg** dur-
ing global ischemia resulted in myocardial protection and
improved functional recovery”. These evidences suggest that
calcineurin serves as a key modulator of Ca**-dependent path-
ways via regulation of Cay1.2 activities and in turn mediates

the pathological electrical remodelling in cardiac hypertrophy.

Calcineurin regulation of L-type channels in neurodegenerative
diseases

Calcineurin selectively enhances L-type channel activity
in hippocampal neurons'® !, Application of FK506, an

Acta Pharmacologica Sinica

inhibitor of calcineurin, reduces high-voltage-activated
Ca™ current via L-type, but not P/Q- or N-type channels®.
PKA and calcineurin bind to A-kinase anchoring protein
79/150 (AKAP79/150), which interact with endogenous and
recombinant Cay1.2 channels in hippocampal neurons and
HEK293 cells, respectively®!. Disruption of AKAP79/150-

%l In

calcineurin anchoring increases Ca** current amplitude!
contrast to CaM, calcineurin does not affect Ca**-dependent
inactivation of the neuronal L- or N-type channels; this
conclusion is based on the findings that FK506 has no effect on
the time-course of Ca" current inactivation of L-type channel
in rat pituitary tumor cell line (GH3) and N-type channels in
chicken dorsal root ganglion neurons, while Ca**-dependent
inactivation of the channels is prevented by Ca* chelator
EGTA". Calcineurin promotes dephosphorylation of 3’,
[29]

5’-cyclic AMP response element binding protein (CREB)

B% and inhibition of

Overexpression of calcineurin prevents
p . - [31, 80] h

calcineurin enhances long-term memory formation . The

activity of calcineurin increases in the hippocampus during

aging, and L-type channel block reduces calcineurin activity™®'..

Cleavage of calcineurin by Ca**-sensitive protease calpain®’
enhances its phosphatase activity, which coincides with an
increase in the number of neurofibrillary tangles in human

brains of patients with Alzheimer’s disease/®.

Interestingly,
amyloid-f protein also increases the activity of calcineurin,
leading to dephosphorylation of the proapototic protein BAD
(Bcl-2/Bcl-X, -antagonist) causing cell death®! and subsequent
activation of apoptotic pathways in Alzheimer’s disease!™!.
Calcineurin activity is implicated in age-related Ca®* dysregu-

9 However, the role

lation in neurodegenerative disorders
of EF-hand motifs in calcineurin-enhanced L-type channel
activation, and the causal relation between calcineurin and
VGCC regulation in degenerative disorders remain to be

further investigated.

Perspectives and future directions

Functional diversity within related Ca**-binding proteins
may enhance the specificity of Ca> signalling by VGCCs in
different cellular contexts. These channels undergo feedback
mechanisms by Ca’*-dependent facilitation or inactivation.
Such feedback is largely mediated by Ca* binding proteins.
Increasing evidences demonstrate that the diverse and integra-
tive roles of the abundant calcium binding proteins in VGCC
regulation and Ca** signalling may be attributed to human dis-
eases. However, our understanding of the role of such regula-
tion in human diseases is rather limited, due to the complexity
of the intracellular protein networks in which integrative func-
tions of Ca®* binding proteins must alter continuously to fit to
the dynamic changes of Ca® signalling.

Many Ca®* binding proteins have been found to regulate
VGCCs, however, little is known about how such regulations
are related to the pathophysiological processes. For instance,
neuronal Ca* sensor-1/frequenin-1 (NCS-1/frql) containing
three functional EF-hand Ca®* binding motifs"> **¥ exhibits a
10 fold higher affinity for Ca®* than CaM™. NCS-1 is highly
localized at the presynaptic terminal of the vertebrates™* and



invertebrates®™ ***, and facilitates synaptic transmission. It

increases the P/Q-type Ca®* current in the Calyx of Held of the
giant presynaptic terminal®, and regulates the presynaptic
N-type channels in motoneurons'™ and growth cone VGCCs
in Lymnaea neurons"™ ", Another example is visinin-like pro-
tein-2 (VILIP-2), a highly homologous subfamily of NCS pro-

teins and capable of undergoing Ca**-myristoyl switch!'* '],

1% and enhances facilitation® of

VILIP-2 slows inactivation
the presynaptic P/Q-type Ca®* channels, by a direct interaction
with the CBD of the C-terminus of Cay2.1. However, whether
and how NCS-1 or VILIP-2-mediated VGCC regulation con-
tributes to human diseases remain unclear. Conversely,
down-regulation of VILIP-1 has been reported in several types
of human cancers"™ '), and in heart failure/cardiac hypertro-
phy!"®. However, whether VILIP-1 effect is associated with
VGCC regulation is unknown. Thus, it is necessary to further
investigate if there is interrelation between VGCC regulation
by Ca* binding proteins and human diseases.

Dysregulation of Ca’* homeostasis leads to pathophysio-
logical processes related to human diseases. For instance, a
disruption of basal and stimulus-dependent Ca*" levels has
been reported in brains of patients suffering from Alzheimer’s

disease!'™!.

The level of Ca**-sensitive protease calpain-1 in
the prefrontal cortex is 3-fold higher in the postmorten brains
of individuals with Alzheimer’s disease, than those with
other neurodegenerative disorders, such as Huntington’s or
Parkinson’s disease. Calpain-1 activates Ca**-sensitive phos-
phatase calcineurin by cleaving lysine501 at the C-terminal™®.
The abnormally enhanced calpain and truncated calcineurin
activities correlate with the level of secreted amyloid precur-
sor protein and progression of Alzheimer’s disease!"'” "],
Thus, disruption of Ca* homeostasis in neuropathology of
Alzheimer’s disease may be mediated by hyperactivity of
calpain-1 and calcineurin. Similarly, a-synuclein, a key pro-
tein in the pathophysiology of Parkinson’s disease!"'>"*), binds
to calmodulin in a Ca**-dependent manner*. a-Synuclein-
calmodulin interaction accelerates fibrilization of synuclein,
crucial for forming the core of Lewy bodies. a-Synuclein
also colocalizes with other Ca**-binding proteins, including
calbindin and parvalbumin, implicating the significance
of Ca’*-dependent signalling in the development of Parkin-
son’s disease. One implication of these findings is that a tight
regulation of Ca®* homeostasis by Ca**/Ca**-sensitive proteins
serves as a compelling mechanism for pathophysiological pro-
cesses in neurodegenerative and/or cardiovascular disorders.
Understanding such mechanisms allows us to identify poten-
tial drug targets for delaying or prevention of the onset of the
related human diseases. However, this line of research is still
at its infancy, and deserves further attention. With current
advancement in genetic and epigenetic sequencing techniques
and increased availability of the gene and protein databases
of human diseases, exploring the role of Ca®* binding proteins
in VGCC regulation and their involvement in human diseases
are becoming feasible in future studies.
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Antiarrhythmic drugs are a group of pharmaceuticals that suppress or prevent abnormal heart rhythms, which are often associated
with substantial morbidity and mortality. Current antiarrhythmic drugs that typically target plasma membrane ion channels have lim-
ited clinical success and in some cases have been described as being pro-arrhythmic. However, recent studies suggest that patho-
logical release of calcium (Ca*) from the sarcoplasmic reticulum via cardiac ryanodine receptors (RyR2) could represent a promising
target for antiarrhythmic therapy. Diastolic SR Ca** release has been linked to arrhythmogenesis in both the inherited arrhythmia syn-
drome ‘catecholaminergic polymorphic ventricular tachycardia’ and acquired forms of heart disease (eg, atrial fibrillation, heart failure).
Several classes of pharmaceuticals have been shown to reduce abnormal RyR2 activity and may confer protection against triggered
arrhythmias through reduction of SR Ca®* leak. In this review, we will evaluate the current pharmacological methods for stabilizing
RyR2 and suggest treatment modalities based on current evidence of molecular mechanisms.
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Introduction

The cardiac ryanodine receptor (RyR2) is a homotetrameric
Ca™ release channel located in the sarcoplasmic reticulum (SR)
membrane!” ?. During the normal cardiac cycle, plasma mem-
brane depolarization initiates opening of L-type Ca®* channels
(LTCC), by which extracellular Ca** enters the cytoplasm. Ca**
influx acts as a trigger that subsequently activates RyR2 chan-
nels, leading to a ten-fold greater release of SR Ca™ into the
cytoplasm. During systolic contraction of the heart, elevated
cytoplasmic Ca** binds to troponin-C, allowing actin and myo-
sin to interdigitate and cause sarcomere shortening, thus caus-
ing myocardial contraction. Diastolic relaxation occurs when
cytoplasmic [Ca™] decreases as Ca™ is extruded through the
Na*/Ca**-exchanger (NCX) or is actively pumped back into
the SR through the sarco/endoplasmic reticulum Ca**-ATPase
(SERCA2a)"!. Concomitantly, myocardial relaxation is directly
associated with diastolic reduction in Ca* levels. Thus, physi-
ologic control of Ca** release from the SR is necessary for
timely contraction and relaxation during the cardiac cycle.
Pathological “leak” of Ca* during diastole may be detrimental
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and lead to cardiac arrhythmias!* .

There is now considerable evidence that abnormal RyR2-
mediated Ca”" release from the SR can lead to both atrial®®”!
and ventricular arrhythmias associated with sudden cardiac
death® ', Increased SR Ca®* release during diastole can lead
to activation of the Na*/Ca**-exchanger"], which in turn gen-
erates a transient inward current that can cause afterdepolar-
izations and triggered action potentials. These afterdepolar-
izations have been observed in humans and have been directly
linked to arrhythmogenesis in animal models of arrhyth-
mias!".

Genetic susceptibility to cardiac arrhythmias may arise
directly from genetic mutations in RyR2, such as in patients
with catecholaminergic polymorphic ventricular tachycardia
(CPVT)” ®L. Mutations in other proteins that bind to the pore-
forming subunits within the RyR2 macromolecular complex
(eg, calsequestrin, junctophilin) also have been reported to
confer genetic susceptibility to cardiac arrhythmias and/or
cardiomyopathy™ ™. These observations provide direct evi-
dence that a perturbation in RyR2 function can facilitate the
development of cardiac arrhythmias.

Additionally, acquired structural heart disease, for example
heart failure or myocardial ischemia, has been shown to
modify the post-translational regulation of RyR2 through
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nitrosylation, oxidation, and phosphorylation, which might
also increase susceptibility to diastolic Ca® release and

[16-20]

arrhythmias Given that there are many excellent reviews

on strategies to modify intracellular signaling to reduce RyR2

activation"?

, we will restrict the scope of this review mainly
to pharmacological strategies to stabilize RyR2 directly to
reduce arrhythmic potential.

Because RyR2 also plays an important role during excita-
tion-contraction coupling, it is important that antiarrhythmic
compounds targeting the RyR2 channel complex will not
interfere with systolic SR Ca®* release. At the same time,
inhibition of diastolic SR Ca*" release is a desirable feature of

compounds that could prevent arrhythmias™.

RyR2 activity
can be modulated by numerous natural and pharmacological
compounds, as reviewed elsewhere in more detail™?!. These
compounds may modulate RyR2 in various ways, includ-
ing by modulating channel gating, ion channel translocation,
RyR2 subunit composition, or posttranslational modifications.
Some of these compounds have emerged as strong candidates
for antiarrhythmic drugs, and will be discussed in more detail

below.

Dantrolene

Dantrolene sodium is a hydrantoin derivative that was ini-
tially described as a muscle relaxant®!, but later found to be
a potent therapeutic agent for patients suffering from the rare
life-threatening condition known as malignant hyperthermia
(MH)Pl. Patients susceptible to MH typically have inherited
mutations in the type 1 ryanodine receptor (RyR1) primarily

found in skeletal muscle.

Exposure to inhaled halogenated
anesthetics during surgery can trigger massive RyR1-mediated
Ca” release associated with muscle breakdown, elevation of
serum creatinine kinase (CK), hypotension, hyperthermia, and
tachycardia, which often results in intraoperative death (281,
Dantrolene has been shown to directly bind to the N-terminus
of RyR1 and to prevent SR Ca™" leak in skeletal muscle, thereby

1 Dantrolene is believed to sta-

improving clinical outcomes
bilize interdomain interactions between the N-terminal and
central domains of RyR1[3°] and RyR2[3”, although the effects
of dantrole on single RyR channels remains controversial®.
Given that dantrolene improves the stability of both RyR1
and RyR2, dantrolene has become a molecule of interest for
preventing cardiac arrhythmias. Dantrolene has previously
been described as an inhibitor of arrhythmias in animal mod-

els of ischemia-reperfusion!®~,

More recently, dantrolene
was demonstrated to inhibit catecholaminergic polymorphic
ventricular tachycardia in a knock-in mouse model heterozy-
gous for mutation R2474S in RyR2"! (Figure 1). Dantrolene
was shown to suppress isoproterenol-induced spontaneous
SR Ca™" releases (ie, sparks) in intact myocytes isolated from
RyR2-R2474A/+ mice. The mechanisms by which dantrolene
prevented CPVT was attributed to stabilization of mutant
RyR2 channels, and possibly also by preventing the PKA-
induced reduction in calmodulin binding to RyR2"". In this
study, dantrolene did not exert any appreciable effects on
cardiac function in hearts of wild-type mice. However, dan-
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trolene did correct defective interdomain interactions within
RyR?2 isolated from dogs with heart failure, associated with
suppression of delayed afterdepolarizations®.

In other studies, dantrolene has been described to improve
cardiac contractility in failing hearts, which may contribute
to its role in reducing arrhythmias in structural heart disease.
Congestive heart failure (CHF) has been associated with a
negative force-frequency relationship (Bowditch effect) in fail-
ing myocardium. Dantrolene has been shown to ameliorate
the negative force-frequency relationship in explanted failing
myocardial muscle strips by improving inotropic response to
isoproterenol™!. This improved contractility was not associ-
ated with overall changes in cytoplasmic [Ca®*], and was pos-
tulated to be associated with improvement of diastolic Ca**
release. Further evidence for reduction of Ca* release events
in improved contractility was shown by Kobayashi et al®",
who examined the effects of dantrolene on cardiac function on
failing hearts. Dantrolene was shown to directly bind near the
N-terminal domain in RyR2 at amino acids 601-620, a site crit-
ical for N-terminal and central domain interactions. Whereas
unzipping of N-terminal and central domains was associated
with spontaneous SR Ca*" leak, dantrolene suppressed both
unzipping and SR Ca” leak (sparks) and ultimately delayed
afterdepolarizations, which are common in heart failure.
Additionally, dantrolene restores calmodulin (CaM) bind-
ing to RyR2, which is usually attenuated in heart failure.
Thus, dantrolene appears to be a promising molecule to treat
arrhythmias in patients with CPVT and may attenuate cardiac
Ca”™ handling dysfunction associated with heart failure.

1,4-Benzothiazepines

The benzothiazepine derivative JTV519 (4-[3(1-(4-benzyl)
piperidinyl)propionyl]-7-methoxy-2,2,4,5-tetrahydro-1,4-
benzothiazepine; also known as K201) was first identified as a
compound able to suppress intracellular Ca** overload associ-
ated with cardiac cell death™. The drug has been reported to
have antiarrhythmic effects in a canine model of atrial fibril-

lation due to sterile pericarditis'*!!

and Langendorff-perfused
rat hearts subjected to ischemia-reperfusion!*> *l. JTV519
interacts with annexin-V and at higher doses inhibits various
voltage-gated ion channels in the heart!* *!. Subsequently, it
has become clear that RyR2 represents an important target of
JTV51914 47,

JTV519 was described to normalize RyR2 gating in dogs
with tachycardia-induced heart failure!®. In this study, Kohno
et al*® demonstrated that JTV519 reversed the SR Ca®" release
defects indicative of RyR2 dysfunction. The concept of RyR2
stabilization by FKBP12.6 was further supported by the find-
ings that JTV519 treatment of dogs with pacing-induced heart
failure increased the amount of FKBP12.6 immunoprecipi-
tated with RyR2"!. Moreover, JTV519 was shown to prevent
lethal ventricular arrhythmias in mice haploinsufficient for
FKBP12.6 by increasing FKBP12.6 binding to RyR2*" (Figure
2). The lack of efficacy of JTV519 in FKBP12.6 deficient mice
suggests that FKBP12.6 binding to RyR2 is associated with the
therapeutic effects of this compound™”. On the other hand,
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normalizing FKBP12.6 levels within the RyR2 macromolecu-
lar complex stabilizes the closed state of the channel, thereby
preventing aberrant openings during diastole®. Follow-up in
vitro studies of human RyR2 mutations found in patients with
CPVT (P2328S, Q4201R, and V4653F) showed that JTV519 can
also normalize mutant channel gating as evidenced by single
channel recordings™’.

There has been some controversy whether the antiarrhyth-
mic effects of JTV519 require modification of RyR2-FKBP12.6
interactions®”. In a mouse model of CPVT caused by the
R4496C mutation in RyR2, it was shown that this mutation
did not alter FKBP12.6 binding affinity for RyR2. Moreover,
JTV519 did not prevent delayed afterdepolarizations in myo-
cytes isolated from heterozygous RyR2-R4496C/+ mice?'.
However, subsequent studies by other groups have shown
that JTV519 did reduce the occurrence of spontaneous action
potentials in ouabain-treated WT and RyR2-R4496/+ mouse
myocytes, presumably independent of FKBP12.6"%. Addition-
ally, in vitro studies in HEK293 cells suggest that JTV519 sup-
presses store-overload induced Ca** release independently of
FKBP12.6 binding, though the relevance of these observations

have yet to be determined in vivo®™. Also, Yamamoto et al™!

reported that JTV519 directly bound to RyR2 between amino
acids 2114 and 2149, and that JTV519 can normalize defective
interdomain interactions associated with RyR2 dysfunction.

Recently 5107, a new 1,4-benzothiazepine similar to JTV519,
has been found to prevent ventricular arrhythmias in a CPVT
mouse model heterozygous for mutation R2474S in RyR2°%,
In contrast to JTV519, S107 has been reported to lack off-target
activity for ion channels other than RyR2 at concentrations
up to 10 mmol/LP**\. 5107 provided protection against epi-
nephrine-induced ventricular tachycardias caused by abnor-
mal SR Ca® leak in RyR2-R2474S/+ mice®. Further, S107
was recently shown to be effective at preventing ventricular
arrhythmias in the mdx mouse model of muscular dystro-
phyP?l. Thus, 1,4-benzothiazepine derivatives JTV519 and
5107 hold promise as RyR2-stabilizing molecules that could
reduce the risk of arrhythmias®.

Flecainide

Flecainide is a trifluoroethoxybenzamide that was discovered
to be a potent antiarrhythmic agent in 1977, Flecainide ini-
tially showed promise as an antiarrhythmic agent against both

ventricular® and atrial arrhythmias®). Because a predomi-

751

Acta Pharmacologica Sinica



www.nature.com/aps
McCauley MD et al

752
A +/+ +/- -/~ Genotype
s PR v - + + Exercise
= = T + = - + JTV519
— — . T aa e wwm| RYR2
250 kDa =
— - e— A — | RyR2,pSer2809
250 kDa
17 kDa =
D — —— Calstabin2
8 kDa =
C Calstabin2 +/- Po 0.690, To 16.1 ms, Tc 15.7 ms
-mtp, m!mﬁ-ﬂ-fmﬁnw i st
BN LT TR FITISE B B 4 300 | MM -
C_:|:i.; '.;;":Lgx:.' e :
Calstabin2 +/-, JTV519 Po 0.005, To 17.2 ms, Tc 3654 ms
- I i
Cm ATV I C = el
Calstabin2 -/-, JTV51! Po 0.965, To 14.1 ms, Tc 3.27 ms
=Y ey : =\ Yy [g
- <
Cem
——
1s 100 ms
E ECG following exercise + epinephrine
(mV) .
0.6 - Calstabin2*/~
0.4 4
0.2 4
0.0 4
-0.2 4
(mV)
0.44 Calstabin2*/-+ JTV519
0:24
0.0 A A A\ 5 B SN AN
-0.24
-0.44
F Sudden cardiac death Sustained VT
100 100
= '3
x e
~— [}
> ©
< 50 g 50
* :( *
8/9 0/9 6/7 0/6
0 0
Calstabin2  +/- +/- =i +/- +/-
JTV519  JTV519 JTV519

/=
JTV519

B +/+ +/- -/~ Genotype
= + = + + = + +  Exercise
_ _ - + - - + JTV519
4
o | I | | RyR2-pSer2s0®
4
R A—
—X—
2 ‘ \ I Calstabin 2
0 [ I
D 1.0
+/- +/- s
JTV519  JTV519
0.8
=
3 06
: [
el
<3
c 04
(o]
o B
o
0.2
*
11 13
0
500 ms'
~ A
500 ms'
Non-sustained VT
100
S
w
o
£ 50
>
£
< *
/7 0/6
0
/- M- -
JTV519  JTV519
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Adapted from

Wehrens et al*".,

ut not calstabin2”"
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mice, consistent with calstabin2 (FKBP12.6) being required for the therapeutic



nant mechanism of action on inactivation of voltage-gated Na®
channels, it was classified as a type IC anti-arrhythmic drug.
However, clinical trial results indicated that in patients with
structural heart disease susceptible to ventricular arrhythmias,
flecainide might in fact be pro-arrhythmogenic!® .

Recently, there has been a resurgence of enthusiasm for
the use of flecainide in a select group of CPVT patients with
genetic predisposition to ventricular arrhythmias and SCD.
Watanabe et al'®® found that flecainide inhibited the RyR2
channel by reducing the duration of RyR2 channel openings
without affecting closed channel duration. Flecainide reduced
SR Ca™ release events and triggered arrhythmic beats in a
calsequestrin deficient (Casq2”) mouse model of CPVT **! (Fig-
ure 3). Moreover, it was shown that flecainide significantly
reduced the incidence of exercise-induced arrhythmias in
patients with mutations in CASQ2®”!. Follow-up studies from
the same group showed that flecainide reduced Ca* spark
mass but increased spark frequency, resulting in a net neutral
effect on SR Ca®* leak and SR Ca** content™!. This finding is
distinct from the reported mechanism of tetracaine, another
RyR2 channel blocking agent, which reduces Ca sparks and
SR leak, thereby increasing SR Ca” content. Therefore, it was
concluded that flecainide promoted block of the RyR2 open
state, reducing the “probability of saltatory wave propagation

between adjacent Ca** release units”!®".
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Other groups have applied these findings to further delin-
eate the mechanism of arrhythmogenesis in another mouse
model of CPVT. Knock-in mice heterozygous for mutation
R4496/+ in RyR2 were crossed with Cntn2-EGFP transgenic
mice expressing a fluorescent marker for the cardiac conduc-
] Whereas tetracaine reduced spontaneous SR
Ca™ release events in ventricular myocytes and Purkinje cells

tion system

equally, flecainide more specifically targeted mutant RyR2 in
Purkinje cells, implicating the Purkinje conduction system as
a potent mediator of ventricular arrhythmias in CPVT. Thus,
flecainide may have a unique role in the prevention and sup-
pression of ventricular arrhythmias in patients with geneti-
cally inherited CPVT.

Modulation of RyR2 posttranslational modification
In addition to inherited mutations, RyR2 channel function may
also be perturbed due to acquired changes in, for example,
channel posttranslational modulation™. Xu et al®™ demon-
strated that increased S-nitrosylation leads to enhanced RyR2
activity and promotes SR Ca” release. Increased S-nitrosy-
lation of RyR2 has been associated with cardiac arrhythmias
in a mouse model of Duchenne’s muscular dystrophy, and
inhibition with S107 (see above) was shown to normalize both
[56, 66]. I

RyR1 and RyR2 function and prevent arrhythmias n

contrast, Gonzalez et al™ demonstrated that decreased rather
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Figure 3. Prevention of triggered arrhythmias by flecainide. (A-B) Concentration-dependent effects of flecainide on single sheep RyR2 channels in
lipid bilayers. Flecainide decreases open probability (Po) and mean open time (To), and does not significantly alter the mean closed time (Tc) of RyR2.
*P<0.02, **P<0.01 and ***P<0.001. (C-D) Effects of flecainide on isoproterenol (ISO) stimulated calsequestrin-deficient cardiomyocytes. Whereas
ISO evoked spontaneous SR Ca** release events (*), flecainide reduced the number of Ca* releases and triggered beats (). **P=0.0078 and ***P
<0.001. (E) Cartoon illustrating dual effects of flecainide action on SR Ca*' release (red tracing) and inhibition of premature beats triggered by delayed

after depolarization (black tracing). Adapted from Watanabe et a/'®*.
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than increased S-nitrosylation of RyR2 might promote SR Ca**
leak and arrhythmogenesis. One explanation of this appar-
ent paradox relates to nitroso-redox imbance, a condition in
which excess formation of reactive oxygen species (ROS) can
modify the same thiols that are also target of S-nitrosylation!”.
Indeed, Gonzalez et al'®” reported evidence for increased oxi-
dation of RyR2 associated with an increased tendency towards
SR Ca™ leak in rats with heart failure. In this particular study,
increased oxidative stress was primarily the result of enhanced
xanthine oxidase (XO) activity. Pharmacological inhibition of
XO restored both the nitroso-redox imbalance and intracellular

Ca” release defects in these rats with heart failurel®’.

More-
over, Niggli’s group showed that anti-oxidants (ie, MPG and
Mn-cpx3) normalized abnormal RyR sensitivity and hypersen-
sitive E-C coupling in dystrophic cardiomyocytes!®l.

Increased oxidative stress might also promote activation of
Ca*"/calmodulin-dependent protein kinase, which can phos-
phorylate RyR2 along with other Ca®* handling proteins, and
increase the propensity towards cardiac arrhythmias®. We
have previously shown that CaMKII phosphorylation of RyR2
leads to increased channel open probability™. Recently, we
demonstrated that constitutive phosphorylation of RyR2 by
CaMKII in RyR2-52814D knock-in mice promoted abnormal
SR Ca* release events associated with ectopic activity and
ventricular arrhythmias“m. On the other hand, genetic inhibi-
tion of RyR2 phosphorylation at 52814 in RyR2-S2814A knock-
in mice conferred protection against ventricular arrhythmias
in mice with heart failure induced by transverse aortic band-
ing""”. These studies suggest that inhibition of RyR2 phospho-
rylation by CaMKII might provide a very specific way of pre-

] Moreover,

venting ventricular and also atrial arrhythmias
pharmacological inhibition of the enzyme CaMKII itself might
also provide protection against arrhythmias!® " 7.

RyR2 is also regulated by protein kinase A (PKA) phospho-
rylation, and increased PKA phosphorylation of RyR2 has
been observed in patients with atrial fibrillation”). Shan et
al® demonstrated that mice in which RyR2 was constitutively
by PKA (RyR2-52808D knock-in mice) exhibited an increased
open probability, more calcium sparks, and increased SR Ca*
leak. Inhibition of PKA phosphorylation of RyR2 in RyR2-
S2808A mice was shown to protect against catecholamine-
induced ventricular arrhythmias”. Although there are cur-
rently no drugs that specifically reduce RyR2 phosphorylation,
beta blockers such as carvedilol have been shown to reduce
RyR2 phosphorylation and thereby RyR2 open probability

(%3] In addition, some beta

in patients with atrial fibrillation
blockers such as carvedilol also have antioxidant properties
in addition to beta-adrenergic blockade, and may be useful in
prolongation of arrhythmia-free survival in patients with con-
gestive heart failure versus beta blockers lacking anti-oxidant
properties”. Clearly, further pharmacological studies would
be needed to determine whether modulating post-translational
modifications of RyR2 represents a suitable anti-arrhythmic

strategy.
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Conclusions

Cardiac arrhythmias is a potentially life-threatening complica-
tion of genetic and structural heart disease. Recent insights
into excitation-contraction coupling have implicated release
of SR Ca* through RyR2 as a key mechanism for the initiation
and maintenance of both atrial and ventricular arrhythmias.
RyR2-mediated release of SR Ca™ is a tightly regulated pro-
cess that involves discrete release of Ca™ during systole, and
cessation of Ca”" release during diastole. For timely rhythmic
release of Ca*" from RyR2, the channel must succinctly open
in response to cytoplasmic Ca** flux, but remain closed during
diastolic SR Ca* filling. Destabilization of RyR2 may occur as
a result of genetic mutations (ie, CPVT) or acquired (eg, oxida-
tion, nitrosylation, phosphorylation) modifications, resulting
in pathologic diastolic Ca™ release, and subsequent arrhyth-
mias.

Given the prominent role of RyR2 in SR Ca*" release, phar-
macological strategies to modulate RyR2 stability and gating
have shown great promise as a therapy for cardiac arrhyth-
mias. Several drugs targeting RyR2, such as benzothiazepine
derivatives and flecainide, bind RyR2 directly and reduce the
open probability of RyR2, thereby reducing pathological SR
Ca®" “leak”. As benzothiazepines and flecainide have an addi-
tional role in blockade of voltage-gated sodium channels and
delayed rectifier potassium channels, there may be an additive
effect on anti-arrhythmic action, however further studies are
necessary to evaluate whether this may occur independently
of RyR2 blockade or enhancement of RyR2-FKBP12.6 binding.
Additionally, dantrolene has been shown to bind directly to
RyR2 and stabilize inter-domain regions, although the effects
on RyR2 open probability are still controversial. Each of these
drugs has a unique mechanism of action, as dantrolene stabi-
lizes N-terminal and central domain interactions, benzothiaz-
epines increase FKBP12.6 (calstabin2) binding to RyR2 (among
other mechanisms), and flecainide blocks the open state of
the channel. These drugs have proven particularly helpful in
CPVT, in which stabilization of RyR2 reduces diastolic SR Ca*
leak, and therefore reduces delayed afterdepolarizations.

In patients with structural heart disease, such as in conges-
tive heart failure, acquired alterations in RyR2 function occur
primarily due to post-translational modification of the chan-
nel. There is extensive evidence that hyperphosphorylation of
RyR2 in heart failure also promotes the occurrence of SR Ca*
leak!" 87> 7] By genetic or pharmacological blockade of RyR2
phosphorylation at CaMKII or PKA site, animal models have
shown that effective arrhythmia prophylaxis is possible, espe-
cially under catecholaminergic conditions or after stress exer-
cise. Recent insights also indicate that adverse redox remodel-
ing of RyR2 may predispose to cardiac arrhythmias. Emerg-
ing data suggest that certain beta-adrenergic blocking agents,
such as carvedilol, may also exert a redox-stabilizing effect on
RyR2, which may potentially increase survival in patients with
acquired heart disease. Ultimately, these insights will guide
the design of future studies in human patients, whereby stabi-
lization of the RyR2 channel might lead to improved outcomes
in morbidity and mortality.
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A role of stretch-activated potassium currents in the
regulation of uterine smooth muscle contraction
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Rates of premature birth are alarming and threaten societies and healthcare systems worldwide. Premature labor results in prema-
ture birth in over 50% of cases. Preterm birth accounts for three-quarters of infant morbidity and mortality. Children that survive
birth before 34 weeks gestation often face life-long disability. Current treatments for preterm labor are wanting. No treatment has
been found to be generally effective and none are systematically evaluated beyond 48 h. New approaches to the treatment of pre-
term labor are desperately needed. Recent studies from our laboratory suggest that the uterine muscle is a unique compartment
with regulation of uterine relaxation unlike that of other smooth muscles. Here we discuss recent evidence that the mechanically
activated 2-pore potassium channel, TREK-1, may contribute to contraction-relaxation signaling in uterine smooth muscle and that
TREK-1 gene variants associated with human labor and preterm labor may lead to a better understanding of preterm labor and its

possible prevention.
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Introduction

Preterm labor and delivery of an under-developed fetus affect
approximately 13 million births worldwide each year!". The
number of babies that die annually due solely to their prema-
turity ranges from 20000 (4%) in the US to 336000 of the 1.2
million newborn deaths (28%) in Sub-Saharan Africa”. Those
that survive their prematurity have numerous chronic health
disabilities that constitute a major human tragedy, are enor-
mously costly to societies and cripple the third world develop-
ment. Advanced medical care makes it possible for premature
fetuses (some as early as 22-24 weeks) to survive, but at huge
cost often resulting in life-long disability for survivors. Prema-
turity, whether due to infection or occurring spontaneously,
threatens global health and must be addressed.

Despite decades of interest, the majority of cases of preterm
labor are unexplained, and there is currently no effective med-
ication to prevent uterine contractions at the time of labor as
evidenced by a lack of an FDA approved indication in the US
for any treatment for preterm labor (PTL). Challenging also
is the absence of a useful animal model in which to propose
studies for PTL since there is no animal that experiences this
uniquely human problem. The impact of delivery of a pre-
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mature fetus on society is very high; the Institute of Medicine
estimates that this costs the American economy $26.2 billion
annually (in 2006 dollars).

In the last several years it has become clear that uterine
smooth muscle mechanisms of relaxation differ significantly
from those of other human smooth muscles. In this review
we explore the nature of contractile regulation of myometrial
smooth muscle and describe a channel target that we posit
may be of significant interest as a therapeutic target for tocoly-
sis.

The onset of labor
The signal(s) that initiate labor at term in women are un-
known. This is an embarrassing truth when viewed in the
context of what we have learned in a relatively short time
about diseases such as AIDS. Our current ability to treat HIV-
AIDS with highly active antiretroviral therapy has drastically
changed HIV infection from an acute, very deadly disease, to a
chronic, long-lasting, manageable disease®. Such truth offers
lessons; among the truths is that targeted research funding can
yield results rapidly and the embarrassment surely is that we
still don’t understand our own reproductive physiology very
well.

Theories of the proximate cause of labor have varied over
time as we have learned more about what is not, rather than
what is responsible for the regulation of uterine contractions.



For example, quite logical might be the notion that maternal
nervous regulation initiates labor. However, we have known
for some time that the uterus becomes essentially denervated

during gestation!!

and as a result, it is unlikely that any coor-
dinated nervous regulation of the myometrium is centrally
orchestrated®. As a result, views of the origin of onset of
labor turned early on to examine endocrine and paracrine
mechanism of myometrial regulation. A role for corticotro-
phin releasing hormone (CRH) posits that the hormone,
generated in the placenta, builds in the serum and amniotic
fluid as pregnancy progresses'®.
pituitary-adrenal axis by mid-trimester and CRH, although

The human fetus also has a

present in lower concentrations than in the maternal circula-
tion, stimulates adrenocorticotropic hormone (ACTH) secre-
tion from the fetal pituitary. ACTH is also synthesized in the
placenta under the influence of CRH"). Fetal ACTH stimulates
production of the androgenic steroids dehydroepiandroster-
one (DHEA) and dehydroepiandrosterone sulphate (DHEAS).
Cortisol secretion is induced by ACTH and an increase in fetal
cortisol production in late pregnancy is responsible for fetal
organ maturation including lung maturation®. DHEA and
DHEAS production in the fetus is thought to lead to initia-
tion of parturition through their metabolism by the placenta
to estrogen[gl, which acts on the myometrium, cervix and fetal
membranes. While estrogen is thought to up-regulate the
expression of myometrial genes associated with contraction!”,
it is progesterone that is thought to modulate parturition tim-
ing through its withdrawal. In a number of animal models,
progesterone disappearance from the circulation is associated

with onset™,

However, maternal progesterone levels in the
blood stream do not fall at the time of onset in humans and so
research has focused on the notion of changes in progesterone
locally in the uterine compartment not reflected in the mater-
nal circulation such that progesterone withdrawal could occur

due to local progesterone metabolism!

or receptor-based
heterologus regulation of steroid hormone receptors that
leads to a functional withdrawal of the action of progesterone
as recently reviewed by Mitchell and Taggart"”. Whatever
the fact of progesterone withdrawal, it is not at all clear that
administering progesterone exogenously will serve as an effec-

tive treatment of preterm labor!™,

Quiescence is key
Relaxation of the myometrium is required for pregnancy
to proceed in the face of ever increasing tension on uterine

muscle as the fetus grows!"> '

. Approaches to understand-
ing PTL have examined the notion that there is an inappro-
priate activation of contractile influences that initiate labor
too soon, as well as a failure of relaxation influences on the

myometrium!’%,

While both may operate, we assert that
successful therapeutic intervention will come from probing
relaxation mechanisms. This assertion is supported by the
finding that the first drug designed specifically for preterm
labor, Tractocile® (atosiban) that blocks the actions of oxy-
tocin (OT), is not superior to conventional approaches to the

120, 21]

treatment of preterm labor , albeit it may pose fewer side
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effects and is only evaluated at 48 h. This agent is not yet FDA
approved in the US. Examination of its development reveals
the unimaginative model of an OT receptor blocker to block
the actions of OT?. In humans however, labor is not just the

result of stimulation of the myometrium by oxytocinm].

NO-mediated relaxation

Nitric oxide (NO) is particularly effective in relaxing the
myometrium and in fact has a lower inhibitory concentration
50% (K;) in human than guinea pig or non-human primate
myometrium™/. We have examined the heretical notion that
relaxation of the myometrium by NO is independent of cGMP
elevation as a result of soluble guanylyl cyclase. Although
this notion was initially rejected by many on the basis that the
dogma established by the 1998 Nobel for Physiology or Medi-
cine™ demanded that NO signals through cGMP in smooth
muscle, it is now clearly established from our work and that of
others that NO-mediated relaxation of uterine muscle is inde-
pendent of global cGMP elevation no matter whether this is
studied in animal®!, primate™ or human'®!,

Cyclic GMP is not without effect however. When the uterus
is relaxed by uroquanylin, cGMP elevation secondary to
activation of the guanylyl cyclase activity of the uroguanylin
receptor, particulate guanylyl cyclase type C does relax the
uterus. The presence of a uroguanylin-particulate cyclase-
cGMP relaxation pathway in myometrium taken together with
the failure of soluble cGMP elevation to relax the muscle leads
to the inevitable conclusion that cGMP is compartmented in
the myometrium®.

The importance of the fact that an effect of NO to relax the
uterus is independent of global cGMP accumulation is two-
fold. First, data supporting the cGMP-independence of nitro-
agent mediated relaxation of uterine muscle that were first
introduced by the pioneering work of Jack Diamond™* and
later by our lab as cited above, establish more dramatically
than any other type of study we are aware of that the uterus,
particularly the human uterus, is regulated in a disparate man-
ner compared to other smooth muscles™ *,

The notion that the uterine smooth muscle biochemistry of
relaxation signaling is fundamentally different than vascular
or gastrointestinal muscle means that there is hope for discov-
ery of therapeutic targets in the myometrium that are absent or
disparately regulated in other smooth muscles and thus, can
permit a reasoned line of investigation to find uterine-specific
tocolytics. Whatever is learned must impact the final mediator
of muscle contraction, calcium availability in the uterine myo-
cyte and while beyond the scope of this perspective, the reader
is guided to a recent expert review!™,

The second point highlighted by the unique nature of NO-
mediated relaxation of uterine muscle is that since NO relaxes
uterine smooth muscle, NO must act in a fashion other than
through activation of the soluble guanylyl cyclase. Thus, NO
must directly nitrosylate or indirectly modify one or more pro-
teins in the myometrium that regulate relaxation. Our interest
that a stretch-activated potassium channel (K2P) may play a
role in normal myometrial relaxation is peaked by the persua-
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sive model that gestational growth means continual myome-
trial stretch along with the possibility that K2P channels, or
their expression is(are) a target for NO or consequences of NO
signaling.

The notion that NO is generated in myometrium and
responsible for regulation of uterine quiescence has been
controversial’ and yet high levels of myometrial expres-
sion of nitric oxide synthase(s) correlated with gestation until
the time of labor need not be the only source of NO to affect
the myometrium. Indeed, recent studies have examined the
presence of NO-synthase (NOS) in uterine tissues including
myometrium® and actions of NO in reproductive tissues sug-

%1 A source for

gest its critical role in normal reproduction!
myometrial NO may not come from smooth muscle genera-
tion directly, but rather from the ability of NO generated in
the uterine membranes or the vasculature to bind free cysteine
forming cysteine-NO (Cys-NO) or hemoglobin-NO and be
transported to the muscle where it may be released as nitrosyl
ion (NO") and bind to reduced glutathione (GSH) to generate
GSNO™.

scientifically more satisfying way to view the preservation of

Such small molecule S-nitrosothiols (SNO) offer a

the signaling actions on NO since now the functional nitrosa-
tion of proteins by SNO may be coupled to the redox state of
the cell coupling extracellular and intracellular mechanisms
mediating contraction-relaxation.

Nitric oxide as Cys-NO can travel through the plasma mem-
brane in this way as a second messenger and hence transduce
stimuli and initiate responses in adjacent cells. Of the known
NO-mediated reactions with biological materials, nitrosylation
is the major form of protein modification under physiological
conditions and constitutes an important signal transduction
mechanism. S-Nitrosylation is the covalent attachment of NO
to the sulfur moiety of cysteine. This chemical reaction consti-
tutes a redox sensitive post-translational, reversible modifica-
tion of protein in response to stimuli outside the cell™, Rather
than free diffusion of NO from a NOS, S-nitrosylation allows
for the compartmentation of the source of NO and the site of
nitrosylation (Cysteine). The formation of SNOs is a critical
pathway in the signaling of NO between cellular compart-
ments since it maintains the availability of NO generated in
one cell to act in another preserving the action of NO in time
and space'™!,

and GSNO constitute the major determinants of subsequent
[39]

Small molecular weight SNOs such as Cys-NO

transnitrosylation of target proteins to alter cellular response
and cell-cell transfer of NO.

Once accumulated in a target cell such as the uterine myo-
cyte, GSNO may provide a source of both NO for protein
transnitrosylation as well as glutathione for glutathionylation
via the action of glutathione-S transferase reactions"”. Thus
regulation of protein targets in myocytes such as membrane
channels in a reversible fashion to activate or inactivate cur-
rent may have profound influence on uterine quiescence. It is
possible that actions of NO or glutathione may accumulate as
a consequence of vascular NO generation and redox reactions
in uterine myocytes that then manage contractile force. The
notion that pregnancy physiology and preterm birth may in
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part involve an inflammatory-like statel*! fits with this notion
and provides a testable platform for these ideas.

Given then that NO nitrosylates one or more regulatory
proteins in myometrial smooth muscle to produce relaxation,
we developed a method for showing S-nitrosylation in whole
tissue lysates. This method has allowed us to elucidate the
human myometrial smooth muscle nitroproteome and to test
the effect of these post-secondary modifications on relaxation.
Our method, which we are calling Nitro-DIGE, selectively
labels S-nitrosylated proteins in a cell extract using spectrally
resolvable Alexa Fluor maleimide dyes. Labeled extracts are
then analyzed using 2-dimensional difference gel electropho-
resis (2D DIGE). With this powerful technique we can identify
differences in levels of S-nitrosylation between term and pre-
term myometrium. These identified proteins are regulatory in
nature and preliminary results have identified candidates such
as heat shock protein beta-1, desmin, alpha actinin which have
been shown to regulate contraction in smooth muscle tissue.
Importantly, we have found nitrosylation of the K2P channel
TREK-1 and confirmed the identity of this protein by LC-MS/
MS. Current work is directed at both hypothesis-directed
examination of the function of nitrosylated TREK channels
and the smooth muscle thin filament contraction-relaxation
pathway, as well as identifying prominent proteins that are
selectively nitrosylated by pregnancy progression and/or in
response to experimental NO-stimulation of tissues in func-
tional assays where relaxation/contraction can be correlated
with protein nitrosylation.

TRAAK-family channels

Two-pore-domain K* (K2P) channel subunits are made up
of four transmembrane segments and two pore-forming
domains that are arranged in tandem and function as either
homo- or heterodimeric channels (Figure 1). This structural
motif is associated with unique gating properties that would
well serve quiescence in myometrium, including background
channel activity (so-called leak current) and sensitivity to
membrane stretch. Moreover, TRAAK-family K2P channels
are modulated by cellular lipids and pharmacological agents,
including polyunsaturated fatty acids such as arachidonic acid
and volatile general anesthetics*”. Acidity and heat have also

been suggested to activate the channel™®>*4

, while antipsychot-
ics such as fluphenazine have been shown to block TREK-1

but not the related TRAAK channels™.

Arachidonic acid and acidic pH in pregnancy myo-
metrium
Blood flow is temporarily compromised during forceful uter-

[46]

ine contractions during labor™. This transient ischemia is

associated with intracellular acidosis and has been proffered
as a mechanism for contractile regulation in myometrium!*’.
Myocyte signaling domains may be acidic on the basis of their
construction per se, independent of relative ischemia®. Rela-
tive acidification at the myocyte membrane activating TREK-1
during gestation would fit with hyperpolarization of the

membrane and decreased uterine activity. An abundance of
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TREK-1 expression is up-regulated

in pregnancy and the channels are
activated by addition of arachidonic

id )
acl ﬁ*{“

TREK-1 is expressed in human uterine
myocytes as one of four variants

Channel dimers may be dysfunctional if assembled
as a variant homo- [l or [ heterodimers.

TREK-1 channels may be activated by nitrosylation, A
glutathionylation ‘ or other post-translational

modification

COOH

Figure 1. TREK-1 concept. Pregnancy results in up-regulation of channel number and provides for activation by stretch (right-hand figures) and
arachidonic acid. The presence of channel variants (depicted as 2, 4-transmembrane units of disparate color) could result in assembly of channels
that exhibit altered function or are dysfunctional. Altered conductance may be accompanied by disparate activation characteristics. Posttranslational
alteration by nitrosylation, glutathionylation and or phosphorylation may confer sites of disparate regulation in preterm labor. Multimodal activation
by stretch, heat, depolarization, intracellular acidosis, lipids and volatile anesthetics has been reviewed“?. TREK-1 is tonically inhibited by the actin
cytoskeleton opening the possibility that pregnancy releases such inhibition through cytoskeletal reorganization. Protonation of a glutamic acid residue
within the C-terminus of TREK-1 increases the affinity of this domain for inner leaflet phospholipids and increases activity. Stimulation of Gg-coupled
extracellular receptors can inhibit TREK-1. A variety of possibilities for regulation of the TREK-1 channel in the uterine myocyte suggests that studies of

TREK-1 may reveal a therapeutic target for preterm labor.

arachidonic acid in pregnant myometrium™! also would signal
TREK-1 activation. Together, these influences may contribute
to gestational uterine quiescence.

TREK-1
Other than our description of TREK-1 channels in human
myometrium in 2005"” and the work of Bai et al in the same
year®', very little was known about these channels in the myo-
metrium until recently. Despite early claims that little TREK-1
was expressed in human!™ or that no expression could be seen
in mouse® myometrium, we have shown the importance of
these channels in human myometrium™ .. Recent studies in
mice have now also appeared™. Electrophysiological currents
can readily be measured in human uterine myocytes as well
as cells overexpressing the human protein (Figure 2). These
currents are recorded under conditions that block other potas-
sium channels and are themselves blocked by fluphenazine
underscoring their identity as TREK-1 currents. Our ability to
determine channel expression and functionally measure these
channels in freshly isolated myocytes as well as cells over-
expressing cloned channels, permits a thorough examination
of the possibility that genetic channel variants underlie cases
of preterm labor in women.

Recent in vivo studies have shown that TREK-1 has a key
role in anesthesia, neuroprotection, pain, depression[sﬂ, and

B71 " Since it is known in rat heart that

vascular regulation
TREK-1 splice variants result in two different operating modes
of the channel® and since channel dysfunction could cor-
relate with early labor, we tested the hypothesis that TREK-1
in human myometrium may also be alternatively spliced. We
are aware that other data is available, describing TREK-1 vari-
ants associated with failure to respond to antidepressants™
and a variant in rat brain that is thought to code for a channel
by alternative translation initiation that is permeable to both
Na' and K" ions®™. Such a channel, if expressed in human
myometrium, could readily depolarize the cell based on the
Na" gradient and contribute to early initiation of labor. Thus,
a careful examination of TREK-1 regulation in human myome-
trium is particularly important.

TREK-1 variant expression

Because TREK-1 gene expression is regulated by pregnancy
increasing at term and falling at the time of labor®™, it stands
to reason that TREK-1 could be important in regulating relax-
ation until labor and may or may not participate in the inter-
contractile period during labor as suggested by the continued
presence of the protein during the laboring period. If TREK-1
currents activated by the biochemistry of pregnancy (eg, pro-
gesterone dominance, arachidonic acid production) are impor-
tant in uterine quiescence, then dysfunctional channels or low-
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Figure 2. TEA-insensitive K* current in isolated uterine myocytes from gravid myometrium.

+80 mV) under 10 ymol/L arachidonic acid (AA).

(B) Whole cell current activated by 10 umol/L AA and blocked by 10 pumol/L fluphenazine.
Fluphenazine-sensitive, AA-activated whole cell currents (AA-AA+Fluphenazine) elicited by 1 s voltage ramps (reversal potential ~-

(A) Whole cell currents elicited by voltage steps (-80 to
(©
70mV for HEK 293T

(human embryonic kidney) cells over expressing human TREK-1 and isolated pregnant myocytes [pHUSMC] indicates K" current).

ered TREK-1 expression could underlie cases of spontaneous
PTL. We found a high level of variation between samples in
the extreme 5'-end of the mRNA.

We identified TREK-1 splice variants in human myometrium
(Figure 3) using PCR. We have now cloned each of these puta-
tive channels and are expressing them in HEK cells in order to
perform electrophysiological measurement of TREK-1 currents
that we have examined in isolated uterine myocytes. The vari-
ability of expression differences including samples (patients)
that express only one variant of the channel such as several of
the preterm laboring samples we have collected, suggests the
possibility that functional correlations between TREK-1 chan-
nel variants and TREK-1 variant channel function will be pos-
sible for human TREK-1. Human brain (hB) was amplified as
a positive control and expressed only one of the variants seen
(a, as expected) in one or more myometrial samples. This is
exciting because it suggests a tissue-specific regulated expres-
sion is likely in myometrium and may have functional signifi-
cance. We have tentatively named these variant transcripts
0 (Figure 3). The possibility that
each of these (B, y, 6) corresponds to an expressed channel is
being pursued.

from myometrium a, {3, y,

Whatever the final outcome of preterm labor research, there
is not a more significant human research imperative than to
understand and prevent preterm delivery. If one considers
the energy and treasure we expend on studying diseases of
the aged only to cripple our healthcare systems with expen-
sive medications and technology for the last years of life, and
contrasts this with the relative ignorance we share about the
beginning of life, it is possible to imagine we are failing. It is
well past time to make preventing premature birth a priority.
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ATP-sensitive potassium (Kup) channels are cell metabolic sensors that couple cell metabolic status to electric activity, thus regulat-

ing many cellular functions. In pancreatic beta cells, Ky channels modulate insulin secretion in response to fluctuations in plasma
glucose level, and play an important role in glucose homeostasis. Recent studies show that gain-of-function and loss-of-function muta-
tions in Kyp channel subunits cause neonatal diabetes mellitus and congenital hyperinsulinism respectively. These findings lead to sig-
nificant changes in the diagnosis and treatment for neonatal insulin secretion disorders. This review describes the physiological and
pathophysiological functions of Ky channels in glucose homeostasis, their specific roles in neonatal diabetes mellitus and congenital
hyperinsulinism, as well as future perspectives of K, channels in neonatal diseases.
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Introduction

Adenosine triphosphate (ATP)-sensitive potassium (Karp)
channels function as metabolic sensors that are capable of
coupling a cell’s metabolic status to electrical activity in order
to regulate many cellular functions. The K,rp channels are
expressed extensively in various cell types, including pan-
creatic beta cells, skeletal muscles, smooth muscles, adipose
tissue, cardiomyocytes and neurons, where they regulate cell
excitability. In pancreatic beta cells, Kyrp channels are capable
of modulating insulin secretion in response to fluctuations in
plasma glucose levels, and thus are an important regulator
of glucose homeostasis. K,rp channel mutations mediated
dysfunctions are associated with a variety of insulin secretion
disorders, including neonatal diabetes mellitus and congenital
hyperinsulinism. Fortunately, the identification of the role
of Karp channels in these diseases has led to the implementa-
tion of new and improved clinical diagnoses and treatment
practices. This review provides an overview of K,pp channels,
the role they play in the pathophysiology of neonatal diabe-
tes and congenital hyperinsulinism, and the new therapeutic
approaches developed based on our current understanding of
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these diseases. It also discusses the current issues associated
with the use of Ks7p channel modulators in treating these neo-
natal diseases.

Structure of K, channel subunits

Functional Ku7p channels are octomeric protein structures
composed of four Kir6.x subunits that form the channel pore,
surrounded by four sulfonylurea receptors (SURs) that regu-
late the channel pore activity!"! (Figure 1). The Kir6.x subunits
(either Kir6.1 or Kir6.2) belong to the superfamily of weak
inwardly rectifying, voltage independent potassium (K")
channels”. These channels generate large K* conductance at
potentials negative to the equilibrium potential of potassium
(Ex), but permit less current flow at more positive potentials.
This, in conjunction with their voltage-independence, makes
Kir channels one of the major regulators of resting membrane
potentials. Furthermore, the unique sensitivity to ATP/ADP
levels makes K,rp channels the ideal cell metabolic sensors®.
That is, Kxrp channels are able to regulate the membrane excit-
ability in response to the metabolic status of the cell, thus,
regulating many cellular functions, such as insulin secretion,
excitability and cytoprotection.

Karp channels were first discovered in cardiomyocytes!", and
their expression was subsequently confirmed in pancreatic
beta cells” ‘!, skeletal muscles” ), vascular smooth muscles',
adipose tissue'”, glial cells"", and neurons">"¥. In the major-
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ity of these tissues, the channel pore is formed by four Kir6.2
subunits™. Each Kir6.2 subunit has two transmembrane (TM)
domains (TM1 and TM2) linked by an extracellular pore-form-
ing region (H5)**. The four TM2 domains in a K,rp channel
form the channel pore and the H5 region serves as the potas-
sium selectivity filter, which contains the Kir6.2 channel sig-
nature sequence GFG (rather than GYG in the K* channel)?.
The amino and carboxyl terminals are both found cytoplasmi-
cally, and join together to form the cytoplasmic domain that
is responsible for channel gating and ATP binding™™*'®. Like
other Kir subunits, it lacks the S4 voltage sensor region that
is critical for gating in all voltage dependent calcium (Ca*™),
sodium (Na") and potassium (K*) channels. Therefore, K,rp
channels are constitutively active if other regulatory mecha-
nisms, such as SUR subunits, or ATP are absent.

The SUR regulatory subunits belong to the ATP-binding
cassette (ABC) transporter family!"”’. Each SUR subunit has
17 TM regions, grouped into three transmembrane domains
(TMDs). TMD1 (TM6-11) and TMD2 (TM12-17) are conserved
among members of the ABC family. TMDO (TM1-5) is unique
to SUR, and is essential for trafficking Kir6.2 subunits to the
membrane surface™. Similar to all other ABC transport-
ers, SUR subunits contain two nucleotide binding domains
(NBDs). Dimerization of these two NBDs creates one single
nucleotide binding site and catalytic site. Mg-dependent
hydrolysis at this site provides the power stroke necessary to
overcome the inhibitory effect of ATP on Kir6.2". Unlike tra-
ditional ABC transporters, the SUR regulatory subunits cannot
conduct a functional current"’.

Two types of SUR regulatory subunits have been identified
to date”” ™. They differ primarily in their affinity for sulfo-
nylurea, their tissue distribution and genetic source. SURI,
encoded by the ABCCS8 gene located at ch11p15.1, has higher
affinity for sulfonylurea and is mainly found in pancreatic
beta cells and most neurons. SUR2, encoded by the ABCC9
gene located at ch12p12.1, has lower affinity for sulfonylu-
reas and is expressed mainly in the heart, skeletal muscle and
some neurons™ ., SUR2 has two splice variants, SUR2A and

Acta Pharmacologica Sinica

Figure 1. Schematic of the domain structure of a
Karp channel. Four Kir6.2 subunits form the chan-
nel pore, and are surrounded by four sulfonylurea
receptors (SURs) that regulate pore activity. Each
Kir6.2 subunit has two domains (TM1 and TM2),
linked by an extracellular pore-forming region (H5).
Each SUR subunit has 17 transmembrane regions
grouped into three domains: TMDO (TM1-5), TMD1
(TM 6-11), and TMD2 (TM 12-17). Each SUR subu-
nit also has two nucleotide binding domains (NBD).

SUR2B. They differ only in the last 42 C-terminal amino acid
residues. Interestingly, the C42 of SUR2B shows high homol-
ogy to the C42 of SUR1™.. Since most K,rp channels identified
to date contain the Kir6.2 subunit, the heterogeneity observed
between different K,rp channels mainly arises from the differ-
ential expression of SUR regulatory subunits.

Biophysical properties and regulation of K,;; channels
Gating and channel kinetics

Two independent types of gates for Kurp channels have been
described™ " . The fast gating is due to the action of the
selectivity filter. This ligand-independent gate is affected
by mutations near the selectivity filter™. The slow ligand-
dependent gate describes changes in the TM2 helices induced
by ATP binding™. Mutations in TM2 near the cytoplasmic
end have been shown to affect the slow gating in multiple
Kir channels® #!, The kinetics of K,pp channels consists of
1 open state and multiple closed states®™ ??*#), The channel
only conducts current if all four Kir6.2 subunits are in the open
conformation. ATP binding to any one subunit will induce a
closed conformation in that subunit, and subsequent channel
closure. Therefore the channel has multiple closed states and
only one open state.

Trafficking of K, channels

The membrane expression of Ksrp channels follows the strict
4:4 SUR:Kir stoichiometry, which has two implications. First,
it allows only octameric channels expressed on the membrane,
thus serves as quality control mechanisms that prevent expres-
sion of partial channels. Second, it indicates a tight coupling
between the SUR and Kir subunits during the assembly and
trafficking of K,rp channels. Indeed, regulation of the mem-
brane expression of the functional channels lies in the presence
of a novel ER retention signal, RKR, which is present in both
Kir6.2 and SUR subunits®!. Appropriate interactions between
Kir6.2 and SUR subunits result in shielding of this RKR signal,
allowing the complex to exit the ER and be trafficked to the
plasma membrane. Furthermore, presence of this RKR signal



prevents the membrane expression of Kir tetramers (without
SUR), SUR monomers or partial K rp channel Complexeslzsl.
As such, SUR subunits are the major regulator of the traffick-
ing of Kir6.2 channels.

Numerous factors affect the efficiency of trafficking of Kyp
channels. Specifically, SUR regulation of Kir6.2 trafficking
is dependent on the TMDO0™ and NBD1""! domains of SUR,
such that mutations (or deletions) at these regions result in
significant decreases of membrane expression of K,rp chan-
nels. Furthermore, mutations affecting the shielding of the
RKR ER retention signal, such as L1544P on SURI1 that causes
congenital hyperinsulinism, also decrease trafficking of Karp
channels®. Lastly, glucose deprivation stimulates trafficking
of Kir6.2 subunits, possibly through an AMP kinase (AMPK)-

dependent pathway!™”.

Regulation by intracellular ATP, Mg-ADP
The primary regulators of Kurp channel activity are intracel-
lular nucleotides, ATP and ADP. ATP has two major func-

tions'?.

First, it exerts a strong inhibitory effect on Kurp chan-
nels via interaction with the cytoplasmic domain of Kir6.2
subunit® *!. Each Kir6.2 subunit has one ATP binding site,
so the functional channel can accommodate four ATPs™!. The
ATP binding pocket on each Kir6.2 subunit is formed by resi-
dues R50, 1182, K185, R201, G334'> > 3341 Muytations at any
one of these locations can reduce ATP mediated inhibitory
effect on Kir6.2, resulting in increased Karp channel activity.
For example, R201H is one of the most common mutations
that cause neonatal diabetes!*!. Decreased ATP mediated
inhibition results in channel over-activity, and the cell remains
hyperpolarized regardless of the ATP level. Other mutations
that can alter the effect of ATP also change the intrinsic open-
ing kinetics of the channels”. ATP preferentially binds to the
closed state of the channel®®. Thus mutations that alter the
gating characteristics of the channel, such as 1296 in neonatal
diabetes, reduce the effectiveness of ATP binding and lead to
channel overactivitym].

ATP, in the presence of Mg™, also exerts a weak stimulatory
effect on Krp channels via its interaction with SUR regula-
tory subunits™!. It is important to note that the principal role
of ATP is inhibition. Binding of ATP to any one of the four
Kir6.2 subunits will render the channel closed. Under normal
physiological ATP levels, the open probability of Karp chan-
nels is less than 0.1% if SUR regulatory subunits are absent™*!,

Mg-ADP serves as the principle physiological activator of
Karp channels, and allows them to operate in an ATP insensi-
tive state. Mg-ADP exerts its stimulatory function via interac-
tion with SUR regulatory subunits®. Each SUR subunit has
two nucleotide binding domains (NBDs), and dimerization of
the two NBDs generates the catalytic sites for ATP hydrolysis,
and thus dimerization is essential for successful transduc-
tion of ADP’s stimulatory effect!’-*)
dimerization reduce ADP mediated activation of K,rp chan-
nels®. Mutations throughout the SUR1 subunit have been

identified as one of the major contributors to the occurrence
[51]

. Mutations that disrupt

of congenital hyperinsulinemia hypoglycaemia™". For exam-

www.chinaphar.com
QuanY etal

ple, the point mutation G1479R"> > in the NBD2 of SUR1 or
V187DF* in the TMDO of SUR1, reduced the channel respon-
siveness to ADP. The decreased ADP-mediated channel acti-
vation leads to membrane depolarization in pancreatic beta
cells, and continuous release of insulin into the bloodstream,
even when plasma glucose levels are low, thus leading to
hyperinsulinemic hypoglycaemia.

Regulation by protein interactions
SUR subunits are essential regulatory subunits of K,rp chan-
nels. They are necessary for transducing the effect of Mg-
ADP, and are the major target site for pharmacological sub-
stances. It is unclear how SUR subunits modulate Kir activity;
however it has been proposed that the TMDO domain of SUR
anchors SUR to the outer TM1 helix and N-terminus of Kir6.2,
thus providing a direct route for information transfer between
SUR and the related Kirs™",

Karp channel activity in pancreatic beta cells and cardio-
myocytes can by suppressed by the SNARE protein syntaxin

1A via protein-protein interaction!™,

Two specific mecha-
nisms have been proposed. First, syntaxin 1A interacts with
the NBD1 of SUR subunits via its C-terminal H3 domain to
decrease the activity of existing plasma membrane K,rp chan-
nels when ATP levels are lowered™ .. This effect is subject
to ATP regulation, such that ATP dose-dependently inhibits
syntaxin 1A binding to SUR1 subunits at physiological con-

centrations'®".

Second, it causes downregulation of K,rp chan-
nel expression, either by accelerating endocytosis of existing
surface channels, or by decreasing the biogenesis of K,rp chan-
nels in the early secretory pathway®”. Syntaxin 1A binding to
SURT1 subunit is able to counter the stimulatory effects exerted
by potassium channel openers (KCOs) such as diazoxide,
NNC55-0462, P1075 and cromakalim!® %!, The physiological
role of K,rp channel regulation by syntaxin 1A is presently
unclear. However, through modulating K,rp channel activity,
syntaxin 1A may play an important role in regulating insulin
secretion and in pathologies related to glucose homeostasis.

Other mechanisms of regulation
Another modulator of K,rp channel activity is phosphati-
dylinositol 4,5-bisphosphate (PIP2). Two possible mechanisms

(2l First, it sustains Karp

may account for its activating effects
channel activity by stabilizing the open state, thus decreas-
ing ATP sensitivity and its ability to close the channel. Fur-
thermore, the binding site for PIP2 is also on the cytoplasmic
domain of Kir6.2 (R54, R176, 177, R206) and is situated very
close to the ATP binding site!™ . Thus PIP, binding to the
channel subunit may allosterically reduce ATP affinity for the
channel. Other modulators of K, channel activity include
protein kinase A (PKA) in smooth muscle cells®® ®! and

™1 Protein kinase C

cytoskeletal actin in the cardiac atrium
(PKC) activates the cardiac and pancreatic Krp channels by
phosphorylating T180 at the pore-forming subunit Kir6.2"",
In the hypothalamus, PKC phosphorylation activates the
neuronal Kir6.2/SUR1 K,rp channels to inhibit hepatic glu-

cose production”. On the other hand, PKC phosphorylation
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stimulates internalization of Kurp channels in cardiomyocytes
and CA1 hippocampal neurons, thus functionally decreases
Kp channel activitym]. Lastly, PKC-mediated activation and
upregulation of K,rp channels also play an important role in

ischemic preconditioning”*”*.

Pharmacology

Sulfonylureas

Sulfonylureas reduce K,rp channel activity by binding to SUR
subunits. They include acetohexamide, tolbutamide, glipzide,
glibenclamide and glimepiride. In pancreatic beta cells, the
decreased K" efflux induced by sulfonylureas leads to mem-
brane depolarization and activation of voltage-gated calcium
channels (VGCCs), thus allowing Ca®* influx and insulin
release. As such, sulfonylureas have been used to treat diabe-
tes and related diseases. Sulfonylureas therapy is one of the
most established treatments for type 2 diabetes, as it is very
effective and cost-efficient in achieving the targeted glycemic
goals”
major side effects include hypoglycaemia and weight gain.

. Its major advantage is its rapid effectiveness, and its

With the discovery of the role of Kir6.2 mutations in causing
neonatal diabetes mellitus, sulfonylureas have also become the
main drug used to treat this disease. Patients achieve better
glycemic control with sulfonylureas compared to insulin injec-
tions, and many of the side effects observed in type 2 diabet-
ics (eg, hypoglycaemia) are not seen in patients with neonatal
diabetes™.

Modulation of sulfonylureas

The effect of sulfonylureas is altered by the presence of cyto-
plasmic nucleotides such as Mg-ADP. It has been shown that
in the cell-attached configuration, sulfonylureas can com-
pletely block Kyrp channels®”. In excised membrane patches
however, the blockage is only 50%-70%. This difference is
attributed to the presence of Mg-ADP, which can strongly acti-
vate Kurp channels via its interaction with SUR1 and weakly
inhibit Karp channel activity through the ATP binding site
on Kir6.2. The strong stimulatory effect of Mg-ADP, but not
the weak inhibitory effect, is counteracted by sulfonylureas.
Therefore, the presence of Mg-ADP appears to enhance sulfo-
nylureas’ inhibitory effects®" 8,

Binding sites for tolbutamide and glibenclamide have been
described. Both drugs share the high affinity binding site
51237 located in cytoplasmic loop 8 between TM15 and TM16
of SURP>*®1. The other, low affinity binding site for tolbut-
26481 - Another binding site for glib-
enclamide is located in cytoplasmic loop 3 between TM5 and
TM6[82, 83]'

amide is located on Kir6.

Potassium channel openers

The other class of drugs are K channel openers (KCOs) and
these include cromakalim, pinacidil, nicorandil, diazoxide and
minoxidil sulphate. Like their name suggests, these drugs
bind to SUR regulatory subunits to stimulate K,rp channel
activity™. In pancreatic beta cells, diazoxide binds to SURL
subunits to increase K,rp channel activity, promoting K" efflux
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and cell hyperpolarization. This reduces the amount of insu-
lin released. As such, this drug is currently one of the major
drugs used to treat congenital hyperinsulinism® *,

Different K,rp channels respond differently to these KCOs
due to expression of different SUR regulatory subunits.
Pancreatic beta cell Ksrp channels are composed of Kir6.2
and SURI subunits, and are readily activated by diazoxide,
weakly activated by pinacidil, and unaffected by nicorandil

%l In contrast, cardiac K,p channels, which

or cromakalim!
are composed of Kir6.2 and SUR2A subunits, are activated
by pinacidil, nicorandil and cromakalim, but not affected by
diazoxide® ™, Interestingly, Ksrp channels in smooth muscles
respond to all of these drugs”. The observed differences in
KCO sensitivity is due to differences in SUR subunits. SUR1
shows high sensitivity to diazoxide, and SUR2A shows high
sensitivity to pinacidil, nicorandil and cromakalim. The
binding site for cromakalim, pinacidil and nicorandil resides
within the second TM domain of SUR. The nucleotides L1249
and T1253 in SUR2A, and T1286 and M1290 in SUR2B are nec-
essary and sufficient for KCO binding™**l.

underscore the importance of SUR subunits in determining the

These differences
function of K,p channels.

Physiological role of K, channels in glucose homeo-
stasis
Karp channels across several different tissues contribute to
glucose homeostasis. In pancreatic beta cells, Ksrp channels
consisting of Kir6.2 and SUR1 subunits® promote insulin
secretion and thus cause a reduction in blood glucose concen-
tration!™ (Figure 2). In their open state, Kyrp channels permit
an efflux of K" ions to maintain the cell’s polarized membrane
potential. Following the metabolism of glucose, however, it is
believed that the ATP that is produced causes K, channels to
close and thus no longer contribute to the polarization of the
cell. The cell is now more depolarized and this triggers the
influx of calcium via VGCCs and consequently the release of
insulin-containing granules'*!.

Katp channels also play a role in regulating the release of
glucagon. Insulin and zinc ions activate K,rp channels on
pancreatic alpha cells to hyperpolarize them and thus inhibit

1971

their ability to release glucagon Alternatively, glucose can

B8 How-

act to inhibit K,rp channels in pancreatic alpha cells
ever, unlike in beta cells where the inhibition of K, channels
is excitatory, the inhibition of Karp channels in alpha cells is
inhibitory and therefore inhibits the release of glucagon!™ .,
This is because in alpha cells, the resting membrane potential
is much closer to the threshold potential for action potential
firing than in beta cells. Therefore, the depolarization result-
ing from K,rp channel closure is sufficient to maintain VGSCs
in a state where they are unable to reconfigure - thus inducing
a depolarization block. In this way, the inactivation of Krp
channels is excitatory in beta cells, but inhibitory in alpha cells.

Karp channels may regulate glucose concentration by medi-
ating glucagon release at the level of the hypothalamus. Kir6.2
subunits are required for the increased spontaneous discharge

rate of neurons in the ventromedial hypothalamus (VMH)
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Figure 2. The role of Kspchannels in insulin release from pancreatic B-cells. When glucose enters the cell it is metabolized to yield ATP. (A) During nor-
mal function, the Ky channel is inactivated, causing membrane depolarization and insulin release. (B) Loss of function mutations in Kir6.2 or SUR1
result in constant membrane depolarization leading to the excess insulin release characteristic of congenital hyperinsulinemia. (C) Gain of function
mutations in Kir6.2 or SUR1 promotes the open state of the channel to cause membrane hyperpolarization and the lack of insulin release characteristic

of neonatal diabetes.

following an increase in the concentration of extracellular
glucose!™. This increase in VMH activity is likely a reflec-
tion of increased firing of glucose-responsive neurons (GRNs)
within the VMHP® % In addition, neurons within the VMH
have been implicated in an autonomic pathway involving
the release of adrenaline and terminating with the release of
glucagon from pancreatic alpha cells® ™ VMH K,p chan-
nels are composed of Kir6.2 and SUR1 subunits, just like in
pancreatic beta cells"”. Therefore, the ability for the body to
regulate blood glucose levels by releasing both insulin and
glucagon likely depends on these specific Kyrp channels in
pancreatic beta cells and VMH cells, respectively. Kurp chan-
nels in the hypothalamus may modulate the production of
glucose!'™. The infusion of the K* channel opener diazoxide
into the hypothalamus inhibits gluconeogenesis in the liver,
and a global knockout of SUR1 prevents the inhibition of glu-
coneogenesis by insulin®!. Insulin acts on K, channels via
the phosphatidylinositol 3-kinase (PI3K)/phosphatidylinositol
3,4,5-triphosphate (PIP;) pathway in the arcuate nucleus of
the hypothalamus to inhibit the release of glucose from the
liver"™.  Pro-opiomelanocortin-expressing neurons originat-
ing from this nucleus are sensitive to K,rp channel activation
and partial activation of these neurons results in impaired glu-
cose tolerance!'®!.

Finally, Ksrp channels may regulate glucose concentration
by mediating the uptake of glucose into skeletal muscles.

The knockout of Kir6.2 subunits is associated with increased
absorption of glucose into skeletal muscle (both basally and
in response to insulin)!'*, as well as an increased sensitivity
of blood glucose concentration to insulin!"™. Similar effects
are evident following the knockout of the SUR2 regulatory
domain. Therefore, this K,rp channel likely acts to inhibit glu-
cose uptake in its open state and promote glucose uptake in
its closed statel"” '™l Although the mechanism of such action
is unknown, evidence suggests that this uptake of glucose is
independent of the insulin receptor substrate-1/PI3K signal-
ling pathway that underlies the sensitivity of skeletal muscles
to insulin!'®""". Tt is also believed to be independent of the
insulin-independent cAMP-activated protein kinase depen-
dent pathway!"* " Taken together, K,rp channels, acting
through different mechanisms and from within various tis-
sues, contribute to the regulation of blood glucose levels, and
regulate glucose homeostasis under both physiological and
pathological conditions.

Pathophysiological role of K, channels in glucose
homeostasis

Mutations in Kyp channel subunits and neonatal diabetes
mellitus

Neonatal diabetes mellitus (NDM) is defined as the occur-
rence of insulin-requiring monogenic diabetes in the first six
months of lifel* ™™ Tt is a rare disease with incidence in the

769
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range of 1/200000 live births">™¥. Tt can be transient, which
is characterized by spontaneous remission within the first few
months of life, or permanent, in which continuous treatment is
required from the time of diagnosis. Transient neonatal diabe-
tes mellitus (TNDM) is a result of chromosome abnormalities
in the 6q24 locus®™. The PLAGL1/ZAC gene, a zinc finger
protein that regulates apoptosis and cell cycle arrest and the
HYMALI gene are believed to be involved in TNDM, although

80, 119, 120] In

the mechanism of action is poorly understood!
contrast, permanent neonatal diabetes mellitus (PNDM)
most commonly results from activating mutations in the
genes encoding Kir6.2 (KCNJ11) and its regulatory subunit
SUR1 (ABCC8)"!. Mutations in other genes, including insu-
1in"*7*! insulin promoter factor”"*), glucokinase""*! and
FOXP3" ™! have also been reported to cause PNDM. Under-
standing the genetic basis of NDM in general has greatly
facilitated the correct diagnosis and treatment of this disease.
The following sections will focus on the role of K,rp channel
subunits in PNDM, and the current therapeutic approaches®™".

Extensive clinical and molecular studies have firmly estab-
lished the role of K,rp channel subunits, specifically, Kir6.2 and
SUR1 in neonatal diabetes. Overexpression of mutant Kir6.2
subunits with reduced ATP sensitivity causes mice to develop
severe neonatal diabetes*?. More importantly, a polymor-
phism in Kir6.2 (E23K) is consistently linked with adult diabe-
tes mellitus™***. The role of Kir6.2 in PNDM was confirmed
in 2004, when Gloyn et al reported that activating dominantly
inherited mutations in KCNJ11 were found in 10 out of 29
patients with NDM™, These patients did not secrete insulin
in response to glucose or glucagon, but did secrete insulin
in response to tolbutamide, which is a Kxrp channel blocker
used to treat type 2 diabetes. Six heterozygous mutations of
Kir6.2 were identified, among which the mutations R201H and
V59M were most common. When the R201H mutant was co-
expressed with SUR1 in Xenopus oocytes, the resulting mutant
channels showed 40x decreased sensitivity to ATP inactivation
compared to the wild type channels*.

Recent studies have identified more than 40 mutations in
Kir6.2 and a similar number in SUR1 that lead to PNDM™,
All Kir6.2 mutations are heterozygous (dominantly inherited),
but SUR1 mutations are more heterogeneous, with homozy-
gous, heterozygous and compound heterozygous mutations
being described® 1. About 80% of KCNJ11 mutations and
50% of ABCCS mutations arise de novo™", however, there were
two reports of germline mosaicism where two siblings with
PNDM were born to unaffected parents”!. Interestingly,
Kir6.2"*% and SUR1!"***l mutations have also been found
in TNDM patients, who do not have mutations at the 6q24
locus.

All mutations reported to date are missense mutations,
with the exception of one in-frame KCNJ11 nucleotide dele-
tion™”!, The functional consequence of Kir6.2 and SUR1
mutations is reduced metabolic sensing capacity of the Karp
channel. All mutations on Kir6.2 decrease the channel’s sen-
sitivity to ATPR 341681 oither directly by interfering with ATP

binding® * 1% 117 or indirectly by decreasing the intrinsic
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14170 Mutations that affect

ATP binding directly are clustered near the binding site, and

open probability of the channe

these include the common R201H mutation, and also R50,
1182, Y330, and F333[> >,
by which Kir6.2 mutations increase channel function lies in

The second, indirect mechanism

the fact that ATP sensitivity is decreased when the channel is
in the open state. Thus mutations that drive the channel to
the open state, such as I196H located at the channel pore, can
decrease the ability of ATP to close the channel™. Mutations
in SUR1 function mainly increase the Mg-nucleotide mediated
activation of the channel or change the intrinsic gating proper-
ties of the channel®?. Overall, these mutations result in the
gain of function of Karp channels so that they are persistently
open, leading to beta cell hyperpolarization even in the pres-
ence of elevated plasma glucose levels. Hyperpolarization
prevents the secretion of insulin, thus resulting in the diabetic
phenotype.

Mutations in K, channel subunits and DEND syndrome

About 20% of patients with PNDM exhibit developmental
delay, epilepsy, muscle weakness in addition to neonatal
diabetes (DEND syndrome)"”". Patients with a milder form,
termed intermediate DEND (iDEND), do not have epilepsy.
There are fifteen Kir6.2 mutations and two SUR1 muta-
tions that may cause DEND and iDEND"**l. In particular,
the V59M mutation in Kir6.2 is the most common cause of
iDEND!* 14216172 The genetic basis of DEND suggests that
mutation of this channel is responsible for all of the observed
symptoms, and this notion is strengthened by the fact that
Karp channel subunits are expressed in the affected tissues,
namely the brain, muscle and pancreas.

The diabetic phenotype is the result of Karp channel over-
activity in pancreatic beta cells, the same as that observed
in PNDM. The muscle dysfunction is neural in origin!’?.
Several lines of evidence illustrate this. Muscle weakness is
observed in one patient with a SUR1 mutation, despite the lack

1731 Also, muscle weak-

of SUR1 expression in skeletal muscles
ness and ataxic gait in a patient with a Kir6.2 mutation was
improved by treatment with gliclazide, which interacts only
with SUR1!,

study by Clark et al, in which hemizygous mice that selectively

More definitive evidence comes from a recent

express the V59M Kir6.2 mutation in muscle or neurons were
examined!"’?. Behaviourally, transgenic mice with the neu-
ronal V59M Kir6.2 mutation display the same motor impair-
ments as seen in human DEND. Electrophysiological studies
show that V59M-carrying Purkinje neurons (output of cerebel-
lum that regulates motor movement) were hyperpolarized and
displayed suppressed electrical firing. This was reversed with
the application of tolbutamide, suggesting that neuronal K,rp
channels containing V59M Kir6.2 were overactive mutants. In
contrast, muscle-specific V59M mutation failed to alter muscle
membrane properties, and mice with muscular V59M Kir6.2
mutation behave like their wild type counterparts. The differ-
ential effects of Kir6.2 V59M mutation on neurons and muscles
may be due to the divergence in the identity of SUR regulatory
subunits. Neurons, like pancreatic beta-cells, mostly contain



www.chinaphar.com
QuanY etal

®

771

Karp channels made up of Kir6.2 and SUR1 subunits, whereas
muscle K,rp channels are composed of Kir6.2 and SUR2A sub-
units. In fact, it has been shown that the Kir6.2 V59M muta-
tion specifically enhances the flow of current through Kyrp
channels composed of Kir6.2/SUR1 subunits, but has no effect
on Kir6.2/SUR2A K,rp channels. Thus, the V59M mutation
selectively targets the pancreas and neurons while sparing the
muscle.

The last two symptoms of DEND, namely developmental
delay and epilepsy, are neuronal in origin, but their exact
causes are unknown. It has been proposed that epilepsy may
result from decreased activity of inhibitory interneurons in the
hippocampus, as there’s a greater density of Kurp channels in
the inhibitory neurons compared to the excitatory ones!"" ',
The cause of developmental delay is unclear, but it may result
directly from overactivity of Krp channels, or may be second-
ary to the symptom of diabetes. Motor and cognitive devel-
opment requires dynamic changes in neuronal networks and
balanced excitatory and inhibitory inputs within the network.
Overactivity of Karp channels hinders the occurrence of excit-
atory synaptic connections, and thus may inhibit neuronal
activity and development. On the other hand, developmen-
tal delay may be the result of diabetes-induced neuropathy.
Therefore, further research is warranted to elucidate this mat-
ter.

Therapeutics of neonatal diabetes

Neonatal diabetes was originally thought to be an early onset
form of type 1 diabetes and was therefore treated with insu-
lin injections™. However, after the discovery of the muta-
tions of K,rp channel subunits, more than 90% of patients
were switched to treatments with sulfonylureas (0.05-1.5
mg-kg’-d")"”?.. Most patients exhibited significant improve-
1161 Specifically, blood glu-

cose levels were generally reduced, as indicated by HbA1C
[175-179]

ment in their clinical situations
levels There were also less fluctuation in plasma
glucose levels, and hypoglycaemic episodes were less com-

mon[m].

In addition, patients with iDEND also see improve-
ment in extrapancreatic symptoms, such as reduced epileptic
events, improved cognition and improved muscle tone and

[173, 180-183]

balance Unfortunately, patients suffering from the

severe DEND syndrome are less responsive to sulfonylurea

tl184-186]

treatmen . Side effects are minimal; a few patients have

reported transient diarrhoea and tooth discoloration!” "1,
Sulfonylureas work by interacting with SUR subunits to
induce channel closure. This allows for the depolarization
of the cell membrane and increased excitability. In pancre-
atic beta cells, cell depolarization allows for the activation of
voltage-gated calcium channels, stimulating an influx of Ca®
into the cytoplasm and subsequent release of insulin into the
bloodstream. This is able to mitigate the diabetic symptoms.
Interestingly, there was better insulin response to oral glucose
intake than to intravenous glucose in NDM patients treated
with sulphonylureas>"®). The presence of food in the gut
lumen stimulates the secretion of hormones and signalling
molecules such as GLP-1, GIP and ACh, which can amplify the

insulin response and it appears that their proper action may

require K,rp channel closure™,

How sulphonylureas affect
the secretion of such hormones is unclear at this moment. It
has been proposed that secretion of these hormones requires
Ca’ influx, which in patients with PNDM is only possible
after sulfonylurea treatment™),

The improvement of neurological symptoms of DEND and
iDEND is most likely due to the action of sulfonylureas on
neuronal K,rp channels. Although there is enhanced cogni-
tion, improved muscle tone and abolition of seizures, devel-
opment does not return to normal with sulfonylurea treat-

ment!'”?,

This could be the result of insufficient sulfonylurea
potency or the irreversibility of neuronal damage caused by
Karp channel overactivity.

A point of concern is that glibenclamides and glyburides,
which interact with both SUR1 and SUR2A, are currently used
to treat DEND and iDEND. The discovery of the neuronal
origin of muscle impairment in DEND and iDEND suggests
that more specific drugs, that only target SUR1, could be used
in order to avoid unnecessary side effects, especially in the
myocardium which also express SUR2A subunits’?. Indeed,
it has been reported that gliclazide, which only interacts with
SURI, can alleviate the motor symptoms”*l,

Another minor drawback with sulfonylurea therapy is
that its effectiveness decreases as the time between diagno-
sis and transfer to sulfonylurea therapy increases, although
it is relatively successful when used at the early stage of the
disease®” "

of beta cells and thus the insulin secreting machinery down-
10731

. Prolonged hypoinsulinemia may result in a loss
stream of K,rp channels may not be functiona In mouse
models of neonatal diabetes, prolonged lack of insulin leads to
a progressive decrease in beta cell mass and a loss of normal
islet architecture is observed™”. In such cases, even though
sulfonylurea may enhance K,rp channel closure, it cannot
relieve the hyperglycemia. Thus, it is beneficial to start sul-
fonylurea treatment as early as possible if neonatal diabetes
is diagnosed. However, sulfonylurea treatment is only effec-
tive for those with mutations in K, channel subunits, which
only account for half of all NDM patients. For patients with
mutations in other genes such as insulin and glucokinase, it
may not be beneficial. Therefore, it may be advantageous for
all diabetic patients to undergo genetic testing in the first six
months of life in order to obtain a definitive diagnosis, and
permit the earliest possible commencement of treatment®”.

Kare channels and congenital hyperinsulinism

Congenital hyperinsulinism (CHI) is characterized by continu-
ous and unregulated insulin secretion despite low plasma
(511911921 The incidence of CHI is 1/30000 to
1/50000 live births per year, however in some isolated areas

glucose levels

where inbreeding is common, the disease incidence may reach
1/2500""], This disease cannot be detected in utero, and babies
with CHI have no gross characteristic differences from normal
babies. The first clinical signs are vague, and include cyano-
sis, respiratory distress, sweating, hypothermia, poor feeding
and hunger. It is important that the correct diagnosis is made
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promptly, as delayed treatment will result in permanent brain
damage and mental retardation due to insufficient energy sup-
ply for brain metabolism!™".,

There are two distinct forms of CHI, categorized based on
their histological differences. Focal CHI is characterized by
the presence of a small endocrine lesion in the pancreas. In the
lesion area, the islets are normally structured, but hyperplas-
tic; outside of the legion, the islets are normal™"*l. Complete
resection of the lesion can cure the patient. On the other hand,
in patients with diffuse CHI, the islets of Langerhans show
large beta cells with abnormally large nuclei, which is indica-
tive of hyperactivity. Treatment for diffuse CHI patients usu-

(%l which often leads to

151]

ally involves partial pancreatectomy
pancreatic insufficiency and iatrogenic diabetes mellitus

Mutations in K,rp channel subunits are the most common
cause of CHI®'. The SUR1 gene ABCC8 and Kir6.2 gene
KCNJ11 are located at ch11p15. Mutations at this genetic
locus are linked to both diffuse and focal CHI'. Diffuse CHI
predominantly arises from autosomal recessive mutations of
Karp channel subunits, although dominant ones have been
reported® . Focal CHI results from loss of heterozygosity
at this locus"*?™. In the normal part of the pancreas, the cells
inherit a mutated SUR1 gene from the father and a normal
SUR1 gene from the mother. These cells have a normal phe-
notype, due to expression of the normal maternal SUR1 gene.
In the focal lesion, the cells have lost the normal maternal
chromosome during fetal life and contain two copies of the
mutated SUR1 genes inherited from the father. They have also
lost the maternally imprinted tumor suppressor genes P57"72,
although they still express the paternally derived insulin-like
growth factor II gene. This combination enables the growth
of the focal lesion. About 40%-65% of patients with CHI have
focal CHI®!.

Mutations of K,rp channels responsible for CHI are mostly
found in SUR subunits, and a few in Kir6.2 subunits®™ %%,
Indeed, over 150 mutations have been identified in the SUR1
subunit and these account for 50% of all CHI cases™*. These
loss-of-function mutations have been grouped into two
classes™®. In class I, there is a total loss of Krp channels in the

plasma membrane, resulting in no K, current

. This type
of mutation accounts for 10% of all diffuse CHI patients and
55% of focal CHI patients. The most common cause is defects
in trafficking"®. For example, the mutation R1437Q(23)X in
exon35 of ABCCS causes truncation of the C-terminus of SUR1,
which contains the signal sequence necessary for exiting the
ERP" . Thus, the channel protein is retained in the ER and
cannot be expressed in the membrane. In class II mutations,
Karp channels are present in the membrane (although less than
normal) but show reduced sensitivity to Mg-nucleotide activa-
tion or reduced intrinsic channel open probability®" **. These
mutations account for more than 60% of diffuse CHI cases
and 45% of focal CHI cases. For example, point mutations
such as G1479R in NBD2 of SUR1"? or V187D in the TMDO
of SUR1? lead to reduced responsiveness to ADP activation
in the expressed channels. Overall, these mutations result
in a loss-of-function of K,tp channels in the pancreatic beta
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cells, leading to constitutive exocytosis of insulin-containing
secretory vesicles. In addition to Karp channel related muta-
tions, CHI also arises from autosomal dominant mutations in
genes involved in glucose metabolism, including mutations
in glutamate dehydrogenase (GDH)?**'¢! (217, 218]
and short-chain L-3-hydroxyacyl-CoA dehydrogenase
(SCHAD)[1067219].

, glucokinase

Therapeutics of congenital hyperinsulinism
Understanding the molecular mechanisms that underlie CHI
provides the basis for establishing effective treatment proto-
cols. Of the utmost importance is the correct diagnosis of the
type of CHI. Following the identification of K,rp channels in
the pathology of CHI, the K* channel opener, diazoxide, has
become a diagnostic tool and a treatment method™® ¥, When
CHI is suspected, the first step in diagnosis is to determine
the diazoxide responsiveness. The diazoxide-responsive CHI
patients can be managed with diazoxide treatment with regu-
lar monitoring. Non-responsive patients are given a genetic
test of the ABCC8 and KCNJ11 genes to determine whether it
is a case of focal or diffuse CHI. For the diffuse CHI patients,
treatment involves a high calorie diet, somatostatin (Oct-
reotide) therapy and a near-total pancreatectomy. Regular fol-
low-up is required to monitor growth, development, as well as
the occurrence of diabetes mellitus later in life. For focal CHI
patients, a complete resection of the focal lesion is commonly
used and can cure patients® *1,

The mainstream drug used in CHI treatment, diazoxide (10-
20 mg'kg'l-d'l), is a Ka1p channel opener and binds to SUR1

subunits to promote K, channel opening®'l.

This prevents
the depolarization of pancreatic beta cells and insulin secre-
tion. Diazoxide is easily administered orally and provides sig-
nificant relief for CHI caused by mutations in GDH, glucoki-
nase and SCHAD. However, it is not effective for type I Kurp-
related CHI, in which a lack of K,1p channels has been found.
Therefore, diazoxide has no targets to exert its effects. More
potent diazoxide analogues such as HEI713, BPDZ73, BPDZ44,
and BPDZ154 have been synthesized”'. Although effective in
stimulating Karp channel opening in vitro, their clinical poten-
tial has not yet been determined.

Diazoxide also poses serious side effects. It causes sodium/
water retention that can lead to complications such as conges-
tive heart defects, poor cardiac reserve, hyperuricemia and
hypotension in patients with heart problems. Moreover, diaz-
oxide can decrease immune function and long term use has
been linked with hyperosmolar nonketotic coma®™.

Other drugs used for CHI treatment include L-type Ca*"
channel antagonists (nifedipine, verapamil), glucagon, soma-
tostatin and corticosteroids®. VGCC antagonists prevent Ca**
influx and may decrease insulin secretion. They have been
shown to be therapeutically beneficial in some®**], but not
all CHI patients™". Glucagon is used because it stimulates
glycogenolysis and gluconeogenesis, but it is disfavoured
because it also acts as an insulin secretagogue, thus promot-
ing insulin hypersecretion. Long-term use of somatostatin is
widely accepted, as it potently inhibits insulin release via acti-
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vation of hyperpolarizing K channels and it independently
inhibits VGCCs. Short term use of steroids helps to maintain
adequate blood glucose levels®.

Perspectives/future directions

Neonatal diabetes mellitus

The identification of the role of K,rp channels in neonatal dia-
betes has revolutionized the treatment for this disease. With
the groundbreaking report in 2004 by Gloyn et al that identi-
fied mutations in Kir6.2 subunits as one of the major causes
of neonatal diabetes*], more than 90% of patients have been
switched to treatment with sulfonylureas, which induce Kyp
channel closure. Sulfonylureas provide better glucose con-
trol than previous treatment methods, and to date, the side
effects reported (eg, tooth discoloration) have been minimal.
Hypoglycemic episodes, which is the major side effect associ-
ated with sulfonylurea treatment in type 2 diabetes, are not
observed in patients with neonatal diabetes. However, long-
term monitoring is needed to determine whether the other
side effects previously reported with sulfonylurea use, such
as liver dysfunction, skin allergic reactions, pancytopenia,
hyponatremia or cardiovascular abnormalities will appear in
patients with NDM. One possible way to minimize potential
side effect is to develop derivatives of sulfonylureas specific to
pancreatic cells, thus minimizing the unwanted effect on other
tissues.

DEND and iDEND

For patients with DEND or iDEND, sulfonylurea treatment
not only provides better glucose control, but also alleviates
some of the extrapancreatic symptoms. As such, sulfonylurea
therapy reduces occurrences of epileptic events, and improves
muscle and cognitive functions””. However, sulfonylureas
do not improve developmental delay. The main difficulty
is that the cause of developmental delay is unclear. It could
arise from prolonged over-activity of neuronal K,rp channels,
or could be secondary to sustained high glucose levels prior to
treatment. It is unclear how well sulfonylureas cross the blood
brain barrier, thus the potency and efficacy of these drugs
on neurons is unknown. It has been suggested that higher
potency drugs may better improve the neural symptoms.

Another interesting point is that there are no cardiac symp-
toms observed in DEND or iDEND, even though Kurp chan-
nels are widely expressed in cardiomyocytes. Pancreatic beta
cells and neurons express Kir6.2 and SUR1 subunits while
skeletal muscle and cardiomyocytes express SUR2A and Kir6.2
subunits. The study by Clark et al (2010) demonstrating the
neural origin of motor symptoms suggest that skeletal muscle
Karp channels, which are composed of SUR2A and Kir6.2 sub-
units, are not affected, thus, it is not surprising that DEND or
iDEND patients have no cardiac symptoms!'’.

This differential response between K,rp channels to the same
genetic mutation has several implications. For one, it indi-
cates that more specific sulfonylureas — ones that selectively
target SUR1 — should be preferred over those that bind to
both SUR2A and SUR1 when treating DEND/iDEND. Next,

it underlines the importance of neuronal Ku7p channels in
DEND and iDEND. This area is relatively unexplored at this
moment. Understanding the effect of these mutations on neu-
ronal networks would provide a better idea about the molecu-
lar basis of the observed symptoms, and allow development
of better therapeutic approaches. Lastly, it highlights the
importance of SUR subunit regulation in K,rp channel activ-
ity. Mutations implicated in DEND and iDEND are mostly
found in the Kir6.2 subunit, and these subunits are expressed
in most tissues. The expression of SUR subunits, however, is
tissue-specific and thus SUR subunits have a better capability
of regulating mutant channels.

Congenital hyperinsulinism

Identification of the role of K,rp channels has improved the
diagnostic and treatment process for many patients suffering
with congenital hyperinsulinism (CHI). Since congenital CHI
usually results from the loss of K,rp function, Kyrp channel
openers such as diazoxide are used to counteract the deficit
in K rp function. In cases where K,pp channels are not traf-
ficked to membrane, diazoxide treatment may be ineffective.
Nonetheless, diazoxide is useful in two ways. One, it serves
as a diagnostic tool for determining the specific type of CHI.
Patients in which diazoxide treatment is effective likely do not
have mutations in K,rp channel subunits and thus diazoxide
can be administered as the key drug for these patients. Since
diazoxide is not very effective for CHI patients with Kup
channel mutations, alternative approaches for treating these
patients may be to examine novel regulators of Kxrp channels.
One such molecule is syntaxin 1A, which inhibits K, chan-
nels'®l. Therefore, decreases in syntaxin 1A levels can increase
Karp channel activity. In contrast to diazoxide which only
increases the activity of existing Karp channels, syntaxin 1A
has been shown to regulate the membrane expression of wild-
type Karp channels. Thus, it would be worthwhile to examine
whether syntaxin 1A can provide additional regulation and
therefore be effective for treating congenital hyperinsulinism.

Conclusion

Understanding the genetic basis of neonatal diabetes and
congenital hyperinsulinism has significantly improved the
diagnosis and treatment of patients with these diseases. The
current use of K,rp channel modulators by these patients has
greatly alleviated their symptoms and improved their quality
of life. However, assessment of the long-term effects of these
treatment methods is warranted and better optimization of the
treatment protocol is needed in order to deliver the best pos-
sible care to patients.
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Human ether-a-go-go related gene (hERG) potassium (K*) channels play a critical role in cardiac action potential repolarization. Muta-
tions that reduce hERG conductance or surface expression may cause congenital long QT syndrome (LQTS). Moreover, the channels
can be inhibited by structurally diverse small molecules, resulting in an acquired form of LQTS. Consequently, small molecules that
increase the hERG current may be of value for treatment of LQTS. So far, nine hERG activators have been reported. The aim of this
review is to discuss recent advances concerning the identification and action mechanism of hERG activators.
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Discovery and structure of hERG
In 1994, Warmke and Ganetzky first identified the human
ether-a-go-go related gene (hERG) K channel by screening a
human hippocampal cDNA library with a mouse homologue
of “ether-a-go-go” (EAG), a Drosophila K* channel gene!'l.
Subsequently, Sanguinetti and colleagues reported similari-
ties between the biophysical properties of the heterologously
expressed hERG channel and the rapidly activating delayed
rectifier K" current (I,), a critical current in the phase 3 repo-
larization of the cardiac action potential, and confirmed that
hERG encodes the a subunit of I,*?¥. While hERG is pre-
dominately expressed in the heart, it is also found in diverse
tissues including neurons, neuroendocrine glands and smooth
muscle®.

hERG (Kv11.1) was the 11th member of the voltage-gated
K* channel family (Kv). Like other Kv channels, hERG is
an obligate homotetramer, with each subunit containing six
transmembrane domains (S1-5S6): S1-S4 compose the voltage
sensor domain, while the S5, P-loop, and S6 segments form
the channel pore (Figure 1). However, hERG has several fea-
tures that distinguish it from other Kv family members. First,
a conserved tyrosine found in the GYG motif of other Kv
channel pores is replaced by a phenylalanine!. This aromatic
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E-mail zb.gao@mail.shcne.ac.cn
Received 2011-04-01 Accepted 2011-04-25

S5-P linker

N-terminus .
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Figure 1. The basic structure of hERG channels. S1-S4 is the voltage
sensor domain. S5, the P-loop, and S6 compose the pore of the channel;
the termini of the protein are both intracellular.

residue, along with others lining the hERG pore, has been pro-
posed as a determinant of promiscuous small-molecule inter-
action. Second, hERG’s protein sequence lacks the proline-
X-proline (PXP) motif that often flanks the S6 helices of other
Kv channels. It is generally believed that the PXP domain
“kinks” this helix to reduce the volume of the pore cavity, and
its absence in hERG has been suggested to play a role in pro-
miscuous drug interactions as well. Finally, the hERG channel
has a large “S5-P linker” domain between the S5 and P-loop
segments that assumes an amphipathic helical arrangement in
membrane mimetic sodium dodecyl sulfate (SDS) micelles and
is believed to affect channel inactivation®.
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The intracellular termini of the hERG channel are also
important for function. The N-terminus contains a Per-Arnt-
Sim (PAS) domain (about 135 amino acids), which, despite
being a common motif in signaling proteins found in bacteria
and plants, appears in no other mammalian ion channels. In
hERG, the PAS domain modulates the deactivation of the
channel following membrane depolarization. The C-terminus
of the channel contains a cyclic nucleotide binding domain
(CNBD), which has been linked to mutations affecting traffick-
ing”.

Gating of hERG K* channels

Although the overall structure of hERG is homologous to that
of other potassium channels, its kinetic behavior is quite dis-
tinct and is characterized by comparatively slow activation
and deactivation kinetics (on the order of hundreds of ms to s)
but very rapid, voltage-dependent inactivation kinetics (on the
order of ms to tens of ms)®® . The unusual kinetics of hERG
are compatible with its function in cardiac repolarization. In
the ascending phase of the action potential, as a result of slow
activation and simultaneous fast inactivation, little outward
current flows through hERG during depolarization. As the
membrane repolarizes, hERG channels recover from inactiva-
tion much faster than they deactivate, thereby generating an
outward current that peaks at about -40 mV. This outward
current through hERG is the key determinant for termination
of the plateau phase of the action potential® (Figure 2). Due to
the importance and uniqueness of hERG gating kinetics, much
of the recent work on hERG has focused on understanding the
molecular rearrangements of the channel protein during the
cardiac action potential.

Slow activation

As noted above, the voltage sensor of the hERG channel is the
S1-54 segment, in which the S4 helix is particularly important.

Inactivation

Activation

50 ms

C—0—I
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Like other Kv channels, the hERG 5S4 has four periodically
spaced arginine residues whose positive charges, which are
repelled by changes in membrane potential, are thought to
drive structural rearrangement of the protein during depo-
larization via the S4-S5 linker”. Sequence alignments and
hydropathy plots suggest that the overall structure of this volt-
age sensor domain (VSD) is homologous to that of other K*
channels. Why then are the kinetics of activation so different
in hERG? To answer this question, Smith and Yellen (2002)
attached a fluorescent molecule to the extracellular domain of
5S4 and examined the movement of this helix by fluorescence
resonance energy transfer (FRET). They found that the fluo-
rescence signal changed very slowly in response to membrane
depolarization, suggesting that slow voltage sensor movement
is responsible for the unusual activation gating kinetics of the
channel®®. However, there still is no mechanistic explanation
for the slow movement of the hERG S4 helix, though Subbiah
and colleagues have identified residues K525, R528, and K538
as molecular determinants of this behavior using tryptophan

scanning mutagenesis'”.

Fast voltage-dependent inactivation

Two major mechanisms have been proposed for the inacti-
vation of voltage-gated potassium channels™. The first is
N-type (also called “ball and chain” type), which involves
rapid occlusion of the open channel by an intracellular seg-
ment of the protein. The second is C-type, which involves a
slower change in channel conformation at the extracellular
mouth. There is evidence that inactivation of hERG is similar
to C-type and shows voltage-dependency, even though hERG
inactivation is several orders of magnitude faster than C-type
inactivation in Shaker K channels®™ >, Some studies have
shown that this fast inactivation limits K" efflux during depo-
larization, allowing hERG to function as an inward rectifier of

potassium concentration™,

Figure 2. Gating of hERG channels. (A) The three
main conformational states of hERG K™ channels:
closed (C), open (0), and inactive (l). Transitions
between these states are voltage dependent.
The transition from closed to open involves the
opening of an intracellular gate, whereas transi-
tion from open to inactive involves the closing of
a gate at the extracellular face of the permeation
pathway. (B) Representative traces showing
characteristic kinetics: slow activation and deac-
tivation, coupled with rapid inactivation. (C) hERG
currents recorded during cardiac ventricular action
potential. (B&C adapted from Vandenberg, JI, et
al. Eur Biophys J 2004; 32: 89-97).
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The S5-P-loop region is critical for inactivation of hERG.
Many mutations in this region, most critically at S620 and
S621, will inhibit inactivation!™ ‘. S620T abolishes the inactiva-
tion of hERG, while S620A left-shifts the voltage-dependent
inactivation approximately +100 mV. Besides S620 and S621,
other residues such as W585, L586, H587, L589, G590, D591,
1593, and G594 have also been reported as molecular deter-
minants of hERG channel inactivation. Furthermore, Jiang
et al reported that dynamic conformational changes in the
S5-P linker occur during channel gating, suggesting that this
domain’s mobility is critically important for hERG kinetics!"”.

It is currently still unclear why inactivation of hERG is
much faster than C-type inactivation in other Kv channels.
One explanation is that the previously mentioned tyrosine to
phenylalanine substitution in the GYG pore motif may explain
this isoform specific kinetics. This hypothesis comes from
two experimental results: that mutation of the selectivity filter
tyrosine to a phenylalanine (Y445F) in Shaker channels results
in a channel with accelerated C-type inactivation and that
members of the inward rectifier K* channel family, Kir6.x, con-
tain a GFG selectivity filter and also undergo a rapid gating

process that is analogous to C-type inactivation!.

hERG and LQTS
hERG and congenital long QT syndrome
So far, at least 13 genes have been associated with con-
genital LQTS™, including KCNQ1(LQT1), hERG(LQT2),
SCN5A(LQT3), ANK2(LQT4), KCNE1(LQT5), KCNE2(LQTS),
KCNJ2(LQT7), CACNA1C(LQT8), CAV3(LQTY),
SCN4B(LQT10), AKAP9(LQT11), SNTA1(LQT12), and GIRK
(LQT13)™ ™. Among these, hERG was the first reported and
is the most prevalent. To date, nearly 300 different hERG
mutations linked to LQT2 have been identified. Such muta-
tions may cause loss of hERG function by one of four main
effects: reduced or defective synthesis; defective trafficking
from the endoplasmic reticulum (ER) to the plasma membrane
(resulting in decreased surface expression); defective gating;
or defective ion permeation®.

hERG trafficking rapidly became a focus of interest for two
reasons: (1) most hERG mutations cause trafficking defects,
and (2) these trafficking defective mutants can be restored by
high-affinity hERG channel-blocking drugs, which then give
rise to a functional Iy, current™ . Inhibitors of hERG act as
molecular chaperones to rescue transport defective mutants!"®l,
However, the molecular mechanism by which these small
molecules function as hERG chaperones is still largely unclear,
with only a single report in 2005 linking E-4031 rescue of the
N470D mutant to interactions with calnexin”. However,
the mechanism of rescue by hERG blockers is likely hetero-
geneous, as evidenced by the fact that molecules such as
E-4031, astemizole, and cisapride are able to restore traffick-
ing of mutants N470D and G601S but not mutations in the
C-terminal such as R752W, F805C, and R823W!"”. Based on
this evidence, Elizabeth S Kaufman suggests that, although
restoration of intracellular processing and transport is theo-
retically an attractive therapeutic strategy, most LQTS patients

are heterozygous, and thus pharmacologic interventions that
enhance the production and function of the healthy wild-type
gene product may be more feasible"®l,

hERG and acquired long QT syndrome

Unlike congenital LQTS, which may result from defects
in numerous genes, almost all cases of pharmacologically
induced LQTS (acquired long QT syndrome: aLQTS) have
been linked to chemical blockade of the hERG channel. There
is a recent paper reporting that single-nucleotide polymor-
phisms in other proteins that interact with hERG may be
inhibited by small molecules, and thus also cause a LQTS".
Indeed, it is thought that hERG is a promiscuous target that
binds structurally diverse small molecules.

Until now, aLQTS has resulted in many drugs being
removed from the market or terminated during clinical
development. Examples include several non-cardiac drugs
that have been withdrawn or given strict limitation for use,
including terfenadine, lidoflazine, astemizole, sertindole,
levomethadyl, droperidol, cisapride and grepafloxacin (Table
1)“9]. Thus, potential blockade of cardiac Iy, becomes a neces-
sary pre-clinical assessment for candidate drugs. Structural
determinants for this chemical blockade include a tyrosine at
position 652 and a phenylalanine at 656°. Alanine scanning
mutagenesis has demonstrated that these two residues dictate
the high-affinity binding of many drugs that inhibit hERG.
However, the docking mode of different drugs is not the same,
and computational modeling suggests that many drugs may
utilize diverse binding conformations, coordinating multiple
residues both within and between the subunits of the chan-
nel. Thus, the complex interactions between drugs and hERG
complicate in silico predictions of the hERG inhibition by novel
therapeutic compounds.

hERG activators

As mentioned above, hERG mutations cause congenital
LQTS and a wide variety of drugs of different classes and
structures bind to hERG, leading to aLQTS. However, hERG
defects have also been linked to other diseases such as stress-
mediated arrhythmias, diabetes and myocardial ischemia
induced arrhythmias™. Physiologically potentiating hERG
would accelerate action potential repolarization and shorten
the duration of the action potential. hERG channel activa-
tors can enhance channel function by accelerating myocardial
repolarization, an effect that has been demonstrated by animal
experiments, and they are considered potential therapeutics
for LQTS. Indeed, hERG activators may become a novel class
of antiarrhythmics, as reports have suggested that such com-
pounds can reduce electrical heterogeneity in the myocardium
and thereby the possibility of re-entry™ *l. However, due to
the limitations of existing high throughput screening methods
and difficulties in assaying the channel on a large scale, few
activators have been reported. Most of the existing activators
originated from combinatorial chemistry libraries, includ-
ing RPR260243*, PD-118057"!, PD-307243", NS1643"",
NS3623%, A-935142%, ICA-105574"", and KB130015°". Addi-
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Table 1. Summary of nine non-cardiac drugs withdrawn for hERG toxicity.
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tionally, a natural product, mallotoxin, has also been shown
to activate hERGP.
vidual compounds.

Below, we review the literature on indi-

RPR260243

RPR260243 [(3R,4R)-4-[3-(6-methoxy-quinolin-4-yl)-3-oxo-
propyl]-1-[3-(2,3,5-trifluoro-phenyl)-prop-2-yn-1-yl]-piperi-
dine-3-carboxylic acid] was the first reported hERG channel
activator. RPR260243 dramatically slows current deactivation
in patch-clamp experiments, and its effect is temperature and
voltage dependent. Though it is a weak inhibitor of the L-type
Ca?" channel, RPR260243 has no significant effects on the
human cardiac Na* channel or the KCNQ1/KCNE1 cardiac
K" channel, which are also linked with LQTS, thus showing
high selectivity for hRERG®. Interestingly, RPR260243 inhibits
the erg3 channel, which is in the same family as hERG, and a
single S5 residue may account for this difference in pharma-
cology (Thr556 in hERG, 11e558 in rERG3). A Thr in this posi-
tion favors agonist activity, whereas an Ile reveals a secondary
blocking effect of RPR260243*. Additionally, RPR260243
enhances the delayed rectifier current in guinea pig myocytes
and can, to some extent, reverse dofetilide-induced prolonga-
tion of action potential. Physiologically, it has been reported
that RPR260243 can increase the T-wave amplitude, prolong
the PR interval and shorten the QT interval in guinea pig
hearts?™.

PD-118057

PD-118057 [2-(4-[2-(3,4-dichloro-phenyl)-ethyl]-phenylamino)-
benzoic acid] was first reported by Zhou and colleagues™!. Tt
primarily enhances the peak amplitude of the hERG tail cur-
rent in a dose-dependent manner. PD-118057 shows no major
effect on Iy, Ic, Ik, or Iy, and it shortens the action potential
duration and QT interval in arterially perfused rabbit ven-

Acta Pharmacologica Sinica

tricular wedge preparations and prevents QT prolongation
by dofetilide. Mechanistically, Zhou et al reported that the
compound did not affect the voltage dependence or kinetics
of gating, nor did its activity require the open conformation
of the channel. Later results by Sanguinetti and colleagues
suggest that PD-118057 activates the hERG channel mainly by
attenuating inactivation™. They also found that 10 pmol/L
PD-118057 shifted the half-point of hERG channel inactiva-
tion by +19 mV, increased peak outward current amplitude by
136%, and enhanced K* conductance.

PD-307243

PD-307243 [2-[2-(3,4-dichloro-phenyl)-2,3-dihydro-1H-
isoindolin-5-ylamino]-nicotinic acid] significantly enhances
hERG currents by slowing channel deactivation and inactiva-
tion. At potentials from -120 to -40 mV, PD-307243 induces
instantaneous hERG current with little decay. When the
membrane potential is higher than -40 mV, PD-307243 induces
an I,,-like upstroke of hERG current. This I,,-like current may
result from slowed channel inactivation and deactivation,
and this effect can be only observed once the channel is in
the open state, which may also explain the compound’s use
dependence. Additionally, hERG reversal potential was not
altered in the presence of 3 pmol/L PD-307243, suggesting
that the compound does not affect the selectivity filter of the
channel™!.

NS1643

Casis and colleagues (2006) reported that NS1643 [1,3-bis-
(2-hydroxy-5-trifluoromethyl-phenyl)-urea] activates hERG
channels expressed in Xenopous oocytes in a concentration-
and voltage-dependent manner”. At a depolarization volt-
age of -10 mV, the compound’s EC;, value is 10.4 pmol/L.
While NS1643 strongly affects channel inactivation by right
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shifting the voltage-inactivation curve by +21 mV at 10 pmol/
L and +35 mV at 30 pmol/L, it has no effect on the activation
of the channel. In the absence of inactivation, NS1643 does
not enhance outward current magnitude®”’. However, Xu et al
(2008) reported that NS1643 can also left-shift the voltage-de-
B4 In guinea pig cardiac myocytes,

10 pmol/L NS1643 can activate I, and significantly shorten
[27]

pendent activation curve
the action potential duration

NS3623

NS3623 [N-(4-bromo-2-(1H-tetrazol-5-yl)phenyl)-N’-(3-tri-
fluoromethyl-phenyl)urea], originally identified as a chloride
channel blocker™, activates hERG channels expressed in Xerno-
pous oocytes, with an ECs, value of 79.4 pmol/LP*. NS3623
mainly affects the voltage dependence of channel inactivation
by right-shifting the half point of inactivation by +17.7 mV.
NS3623 also slows channel inactivation. Similar to results
found using NS1643, inactivation defective mutants S620T and
S631A are not sensitive to NS3623, supporting the conclusion
that these two compounds have similar mechanisms of action
on hERG™!,

A-935142

A-935142 [{4-[4-(5-trifluoromethyl-1H-pyrazol-3-yl)-phenyl]-
cyclohexyl}-acetic acid)] was reported in 2009 as a hERG
channel activator that enhances the amplitude of step and tail
current in a concentration- and voltage-dependent manner.
Current-voltage curves in the presence of 60 pmol/L A-935142
suggest that the compound enhances both the outward and
the inward K" currents. Unlike previously reported activators,
A-935142 simultaneously affects channel activation, deactiva-
tion and inactivation. Specifically, 60 pmol/L of A-935142
significantly accelerates the activation time constant of hERG
channels from 164+24 ms to 10017 ms and left-shifts the
voltage-dependence of activation. A-935142 also reduces the
rate of inactivation, right-shifts the voltage-dependence of
inactivation, and slows hERG channel deactivation at voltage
potentials from -120 to -70 mV®,

ICA-105574

Gerlach and colleagues recently described a compound, ICA-
105574 [3-nitro-N-(4-phenoxyphenyl) benzamide], that acti-
vates hERG channels, mainly by affecting channel inactiva-
tion, with a magnitude much larger than that of previously
reported activators. Two micromolar ICA-105574 shifts the
mid-point of the voltage-dependent inactivation by >180 mV
from -86 mV to +96 mV. Consistent with this observation, 2
pmol/L ICA-105574 potentiates outward current amplitude
ten fold, with an ECs; of 0.5£0.1 pmol/L. In addition to effects
on channel inactivation, high concentrations of the compound
(3 ymol/L) can also left-shift the voltage dependence of chan-
nel activation by -11 mV and slow channel deactivation 2-fold.
Finally, ICA-105574 induces a concentration-dependent
shortening of action potential duration (>70% at 3 pmol/L) in
isolated guinea pig ventricular cardiac myocytes. This effect
can be prevented by hERG inhibitor E-4031, supporting the

conclusion that ICA-105574 increases hERG channel function
through direct action on the protein®™.

KB130015

KB130015 [(2-methyl-3-(3,5-diiodo-4-carboxymethoxybenzyl)
benzofuran)] is a derivative of amiodarone, a potent hERG
blocker®. Because of the similarity, Gessner et al assumed
KB130015 inhibited hERGP". Unexpectedly, they found that,
while KB130015 does inhibit native and recombinant hERG at
high voltages, it can activate both forms of the channel at low
voltages. KB130015 accelerates activation by 4-fold and left
-shifts the voltage-dependent activation curve by -16 mV, with
an EC;, value of 12 pmol/L. Based on its similarity to amio-
darone, KB130015 presumably binds to the hERG pore from
the cytosolic side and functionally competes with blockade by

amiodarone and other canonical inhibitors at this site®".

Mallotoxin

Mallotoxin (MTX) [1-(6-(3-acetyl-2,4,6-trihydroxy-5-methyl-
benzyl)-7-hydroxy-2,2-dimethyl-2H-chromen-8-yl)-3-phenyl-
prop-2-en-1-one], an extract of the tree Mallotus phillippinen-
sis, is the only natural product reported to activate hERG. It
was previously shown to inhibit protein kinase C (PKC), Ca>"/
calmodulin-dependent protein kinase II and III, and elonga-
tion factor-2 kinase. Zeng et al (2006) discovered that MTX can
enhance both step and tail hERG current, with ECs, values of
0.34 and 0.52 pmol/L, respectively®™. The potency of MTX is
at least ten fold higher than previously reported hERG acti-
vators, including PD-118057, NS1643, and RPR260243. Fur-
thermore, the mechanism by which MTX potentiates hERG is
unique in comparison to these synthetic molecules. It mainly
affects channel activation (left-shifting the activation curve by
+24 mV at 2.5 pmol/L MTX) and deactivation without modu-
lating inactivation. Using pre-recorded cardiac action poten-
tials, 2.5 pumol/L MTX increases the total number of potassium
ions passed through hERG channels by ~5-fold™”.

Binding site of small-molecule hERG activators
Understanding the binding site of agonists is helpful for
investigating channel conformation and gating, particularly
for rational drug design. However, the exact molecular deter-
minants of hERG activator function remain unresolved, with
most of the knowledge about possible binding sites derived
from mutagenesis experiments.

Sangunetii et al found that two groups of residues have dif-
ferent effects on RPR260243* ¥, One group, including L553,
F557 (S5), and N658, V659 (S6), affects the inactivation and
deactivation effect of RPR260243 on the hERG channel, while
mutations in the other group of residues, including V549, L550
(S4-S5 linker), and 1662, L666, Y667 (intracellular S6 segment),
only hinder the transition to the closed state of the channel. In
another study by Sangunetii et al about possible binding sites
of PD-118057"%, they focused on the S5-P-56 domain. Through
alanine scanning mutagenesis of this region, four mutants
(F619A, L622C, 1639A, and L646A) were identified that display
the lowest agonist activity in all tested mutants. Molecular

Acta Pharmacologica Sinica



www.nature.com/aps
Zhou PZ et al

®

786

simulations suggested that PD-118057 interacted with F619 in
the pore domain of one subunit and L646 (S6) of an adjacent
subunit, which together form a hydrophobic binding pocket,
reducing channel inactivation and increasing channel open
possibility.

Limited binding site information about PD-307243 and
NS1643 was reported by Xu and Tseng in 2008"*. Because
both compounds act on the extracellular side of the chan-
nel and significantly slow channel inactivation, the authors
speculated that these compounds may act on the pore domain.
Perturbation of the conformation of the outer vestibule/exter-
nal pore entrance (by cysteine substitution at high-impact
positions or cysteine side chain modification at intermediate-
impact positions) prevented the activation effect of N51643
but not that of PD-307243, suggesting that N51643 may bind
to this domain. Further pharmacological experiments showed
that the effects of PD-307243 could be abolished by TPeA" and
dofetilide (both hERG inhibitors that block the pore), which
supports the conclusion that PD-307243 may be a “pore-modi-
fier” (Table 2)P.

Outlook and challenges

LQTS is responsible for many sudden deaths before age 20.
Current treatments for LQTS include beta-adrenergic receptor
blockers, left cardiac sympathetic denervation or, in the worst

24381 However,

cases, implantation of cardiac defibrillators
pharmacologic treatment is not always effective, and both sur-
gery and implanted devices are expensive and require inva-
sive procedures™ *1. Acute episodes of drug-induced LQTS
are treated with magnesium sulfate administration and dis-
continued use of the suspect medication. Activation of hERG
could provide an alternative and more specific treatment
for acquired or congenital LQTS. In addition, hERG activa-
tors may become a novel class of antiarrhythmics because, as
mentioned above, they can reduce electrical heterogeneity in
the myocardium and, thereby, the possibility of re-entry™ *!l,
However, this idea has yet to be confirmed clinically. A recent
report in PubChem described a co-drug screen aiming to pro-
tect against the development of aLQTS by a high-throughput
method (AID: 1680). Compounds that exhibit such activity
would be expected to include neutral antagonists that bind to
the same site as hERG blockers but do not favor the “blocked
conformation” of the pore. Alternatively, these compounds
may be hERG agonists that competitively bind to the same site
as hERG inhibitors or compounds that prevent the access of a
hERG inhibitor to its cognate binding site at the intracellular
aspect of the pore region. Although it remains to be verified
whether these compounds would be effective, this strategy
does provide a new idea for the treatment of aLQTS.

The structural and mechanistic heterogeneity of the cur-
rently reported hERG activators suggests that hRERG channels
may have different agonist binding sites, a phenomenon that
has been observed in voltage-gated KCNQ channel activa-
tors. However, so far, studies on the binding site by hERG
agonists are still descriptive, mostly relying on inference from
mutagenesis data for RPR260243 and PD118057. However,
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activation of hERG by small molecules may be a double-edged
sword from a clinical perspective because excessive potentia-
tion may chemically induce short QT syndrome’. Moreover,
there are no reports from animal models or human clinical
data about drug-induced short QT syndrome, indicating that
the safety of hERG agonists remains to be tested.
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The epithelial sodium channel (ENaC) is a heteromeric channel composed of three similar but distinct subunits, , B and y. This chan-
nel is an end-effector in the rennin-angiotensin-aldosterone system and resides in the apical plasma membrane of the renal cortical
collecting ducts, where reabsorption of Na* through ENaC is the final renal adjustment step for Na* balance. Because of its regulation
and function, the ENaC plays a critical role in modulating the homeostasis of Na“and thus chronic blood pressure. The development
of most forms of hypertension requires an increase in Na* and water retention. The role of ENaC in developing high blood pressure is
exemplified in the gain-of-function mutations in ENaC that cause Liddle’s syndrome, a severe but rare form of inheritable hypertension.
The evidence obtained from studies using animal models and in human patients indicates that improper Na* retention by the kidney

elevates blood pressure and induces salt-sensitive hypertension.
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Introduction

Several studies have classified humans who are suffering
from hypertension as salt-sensitive or salt-resistant based
upon blood pressure (BP) responses to differences in sodium
balance™ ?. The increment in BP that is driven by a salt load
is characteristic of salt-sensitive hypertension, a condition
affecting more than two thirds of individuals with essential
hypertension who are older than 60 years®. Salt-sensitive
hypertension may exacerbate mortality rates and worsen the
manifestations of target organ damage™?. The discovery of
mutations in the B- and y-subunits of epithelial sodium chan-
nel (ENaC) to understand Liddle’s syndrome!*?, a severe form
of low-renin hypertension”, was followed by a search for
common genetic variants in ENaC subunits. Several variants
were identified”.. Interestingly, these variants were almost
universally more common in black individuals, which corre-
late nicely with higher prevalence of low-renin, salt-sensitive
hypertension in black individuals. The questions and issues
addressed in the current review are whether ENaC that resides
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Received 2011-03-16 Accepted 2011-04-25

in the renal distal nephron plays a role in the development of
hypertension, particularly in salt-sensitive hypertension, how
ENaC variants segregate with high BP, and whether high-salt
intake induces oxidative stress and whether oxidative stress
could activate ENaC, resulting in over reabsorption of Na".
We also briefly discuss the role of ENaC expressed in vascular
endothelia and the central nervous system in the development
of hypertension.

The topology and physiology of ENaC

Since 1994, when ENaC was initially cloned from the rat
colon®, the biophysical properties and molecular structure of
ENaC have been extensively studied. ENaC consists of at least
three subunits including a, B, and y, each of which possesses
two transmembrane domains, a large extracellular loop, a
cytoplasmic C-terminal domain and a N-terminal domain. All
three subunits are required to form a functional a-, -, y-ENaC
channel complex (Figure 1)*".. ENaC belongs to a member
of the ENaC/Deg superfamily of ion channels that are respon-
sible for sodium transport. The channel is typically located at
the apical membrane of epithelial tissues throughout the body,
including the colon, the sweat glands, the salivary duct, the
airway, and the cortical collecting duct (CCD) of the kidney,
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Figure 1. The topology of ENaC. ENaC consists of at least three subunits
including o, B, and y subunits, each of which possesses two trans-
membrane domains, a large extracellular loop, a cytoplasmic C-terminal
domain and an N-terminal domain.

and this channel regulates sodium transport in tissues*.

Recent studies have shown that ENaC subunits are also pres-
ent in the endothelial cells of the artery and may function as a
vascular mechanosensor™ >/,

ENaC a, 3, and y subunits share approximately 30% homol-
ogy at the amino acid level, and each subunit corresponds
to a molecular mass of 70-85 kDa. The three ENaC subunits
are inserted into the plasma membrane with a proposed stoi-
chiometry of 2:1:1% or 3:3:3" . The a-subunit is critical to
the formation of the ion permeating pore, whereas the § and
y subunits are required for the maximal channel activity and
may play regulatory role. While a-ENaC is knocked out in
mice, the mice would die within 40 h of birth because failure
of pulmonary fluid clearance. This result clearly demonstrates
the pivotal role of a-ENaC in forming a functional Na" chan-
nel complex in vivo™'. Moreover, decreased a-ENaC expres-
sion in mice causes a respiratory distress syndrome, whereas
the f and y have only a modest effect on pulmonary fluid
clearance™. The a-, -, y-ENaC channel complex is highly
selective for Na* and mediates Na" entry through the apical
membrane of distal renal epithelial cells with a slope single-
channel conductance of approximately 5 pS. ENaC accounts
for a small proportion of distal renal sodium reabsorption
(<5%). However, there appears to be no further downstream
sodium transport system beyond CCD, which places ENaC
in a very critical position for the regulation (or homeostasis)
of the extracellular fluid volume, electrolyte balance and long
term BP”.. The factors such as high-salt intake that affect
ENaC activity and the ENaC expression level at the apical
membrane of CCD may constitute the critical role of ENaC in
Na" over reabsorption and water retention.

The experiments assessed in animal models reveal the
role of ENaC in developing salt-sensitive hypertension

The strains of rats were bred by Dr Lewis K Dahl for sensi-
tivity or resistance to the hypertensive effect of a high-salt
diet in the 1960s and were named Dahl salt-sensitive (DS)
or Dahl salt-resistance (DR)* *!. When DS rats were placed
on a high-salt (8% NaCl) diet at 21-23 d of age, they rapidly
developed hypertension. All of the DS rats died by the 16th
week of salt feeding. With similarly treated DR rats, the BP
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remained in the normotensive range, and 80% of animals sur-
vived to the 48th week on a high-salt diet™. Since then the
kidney has been the focus of considerable attention in DS and
DR rats because of the results obtained from the renal cross-
transplantation assays, which involve the transplantation of a
kidney from a DS rat into a DR rat that had the original kid-
neys removed, the results suggest that the DR rats develop a
higher BP than DR rats with transplanted DR kidneys or DR
rats with a unilateral nephrectomy. Conversely, a DR kidney
that was transplanted into a DS rat ameliorated the increase in
the BP that was seen in DR rats with transplanted DS kidneys
or DS rats with a unilateral nephrectomy®~*
revealed that the plasma renin and aldosterone concentrations

. Later studies

were normal or lower in DS rats compared with that in con-

trol rats?® !,

Aoi et al investigated the mechanisms by which
quercetin, a plant extract, exerted an anti-hypertensive effect,
and they found that quercetin diminished the aENaC mRNA
expression in the kidney, which was associated with the reduc-
tion of the systolic BP that was elevated by a high-salt diet in
DS rats. These results suggest a role for ENaC in salt-sensitive
hypertension®!. The same group attempted to determine
whether a high-salt diet in DR rats stimulated the expression
level of ENaC. These investigators divided the DS and DR
rats into several salt diet groups as follows: DS and DR rats
that were fed with a low-sodium diet (0.005% NaCl), a normal-
sodium diet (0.3% NaCl), or a high-sodium diet (8% NaCl).
Four weeks after the high-salt diet in DS rats, an increase
in the systolic BP was observed. However, the BP was not
altered in any of the other groups. Subsequently, these inves-
tigators examined the expression level of a-ENaC mRNA and
serum and glucocorticoid-regulated kinase 1 (SGK1) mRNA.
They found that the expression level of a-, B-, y-ENaC, and
the SGK1 mRNAs was significantly enhanced by the high-
sodium diet in DS rats. Interestingly, the expression of SGK1
mRNA was down-regulated in DR rats that were fed a high
sodium diet. These observations suggest that the expression
of ENaC and SGK1 mRNAs is abnormally regulated by the
dietary sodium in salt-sensitively hypertensive rats and that
this abnormal expression may be a factor that causes salt-
sensitive hypertension™. Convincing evidence indicates that
the aldosterone activated mineralocorticoid receptor increases
SGK1 gene transcription in the CCD, and consequently, SGK1
strongly stimulates the activity and expression of the ENaC
and renal Na*/H" exchanger (NHE)***!. High-salt intake
may up-regulate both ENaC and SGK1 in DS rats. However,
functional studies that examine ENaC activity are required to
evaluate the role of ENaC and SGK1 in salt-sensitive hyper-
tension in DS rats and the mechanisms by which the high-salt
intake regulates ENaC and SGKI.

Fenton and co-authors found that none of the ENaC sub-
units was increased in abundance in the inner medullas of DS
rats compared with that of DR rats™. In fact, the a-subunit
was strongly down regulated, which may be a consequence
of the marked increase in 11B-HSD2 expression in the cells
of the inner medulla. Consistent with this view, the protein
abundance of a-ENaC was markedly elevated following the



carbenoxolone-induced inhibition of the 11p-HSD2 activity.
These investigators also examined whether the ENaC subunits
may be upregulated by a high-salt diet in DS rats. How-
ever, Husted and co-workers showed that the ENaC activity
is doubled in the IMCD cells of DS rats versus in that of DR
rats” *l. The reasons for this variability in ENaC activity
and/or expression level in DS versus DR rats are poorly under-
stood at the present time. Shehata and co-workers examined
the complete coding sequences of three ENaC subunits and
showed that there were no genetic differences within the 5
and 3’ flanking regions in DS vs DR rats*. The alternative
splicing of a-ENaC may regulate a-ENaC by formation of cod-
ing RNA species (a-ENaC-a and -b) and non-coding RNA spe-
cies (a-ENaC-c and -d). The a-ENaC-a and -b mRNA levels
are significantly higher in DR versus DS rats. After 4 weeks
of the high-salt intake, the level of a-ENaC-b was dramati-
cally elevated compared to that in DR rats fed a normal-salt
diet. These results suggest that a-ENaC-b is a salt-sensitive
transcript. Furthermore, among the four a-ENaC transcripts
(-a, -b, -¢, and -d), a-ENaC-b is a predominant transcript that
exceeds a-ENaC-wt abundance by approximately 32 fold.
a-ENaC-b may potentially act as a dominant negative protein
for ENaC activity and rescue DR rats from developing salt-
sensitive hypertension on a high-salt diet*’).

The molecular variations in ENaC and the risk for
developing hypertension in humans

The search for common genetic variants in ENaC subunits
that affect the susceptibility in less rare forms of hyperten-
sion took place soon after the discovery of mutations in a-, -,
and y-ENaC that cause Liddle’s syndrome (Table 1). The first
variant that was associated with hypertension was T594M in
the C-terminus of B-ENaC in black individuals. This variant
was found in approximately 8% of hypertensive individuals,
whereas the variant was detected in only approximately 2% of
normotensive individuals™. In another study, seven variants
in B-ENaC, including G589S, T594M, R597H, R624C, E632G
(last exon), G442V, and V434M (exon 8) were identified and

almost found in black individuals™”

. The functional proper-
ties of the variants were evaluated in Xenopus oocytes express-
ing these mutants. Interestingly, small but not significant
differences were detected between the variants and wild-type
ENaC. The clinical evaluation of the family bearing the G589S
variant, which provided the highest relative ENaC activity,
did not show any cosegregation between the mutation and
hypertension!*’}
in the Na" current that was observed in Xenopus oocytes that

. However, the lack of a significant increase

overexpressed these variants cannot completely rule out
any functional impact of the ENaC mutants in developing

hypertension!’.

One possibility to explain why the associa-
tion studies of ENaC variants are often inconclusive is that
many factors influence the ENaC activity. Therefore, a variant
that affects ENaC function in vitro may not necessarily cause
Na' retention, unless at the same time, the regulatory factors
do not adjust accordingly. The variants identified in the -

and y-subunits of ENaC were almost exclusively identified
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in individuals of African origin. However, the physiological
significance of the (- and y-subunit polymorphisms may par-
tially explain the high incidence of salt-sensitive hypertension
in African Americans. Among the black hypertensive popula-
tion, approximately 75% is salt-sensitive, characterized by a
BP increase after dietary salt intake.

To determine whether SCNN1B or SCNN1G, which encode
 and y subunits, respectively, were present in a patient who
was clinically suspected to have Liddle’s syndrome with no
familial history of hypertension, Wang and coworkers identi-
fied a mutation causing Liddle’s syndrome. They demon-
strated that a frameshift mutation of the y subunit resulted
in a new termination site at the 585 codon of the y subunit
and the deletion of its PY motif. Moreover, the parents of the
patient, the other 50 randomly selected hypertensive patients,
and 50 controls did not have the mutation that causes Liddle’s
syndrome. These results suggest that this frameshift mutation
is a de novo mutation and not a common genetic variant™’.

Several a-ENaC variants at the residues 334, 618 and 663
are possibly associated with the abnormal Na" handling by
the kidney and the salt-sensitive hypertension that is preva-

[51-54]

lent in black populations Several groups have studied

whether these variants segregate with BP, and the outcomes

are Controversiallsl’ 53].

Ambrosius and coworkers reported
that the allele of T663A was twice as common in whites and
that T663A was associated with being normotensive in black
and white populations®™. The expression of T663A did not

alter the basal Na* current®

. Kleyman’s group used Xeno-
pus oocytes expressing a mouse/human chimera (m(1-678)/
h(650-669)/T663A), which was generated by the replacement
of the distal C terminus of the mouse a-subunit with the dis-
tal C terminus of the human a-subunit, and determined that
the human aT663py ENaC has increased activity in Xenopus
oocytes when compared with human aT663ABy ENaC. The
increase in the channel activity in human aT663By reflected
an increase in surface expression™. Stockand’s group has
reported that the polymorphic C618F and A663T ENaCs had
greater activity compared with the wild-type channels in the
excised patches with activity of channels increased 3.8- and

Bl This increase in the channel activ-

2.6-fold, respectively
ity is associated with an increase in the surface expression of
the polymorphisms. The results obtained by these studies
are consistent with the C618F and A663T polymorphisms
leading to an elevated ENaC activity with the possibility that
these polymorphisms facilitate the altered Na" handling by
the kidney™ . Iwai et al reported that a polymorphism in
the promoter region of the a-ENaC gene G2139A is associated
with BP status and that the G2139 allele significantly increased

the risk of hypertension in the general Japanese population!™.

Does oxidative stress induced by high-salt intake
activate ENaC?

ENaC activity depends upon the number of channels in the
apical membrane, the permeation properties, and the open
probability of the channel (P,).
the salt-sensitive hypertension of Liddle’s syndrome, in which

One of the best examples is
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Table 1. Genetic variants of ENaC and risk for hypertension.

Mutant gene

Genetic . . . . . ) Risk for
L Genetic variant location Genetic variant frequency function/ENaC ) Ref
variation ! hypertension
activity
G589S Exon 12 of B-ENaC 1/475 W hypertension 1 NS [49]
8/347 hypertension, 2/175 normotension NS OR=2.4 [106]
i12-17CT Intron 12 of B-ENaC 16/347 hypertension, 2/175 normotension - OR=4.6 [106]
T594M Exon 12 of B-ENaC 3/50 B hypertension NS NS [49]
17/206 hypertension, 3/142 normotension - OR=4.17 [48]
7/126 B hypertension, 7/105 B normotension; NS NS [107]
0/192 W hypertension
R597H Exon 12 of B-ENaC 1/475 W hypertension NS NS [49]
R624C Exon 12 of B-ENaC 1/50 B hypertension NS NS [49]
E632G Exon 12 of B-ENaC 1/475 W hyptertension NS NS [49]
G442V Exon 8 of B-ENaC 1/475 W hyptertension, 18/50 B hypertension NS NS [49]
0.002 W, 0.083 B normotension NS NS [51]
V434M Exon 8 of B-ENaC 1/475 W hyptertension NS NS [49]
V546l Exon 13 of y-ENaC 8/347 hypertension, 1/175 normotension NS OR=2.4 [106]
T387C Exon 3 of y-ENaC Similar frequencies in hypertension and normotension, - NS [108]
similar frequencies in Band W
T474C Exon 3 of y-ENaC Similar frequencies in hypertension and normotension, - NS [108]
similar frequencies in Band W
C549C Exon 3 of y-ENaC Similar frequencies in hypertension and normotension, - NS [108]
similar frequencies in Band W
C1990G Last Exon of y-ENaC Similar frequencies in hypertension and normotension, - NS [108]
similar frequencies in Band W
594insP Rare mutant located outside One case of mild hypertension NS - [108]
the PY motif of y-ENaC
R631H Rare mutant located 39 to Two severe cases of severe hypertension NS - [108]
the PY motif of y-ENaC
A334T Exon 6 of a-ENaC 0.031 W, 0.442 B normotension - NS [51]
C618F Exon 13 of a-ENaC 0.002 W, 0.080 B normotension - NS [51]
1 3.8-fold - [56]
T663A Exon 13 of a-ENaC 0.293 W, 0.146 B normotension NS Aassociates with  [51]
normotension
1 - [55]
1 2.6-fold - [56]
G2139A Promoter region of a-ENaC 1719/3989 J hypertension Promoter ORx=1.31 [57]
activity1 OR.g0,=1.77

Abbreviations and symbols: B, black; W, white; J, Japanese; NS, not significant; OR, odd ratio; {, increase; -, not determined.
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a gain of function ENaC mutant enhances its trafficking to
the plasma membrane and thereby increases its cell surface

1463861 ywhich leads to over reabsorption of Na*

expression
and water.

Evidence obtained in rats and humans suggest that high-salt
diets also cause oxidative stress. This high-salt intake induced
increase in oxidative stress is more obvious in salt-sensitive

62 631

hypertensio Furthermore, high-salt intake may also

target the tissues and organs independent of hypertension via
a mechanism of elevating reactive oxygen species (ROS)®".,
In the absence of the prominent elevations of BP after salt-
loading, salt sensitivity may be revealed by the structural and
functional injuries of the targeting organs such as the heart
and kidney!®!. Recent studies have shown that hydrogen per-
oxide (H,O,), an isoform of ROS, stimulates ENaC and that
high NaCl elevates ROS in CCD cells'*”. However, the mecha-
nism by which a high-salt diet induces an increase in ROS to
stimulate ENaC is not known. A high-salt intake is known
to induce the compensatory natriuresis to maintain sodium
homeostasis. Reduced plasma aldosterone causes a decrease
in a-ENaC mRNA level, which suggests an important role in
the compensatory natriuresis”. Previous electrophysiological
experiments assessed in renal CCD have indicated that dietary
sodium intake and variations in aldosterone plasma levels
regulates the abundance of functional ENaC in the apical
9. A high or low Na* diet for three weeks
also influenced the distribution pattern of ENaC in the mouse

plasma membrane

kidney. The regulation of ENaC function in vivo involves
shifting the - and y-subunits from the cytoplasm to the apical

121 The inser-

plasma membrane and vice versa, respectively
tion of these subunits into the apical plasma membrane coin-
cides with the upregulation of the a-subunit and its insertion

into the apical plasma membrane!®’

. These studies together
suggest that dietary salt modulates the expression pattern of
ENaC subunits in the kidney and may stimulate its activity via
enhanced ROS level, which in turn leading to an increase in
Na" reabsorption.

Several studies have demonstrated that there is increased
oxidative stress in animals with high-salt intake!®7". In
experimental models of salt-sensitive hypertension, high-salt
intake increased the markers of vascular and systemic oxida-

tive stress!!.

Studies in essential hypertensive patients have
suggested that high-salt intake and/or salt sensitivity is asso-
ciated with impaired endothelial function””!. Miyoshi et al"®!
reported a decrease in acetylcholine-induced forearm vasodi-
lation in salt-sensitive hypertensive subjects regardless of the
level of salt intake. Increased ROS have a critical role in the
initiation of hypertension and may be generated by the hyper-
tension itself, suggesting a positive-feedback mechanism. In
addition to the systemic effects of ROS, recent evidence dem-
onstrated that oxidative stress within the kidney plays a cen-
tral role in the pathophysiology of sodium retention by induc-
ing the tubulointerstitial accumulation of Ang II-positive cells.
The prohypertensive role of intrarenal ROS is suggested by
the strong correlation between the renal superoxide-positive
cells and the severity of hypertension in the spontaneously

www.chinaphar.com
SunYetal

hypertensive rats (SHR)"”. However, there is a lack of infor-
mation at the present time regarding whether oxidative stress
induced by high-salt intake affects the BP via influencing
ENaC activity. In our preliminary studies, we found that the
high-salt intake decreased the expression level of a-ENaC in
the CCD cells of DR rats, but not that in DS rats (unpublished
observations). When cultured CCD cells are treated with high
NaCl, ROS accumulated within these cells. Using patch-clamp
experiments, we found that H,O, stimulates ENaC activity.
These results suggest that high-salt intake may activate ENaC
through an elevation of ROS [unpublished observations].

Does altered activity of ENaC affect the function of the
vascular endothelium and sympathetic nervous system
to influence BP?

Although ENaC was known as the typical sodium channel
in the kidney, the colon and the lung, vascular endothelial
cells were also shown to express ENaC and mineralocorticoid
receptorsm’ %7,
which activates the apically located ENaC, and its activity

Endothelial cells are targets for aldosterone,

modifies the biomechanical properties of the endothelium.
Therefore, ENaC is proposed as the key mediator of aldoster-
one-dependent BP control in the endothelium™. Several stud-
ies, in different cell types including CCD and endothelial cells,
have suggested that ENaC may function as a mechanosen-
sor and that mechanical stimuli may activate ENaC*> # %,
Because endothelial ENaC inhibition may activate nitric oxide
(NO) synthase®®, it is completely possible that altered blood
flow (shear stress), which is caused by over reabsorption of
Na" via ENaC located at distal nephron, may affect the NO
production in endothelia. High-salt intake may cause an
increase in plasma [Na'], which may or may not be detectable
depending upon the extent of water intake and the timing of
blood sampling relative to high-salt intake. Fang and cowork-
ers showed that four days after 8% high-salt diet exposure,
plasma [Na'] increased by 3-4 mmol/L in SHR and Wistar
Kyoto rats®™. In normotensive rats, when salt intake increased
from 10 to 250 mmol/d over 5 d, the plasma [Na®] increased
by 3 mmol/L. In addition, reducing the salt intake from 350 to
12-20 mmol/d lowered the plasma [Na'] to a similar extent by
3-4 mmol/L®). Huang and coworkers showed that high-salt
intake increased [Na'] in the cerebrospinal fluid (CSF) up to 5
mmol/L in DS rats and SHR rats but not in DR rats®!. Simi-
lar to the results obtained from the animal models, [Na*] in
CSF was increased by 2-3 mmol/L in patients with both salt-
sensitive and non-salt-sensitive hypertension after a 7-d high-
salt diet (16-18 g/d) compared to those given a low-salt diet
(1-3 g/d)™). Nevertheless, high-salt diets elevated the arterial
pressure in salt-sensitive individuals. These results suggest
that increases in plasma [Na'] may trigger this effect™ via a
mechanism that has not been elucidated.

Previous studies have suggested that DS rats have abnor-

88, 89]

malities in the sympathetic nervous system (SNS) and

endothelial function® *Y

, which causes significant vascular
resistance. In addition, there is evidence that supports the

hypothesis that abnormal modulation of SNS is involved in
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salt-inducd hypertension. Salt loading has been shown to
augment the sympathetic activity in DS rats but not in DR

ratst*%

. The intracerebroventricular (ICV) infusion of sodium
caused sympathoexcitatory and pressor responses to a greater
degree in DS rats than in DR rats™ .

[Na*] in the CSF is crucial for the normal function of neurons.

The strict regulation of

An increase in CSF [Na'] by as little as 2 mmol/L can increase
the firing rate of neurons. A chronic 5 mmol/L increase in CSF
[Na®] causes sympathetic hyperactivity and hypertension!™*!.
Increases in CSF [CI] or the osmolarity of CSF did not cause

1 Because the

such sympathoexcitation and hypertension
role of ENaC in regulating sodium transport across the epithe-
lia is important, investigators started to study whether ENaC
in neural components also plays a role in salt-sensitive hyper-
tension. Stoichiometrically different populations of ENaC
may be present in both epithelial and neural components in
the brain, which may contribute to the regulation of CSF and
interstitial Na" concentrations and neuronal excitation® "),
ENaC subunits are also expressed in sensory nerve endings
in the rat foot pad"™ and in the trigeminal mechanosensory

01 However, the function of the ENaC subunits in

neurons
these tissues has not yet been elucidated. Functional studies
have suggested the presence of specific Na" channels, pre-
sumably ENaGC, in the brain that are activated by aldosterone
or a high-salt diet and blocked by amiloride or benzamil. In
Wistar rats, ICV infusion of aldosterone or Na'-rich artificial
CSF increased BP and renal sympathetic nerve activity. In DS
rats but not DR rats, a high-salt diet or ICV infusion of aldos-
terone caused sympathoexcitation and hypertension. The
blood-brain barrier in DS rats is five to eight times more per-
meable to Na* than that in DR rats!"™. Increases in CSF [Na']
are observed in DS rats but not DR rats on a high-salt diet and
precede changes in BP by 1-2 d*. Importantly, the responses
to aldosterone or Na'-rich artificial CSF in Wistar rats and to
aldosterone or a high-salt diet in DS rats can be prevented by
ICV infusion of benzamil or spironolactone!”"®!. These find-
ings suggest that the mineralocorticoid receptor (MR)-medi-
ated activation of sodium channels in the brain is responsible
for the mechanisms leading to increased sympathetic outflow
and hypertension.

Conclusion

We present evidence that places ENaC in a central position
for Na" retention, which is necessary to achieve a state of high
BP in the salt-sensitive population. The Na" reabsorptive site
(ENaC) does not act alone in the mechanisms for developing
hypertension. The emerging evidence is compelling for the
consideration of ENaC as the additional requisite participant
in endothelia and SNS (Figure 2). However, the mechanisms
by which the activation of ENaC to induce Na" retention
and the consequences in the vascular compartment and SNS
require further investigation.

Acknowledgements
The current study was supported by the National Natural Sci-
ence Foundation of China (No 81070217 and 30871007), the

Acta Pharmacologica Sinica

High-salt intake in salt-sensitive population

l Kidney
ROSt? in distal nephron

Mechanism?
ENaC activityt ENaC expressiont

Mechanism?
Na+ reabsorptiont
via ENaC

!
Central nervous system /
o Blood volume
S

[Na*]t in CSFI expansion
l Alternation of
" ENaC activity{ e gl AT stress
ENaC activityt in neurons %chanism?i
in epithelial cells | 0] H

T A N
Sympathetic activity} F=— " \Vasodilatation |[«--ENaC activity1)

Vascular system

Hypertension

Figure 2. A schematic that illustrates the central role of ENaC in the
development of salt-sensitive hypertension after the loss of compensatory
natriuresis. High-salt intake in the salt-sensitive population induces
oxidative stress in the kidney, which enhances the apical membrane
expression of ENaC and ENaC activity with an unknown mechanism at
the present time. This increased activity eventually causes Na* over-
reabsorption in CCD followed by water retention and elevation of BP. The
volume expansion in the vascular compartment alters blood flow (shear
stress) and directly affects endothelial function by reducing the synthesis
of NO1% 1% ENaC may act as a mechanosensor in endothelial cells
and may sense changes in shear stress. Alterations in shear stress may
activate ENaC residing at the apical membrane of endothelial cells and
may affect the regulation of vasoactive substances. Na* over-reabsorption
in CCD elevates [Na‘] in CSF, which in turn triggers sympathetic activity
in neurons and contributes to hypertension. Stoichiometrically different
populations of ENaC may be present in epithelial cells and neurons in
the brain, which may contribute to the regulation of CSF and interstitial
[Na*] as well as neuronal excitation. CCD: cortical collecting duct; CSF:
cerebrospinal fluid; and NO: nitric oxide. Black solid lines with arrows:
already known; grey dash lines with arrows and words in gray: open
questions.

Natural Science Foundation of Heilongjiang Province (No
7ZD200807-01 and QC2010097), the Overseas Talent Founda-
tion of the Department of Education, Heilongjiang Province
(No 1154HZ11), the Key Research Program of the 2nd Affili-
ated Hospital of Harbin Medical University (No ZD2008-08),
and the Postdoctoral Foundation of the 2nd Affiliated Hospital
of Harbin Medical University (No ZD2010-01).

References

1 Campese VM. Salt sensitivity in hypertension. Renal and cardio-
vascular implications. Hypertension 1994; 23: 531-50.

2  Weinberger MH. Salt sensitivity of blood pressure in humans.
Hypertension 1996; 27: 481-90.

3  Staessen JA, Wang J, Bianchi G, Birkenhager WH. Essential hyper-
tension. Lancet 2003; 361: 1629-41.

4 Shimkets RA, Warnock DG, Bositis CM, Nelson-Williams C, Hansson
JH, Schambelan M, et al. Liddle’s syndrome: heritable human
hypertension caused by mutations in the beta subunit of the
epithelial sodium channel. Cell 1994; 79: 407-14.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Hansson JH, Nelson-Williams C, Suzuki H, Schild L, Shimkets R, Lu Y,
et al. Hypertension caused by a truncated epithelial sodium channel
gamma subunit: genetic heterogeneity of Liddle syndrome. Nat
Genet 1995; 11: 76-82.

Liddle GW, Bledsoe T, Coppage WS Jr. Hypertension reviews. J Tenn
Med Assoc 1974; 67: 669.

Pratt JH. Central role for ENaC in development of hypertension. J
Am Soc Nephrol 2005; 16: 3154-9.

Canessa CM, Schild L, Buell G, Thorens B, Gautschi |, Horisberger
JD, et al. Amiloride-sensitive epithelial Na* channel is made of three
homologous subunits. Nature 1994; 367: 463-7.

Lingueglia E, Voilley N, Waldmann R, Lazdunski M, Barbry P. Expres-
sion cloning of an epithelial amiloride-sensitive Na* channel. A new
channel type with homologies to Caenorhabditis elegans degenerins.
FEBS Lett 1993; 318: 95-9.

McDonald FJ, Snyder PM, McCray PB Jr, Welsh MJ. Cloning, expres-
sion, and tissue distribution of a human amiloride-sensitive Na*
channel. Am J Physiol 1994; 266: L728-34.

McDonald FJ, Price MP, Snyder PM, Welsh MJ. Cloning and expres-
sion of the beta- and gamma-subunits of the human epithelial
sodium channel. Am J Physiol 1995; 268: C1157-63.

Firsov D, Gautschi |, Merillat AM, Rossier BC, Schild L. The hetero-
tetrameric architecture of the epithelial sodium channel (ENaC).
EMBO J 1998; 17: 344-52.

Fyfe GK, Canessa CM. Subunit composition determines the single
channel kinetics of the epithelial sodium channel. J Gen Physiol
1998; 112: 423-32.

Fyfe GK, Quinn A, Canessa CM. Structure and function of the Mec-
ENaC family of ion channels. Semin Nephrol 1998; 18: 138-51.
Horisberger JD. Amiloride-sensitive Na channels. Curr Opin Cell Biol
1998; 10: 443-9.

Garty H, Benos DJ. Characteristics and regulatory mechanisms
of the amiloride-blockable Na* channel. Physiol Rev 1988; 68:
309-73.

Palmer LG. Epithelial Na channels: function and diversity. Annu Rev
Physiol 1992; 54: 51-66.

Garty H, Palmer LG. Epithelial sodium channels: function, structure,
and regulation. Physiol Rev 1997; 77: 359-96.

Benos DJ, Stanton BA. Functional domains within the degenerin/
epithelial sodium channel (Deg/ENaC) superfamily of ion channels.
J Physiol 1999; 520: 631-44.

Snyder PM. The epithelial Na* channel: cell surface insertion and
retrieval in Na® homeostasis and hypertension. Endocr Rev 2002;
23:258-75.

Golestaneh N, Klein C, Valamanesh F, Suarez G, Agarwal MK,
Mirshahi M. Mineralocorticoid receptor-mediated signaling regulates
the ion gated sodium channel in vascular endothelial cells and
requires an intact cytoskeleton. Biochem Biophys Res Commun
2001; 280: 1300-6.

Drummond HA, Gebremedhin D, Harder DR. Degenerin/epithelial
Na® channel proteins: components of a vascular mechanosensor.
Hypertension 2004; 44: 643-8.

Oberleithner H, Ludwig T, Riethmduller C, Hillebrand U, Albermann
L, Schéafer C, et al. Human endothelium: target for aldosterone.
Hypertension 2004; 43: 952-6.

Rossier BC, Pradervand S, Schild L, Hummler E. Epithelial sodium
channel and the control of sodium balance: interaction between
genetic and environmental factors. Annu Rev Physiol 2002; 64:
877-97.

Snyder PM, Cheng C, Prince LS, Rogers JC, Welsh MJ. Electrophysio-
logical and biochemical evidence that DEG/ENaC cation channels

www.chinaphar.com
SunYetal

@

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

are composed of nine subunits. J Biol Chem 1998; 273: 681-4.
Eskandari S, Snyder PM, Kreman M, Zampighi GA, Welsh MJ, Wright
EM. Number of subunits comprising the epithelial sodium channel.
J Biol Chem 1999; 274: 27281-6.

0’Brodovich HM. Immature epithelial Na* channel expression is
one of the pathogenetic mechanisms leading to human neonatal
respiratory distress syndrome. Proc Assoc Am Physicians 1996;
108: 345-55.

Egli M, Duplain H, Lepori M, Cook S, Nicod P, Hummler E, et al.
Defective respiratory amiloride-sensitive sodium transport predis-
poses to pulmonary oedema and delays its resolution in mice. J
Physiol 2004; 560: 857-65.

Dahl LK, Heine M, Tassinari L. Role of genetic factors in susce-
ptibility to experimental hypertension due to chronic excess salt
ingestion. Nature 1962; 194: 480-2.

Dahl LK, Heine M, Tassinari L. Effects of chronia excess salt
ingestion. Evidence that genetic factors play an important role in
susceptibility to experimental hypertension. J Exp Med 1962; 115:
1173-90.

Dahl LK, Heine M, Thompson K. Genetic influence of renal homo-
grafts on the blood pressure of rats from different strains. Proc Soc
Exp Biol Med 1972; 140: 852-6.

Dahl LK, Heine M, Thompson K. Genetic influence of the kidneys
on blood pressure. Evidence from chronic renal homografts in rats
with opposite predispositions to hypertension. Circ Res 1974; 40:
94-101.

Dahl LK, Heine M. Primary role of renal homografts in setting
chronic blood pressure levels in rats. Circ Res 1975; 36: 692-6.
Rapp JP, Tan SY, Margolius HS. Plasma mineralocorticoids, plasma
renin, and urinary kallikrein in salt-sensitive and salt-resistant rats.
Endocr Res Commun 1978; 5: 35-41.

Baba K, Mulrow PJ, Franco-Saenz R, Rapp JP. Suppression of
adrenal renin in Dahl salt-sensitive rats. Hypertension 1986; 8:
1149-53.

Aoi W, Niisato N, Miyazaki H, Marunaka Y. Flavonoid-induced reduc-
tion of ENaC expression in the kidney of Dahl salt-sensitive hyper-
tensive rat. Biochem Biophys Res Commun 2004; 315: 892-6.

Aoi W, Niisato N, Sawabe Y, Miyazaki H, Tokuda S, Nishio K, et al.
Abnormal expression of ENaC and SGK1 mRNA induced by dietary
sodium in Dahl salt-sensitively hypertensive rats. Cell Biol Int 2007;
31: 1288-91.

Verrey F. Transcriptional control of sodium transport in tight
epithelial by adrenal steroids. J Membr Biol 1995; 144: 93-110.
Chen SY, Bhargava A, Mastroberardino L, Meijer OC, Wang J, Buse P,
et al. Epithelial sodium channel regulated by aldosterone-induced
protein sgk. Proc Natl Acad Sci U S A 1999; 96: 2514-9.
Naray-Fejes-Toth A, Canessa C, Cleaveland ES, Aldrich G, Fejes-
Toth G. sgk is an aldosterone-induced kinase in the renal collecting
duct. Effects on epithelial Na* channels. J Biol Chem 1999; 274:
16973-8.

Pearce D. The role of SGK1 in hormone-regulated sodium transport.
Trends Endocrinol Metab 2001; 12: 341-7.

Yun CC, Chen Y, Lang F. Glucocorticoid activation of Na'/H"
exchanger isoform 3 revisited. The roles of SGK1 and NHERF2. J
Biol Chem 2002; 277: 7676-83.

Kakizoe Y, Kitamura K, Ko T, Wakida N, Maekawa A, Miyoshi T, et
al. Aberrant ENaC activation in Dahl salt-sensitive rats. J Hypertens
2009; 27: 1679-89.

Fenton RA, Chou CL, Ageloff S, Brandt W, Stokes JB, Knepper MA.
Increased collecting duct urea transporter expression in Dahl salt-
sensitive rats. Am J Physiol Renal Physiol 2003; 285: F143-51.

Acta Pharmacologica Sinica



www.nature.com/aps
SunYetal

796

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

Husted RF, Takahashi T, Stokes JB. IMCD cells cultured from Dahl
S rats absorb more Na* than Dahl R rats. Am J Physiol 1996; 271:
F1029-36.

Shehata MF, Leenen FH, Tesson F. Sequence analysis of coding and
3’ and 5’ flanking regions of the epithelial sodium channel alpha,
beta, and gamma genes in Dahl S versus R rats. BMC Genet 2007; 8:
35.

Shehata MF. Characterization of the epithelial sodium channel alpha
subunit coding and non-coding transcripts and their corresponding
mRNA expression levels in Dahl R versus S rat kidney cortex on
normal and high salt diet. Int Arch Med 2009; 2: 5.

Baker EH, Dong YB, Sagnella GA, Rothwell M, Onipinla AK, Markandu
ND, et al. Association of hypertension with T594M mutation in beta
subunit of epithelial sodium channels in black people resident in
London. Lancet 1998; 351: 1388-92.

Persu A, Barbry P, Bassilana F, Houot AM, Mengual R, Lazdunski
M, et al. Genetic analysis of the beta subunit of the epithelial Na*
channel in essential hypertension. Hypertension 1998; 32: 129-37.
Wang Y, Zheng Y, Chen J, Wu H, Zheng D, Hui R. A novel epithelial
sodium channel gamma-subunit de novo frameshift mutation leads
to Liddle syndrome. Clin Endocrinol (Oxf) 2007; 67: 801-4.
Ambrosius WT, Bloem LJ, Zhou L, Rebhun JF, Snyder PM, Wagner MA,
et al. Genetic variants in the epithelial sodium channel in relation
to aldosterone and potassium excretion and risk for hypertension.
Hypertension 1999; 34: 631-7.

Su YR, Menon AG. Epithelial sodium channels and hypertension.
Drug Metab Dispos 2001; 29: 553-6.

Sugiyama T, Kato N, Ishinaga Y, Yamori Y, Yazaki Y. Evaluation of
selected polymorphisms of the Mendelian hypertensive disease
genes in the Japanese population. Hypertens Res 2001; 24: 515-
21.

Swift PA, Macgregor GA. Genetic variation in the epithelial sodium
channel: a risk factor for hypertension in people of African origin.
Adv Ren Replace Ther 2004; 11: 76-86.

Samaha FF, Rubenstein RC, Yan W, Ramkumar M, Levy DI, Ahn YJ, et
al. Functional polymorphism in the carboxyl terminus of the alpha-
subunit of the human epithelial sodium channel. J Biol Chem 2004;
279: 23900-7.

Tong Q, Menon AG, Stockand JD. Functional polymorphisms in the
alpha-subunit of the human epithelial Na* channel increase activity.
Am J Physiol Renal Physiol 2006; 290: F821-7.

Iwai N, Baba S, Mannami T, Ogihara T, Ogata J. Association of a
sodium channel alpha subunit promoter variant with blood pressure.
J Am Soc Nephrol 2002; 13: 80-5.

Firsov D, Schild L, Gautschi I, Mérillat AM, Schneeberger E, Rossier
BC. Cell surface expression of the epithelial Na channel and a
mutant causing Liddle syndrome: a quantitative approach. Proc Natl
Acad Sci U S A 1996; 93: 15370-5.

Goulet CC, Volk KA, Adams CM, Prince LS, Stokes JB, Snyder PM.
Inhibition of the epithelial Na* channel by interaction of Nedd4 with
a PY motif deleted in Liddle’s syndrome. J Biol Chem 1998; 273:
30012-7.

Abriel H, Loffing J, Rebhun JF, Pratt JH, Schild L, Horisberger JD, et
al. Defective regulation of the epithelial Na* channel by Nedd4 in
Liddle's syndrome. J Clin Invest 1999; 103: 667-73.

Rotin D, Kanelis V, Schild L. Trafficking and cell surface stability of
ENaC. Am J Physiol Renal Physiol 2001; 281: F391-9.

Bayorh MA, Ganafa AA, Socci RR, Silvestrov N, Abukhalaf IK. The
role of oxidative stress in salt-induced hypertension. Am J Hypertens
2004; 17: 31-6.

Laffer CL, Bolterman RJ, Romero JC, Elijovich F. Effect of salt on

Acta Pharmacologica Sinica

64

65

66

67

68

69

70

71

72

73

74

75

76

4

78

79

80

81

82

isoprostanes in salt-sensitive essential hypertension.
2006; 47: 434-40.

Ritz E, Mehls O. Salt restriction in kidney disease — a missed thera-
peutic opportunity. Pediatr Nephrol 2009; 24: 9-17.

Frohlich ED, Varagic J. Sodium directly impairs target organ function
in hypertension. Curr Opin Cardiol 2005; 20: 424-9.

Bayorh MA, Ganafa AA, Eatman D, Walton M, Feuerstein GZ. Simvas-
tatin and losartan enhance nitric oxide and reduce oxidative stress
in salt-induced hypertension. Am J Hypertens 2005; 18: 1496-502.
Loffing J, Vallon V, Loffing-Cueni D, Aregger F, Richter K, Pietri L, et al.
Altered renal distal tubule structure and renal Na" and Ca®" handling
in @ mouse model for Gitelman’s syndrome. J Am Soc Nephrol 2004;
15: 2276-88.

Swei A, Lacy F, DeLano FA, Schmid-Schénbein GW. Oxidative stress
in the Dahl hypertensive rat. Hypertension 1997; 30: 1628-33.
Zhou MS, Adam AG, Jaimes EA, Raij L. In salt-sensitive hypertension,
increased superoxide production is linked to functional upregulation
of angiotensin Il. Hypertension 2003; 42: 945-51.

Tian N, Moore RS, Braddy S, Rose RA, Gu JW, Hughson MD, et al.
Interactions between oxidative stress and inflammation in salt-
sensitive hypertension. Am J Physiol Heart Circ Physiol 2007; 293:
H3388-95.

Jaimes EA, Zhou MS, Pearse DD, Puzis L, Raij L. Upregulation of
cortical COX-2 in salt-sensitive hypertension: role of angiotensin Il
and reactive oxygen species. Am J Physiol Renal Physiol 2008; 294:
F385-92.

Stein CM, Nelson R, Brown M, Wood M, Wood AJ. Dietary sodium
intake modulates vasodilation mediated by nitroprusside but not
by methacholine in the human forearm. Hypertension 1995; 25:
1220-3.

Campese VM, Tawadrous M, Bigazzi R, Bianchi S, Mann AS, Oparil
S, et al. Salt intake and plasma atrial natriuretic peptide and nitric
oxide in hypertension. Hypertension 1996; 28: 335-40.

Facchini FS, DoNascimento C, Reaven GM, Yip JW, Ni XP, Humphreys
MH. Blood pressure, sodium intake, insulin resistance, and urinary
nitrate excretion. Hypertension 1999; 33: 1008-12.

Fujiwara N, Osanai T, Kamada T, Katoh T, Takahashi K, Okumura K.
Study on the relationship between plasma nitrite and nitrate level
and salt sensitivity in human hypertension: modulation of nitric oxide
synthesis by salt intake. Circulation 2000; 101: 856-61.

Miyoshi A, Suzuki H, Fujiwara M, Masai M, Iwasaki T. Impairment of
endothelial function in salt-sensitive hypertension in humans. Am J
Hypertens 1997; 10: 1083-90.

Rodriguez-Iturbe B, Pons H, Quiroz Y, Gordon K, Rincén J, Chavez M,
et al. Mycophenolate mofetil prevents salt-sensitive hypertension
resulting from angiotensin Il exposure. Kidney Int 2001; 59: 2222~
32.

Oberleithner H, Riethmiller C, Ludwig T, Shahin V, Stock C, Schwab A,
et al. Differential action of steroid hormones on human endothelium.
J Cell Sci 2006; 119: 1926-32.

Wang S, Meng F, Mohan S, Champaneri B, Gu Y. Functional ENaC
channels expressed in endothelial cells: a new candidate for media-
ting shear force. Microcirculation 2009; 16: 276-87.

Kusche-Vihrog K, Callies C, Fels J, Oberleithner H. The epithelial
sodium channel (ENaC): Mediator of the aldosterone response in the
vascular endothelium. Steroids 2010; 75: 544-9.

Wei SP, Li XQ, Chou CF, Liang YY, Peng JB, Warnock DG, et al.
Membrane tension modulates the effects of apical cholesterol on the
renal epithelial sodium channel. J Membr Biol 2007; 220: 21-31.
Drummond HA, Welsh MJ, Abboud FM. ENaC subunits are molecular
components of the arterial baroreceptor complex. Ann N Y Acad Sci

Hypertension



83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

2001; 940: 42-17.

Pérez FR, Venegas F, Gonzélez M, Andrés S, Vallejos C, Riquelme
G, et al. Endothelial epithelial sodium channel inhibition activates
endothelial nitric oxide synthase via phosphoinositide 3-kinase/
Akt in small-diameter mesenteric arteries. Hypertension 2009; 53:
1000-7.

Fang Z, Carlson SH, Peng N, Wyss JM. Circadian rhythm of plasma
sodium is disrupted in spontaneously hypertensive rats fed a high-
NaCl diet. Am J Physiol Regul Integr Comp Physiol 2000; 278:
R1490-5.

He FJ, Markandu ND, Sagnella GA, de Wardener HE, MacGregor GA.
Plasma sodium: ignored and underestimated. Hypertension 2005;
45:98-102.

Huang BS, Van Vliet BN, Leenen FH. Increases in CSF [Na‘] precede
the increases in blood pressure in Dahl S rats and SHR on a high-
salt diet. Am J Physiol Heart Circ Physiol 2004; 287: H1160-6.
Kawano Y, Yoshida K, Kawamura M, Yoshimi H, Ashida T, Abe H, et
al. Sodium and noradrenaline in cerebrospinal fluid and blood in
salt-sensitive and non-salt-sensitive essential hypertension. Clin Exp
Pharmacol Physiol 1992; 19: 235-41.

Gordon FJ, Mark AL. Mechanism of impaired baroreflex control in
prehypertensive Dahl salt-sensitive rats. Circ Res 1984; 54: 378-87.
Osborn JL, Roman RJ, Ewens JD. Renal nerves and the development
of Dahl salt-sensitive hypertension. Hypertension 1988; 11: 523-8.
Hayakawa H, Coffee K, Raij L. Endothelial dysfunction and cardio-
renal injury in experimental salt-sensitive hypertension: effects of
antihypertensive therapy. Circulation 1997; 96: 2407-13.

Zhou MS, Kosaka H, Tian RX, Abe Y, Chen QH, Yoneyama H, et al.
L-Arginine improves endothelial function in renal artery of hyperten-
sive Dahl rats. J Hypertens 2001; 19: 421-9.

Fujita T, Henry WL, Bartter FC, Lake CR, Delea CS. Factors influenc-
ing blood pressure in salt-sensitive patients with hypertension. Am J
Med 1980; 69: 334-44.

Ono A, Kuwaki T, Kumada M, Fujita T. Differential central modulation
of the baroreflex by salt loading in normotensive and spontaneously
hypertensive rats. Hypertension 1997; 29: 808-14.

Huang BS, Leenen FH. Both brain angiotensin Il and “ouabain”
contribute to sympathoexcitation and hypertension in Dahl S rats on
high salt intake. Hypertension 1998; 32: 1028-33.

Huang BS, Wang H, Leenen FH. Enhanced sympathoexcitatory and
pressor responses to central Na® in Dahl salt-sensitive vs -resistant
rats. Am J Physiol Heart Circ Physiol 2001; 281: H1881-9.
Masilamani S, Kim GH, Mitchell C, Wade JB, Knepper MA.
Aldosterone-mediated regulation of ENaC alpha, beta, and gamma
subunit proteins in rat kidney. J Clin Invest 1999; 104: R19-23.
Amin MS, Wang HW, Reza E, Whitman SC, Tuana BS, Leenen FH.
Distribution of epithelial sodium channels and mineralocorticoid

www.chinaphar.com
SunYetal

®

receptors in cardiovascular regulatory centers in rat brain. Am J
Physiol Regul Integr Comp Physiol 2005; 289: R1787-97.

98 Ergonul Z, Frindt G, Palmer LG. Regulation of maturation and
processing of ENaC subunits in the rat kidney. Am J Physiol Renal
Physiol 2006; 291: F683-93.

99 Bunag RD, Miyajima E. Sympathetic hyperactivity elevates blood
pressure during acute cerebroventricular infusions of hypertonic salt
in rats. J Cardiovasc Pharmacol 1984; 6: 844-51.

100 Drummond HA, Abboud FM, Welsh MJ. Localization of beta and
gamma subunits of ENaC in sensory nerve endings in the rat foot
pad. Brain Res 2000; 884: 1-12.

101 Fricke B, Lints R, Stewart G, Drummond H, Dodt G, Driscoll M, et al.
Epithelial Na* channels and stomatin are expressed in rat trigeminal
mechanosensory neurons. Cell Tissue Res 2000; 299: 327-34.

102 Simchon S, Manger W, Golanov E, Kamen J, Sommer G, Marshall CH.
Handling 22NaCl by the blood-brain barrier and kidney: its relevance
to salt-induced hypertension in Dahl rats. Hypertension 1999; 33:
517-23.

103 Wang H, Leenen FH. Brain sodium channels mediate increases in
brain “ouabain” and blood pressure in Dahl S rats. Hypertension
2002; 40: 96-100.

104 Wang H, Huang BS, Leenen FH. Brain sodium channels and ouabain-
like compounds mediate central aldosterone-induced hypertension.
Am J Physiol Heart Circ Physiol 2003; 285: H2516-23.

105 Wang H, Leenen FH. Brain sodium channels and central sodium-
induced increases in brain ouabain-like compound and blood
pressure. J Hypertens 2003; 21: 1519-24.

106 Hannila-Handelberg T, Kontula K, Tikkanen I, Tikkanen T, Fyhrquist F,
Helin K, et al. Common variants of the beta and gamma subunits of
the epithelial sodium channel and their relation to plasma renin and
aldosterone levels in essential hypertension. BMC Med Genet 2005;
6: 4.

107 Su YR, Rutkowski MP, Klanke CA, Wu X, Cui Y, Pun RY, et al. A novel
variant of the beta-subunit of the amiloride-sensitive sodium channel
in African Americans. J Am Soc Nephrol 1996; 7: 2543-9.

108 Persu A, Coscoy S, Houot AM, Corvol P, Barbry P, Jeunemaitre X.
Polymorphisms of the gamma subunit of the epithelial Na* channel
in essential hypertension. J Hypertens 1999; 17: 639-45.

109 Nauli SM, Kawanabe Y, Kaminski JJ, Pearce WJ, Ingber DE, Zhou
J. Endothelial cilia are fluid shear sensors that regulate calcium
signaling and nitric oxide production through polycystin-1. Circulation
2008; 117: 1161-71.

110 AbouAlaiwi WA, Takahashi M, Mell BR, Jones TJ, Ratnam S, Kolb RJ,
et al. Ciliary polycystin-2 is a mechanosensitive calcium channel
involved in nitric oxide signaling cascades. Circ Res 2009; 104:
860-9.

Acta Pharmacologica Sinica



Acta Pharmacologica Sinica (2011) 32: 798-804
© 2011 CPS and SIMM Al rights reserved 1671-4083/11 $32.00
www.nhature.com/aps

®

Review

Beyond membrane channelopathies: alternative
mechanisms underlying complex human disease

Konstantinos Dean BOUDOULAS" % *, Peter J MOHLER® 23

1The Dorothy M Davis Heart and Lung Research Institute; 2Departments of Internal Medicine (Cardiovascular Medicine); 3Physiology
and Cell Biology; the Ohio State University Medical Center, Columbus, OH 43210, USA

Over the past fifteen years, our understanding of the molecular mechanisms underlying human disease has flourished in large part
due to the discovery of gene mutations linked with membrane ion channels and transporters. In fact, ion channel defects (“chan-
nelopathies” — the focus of this review series) have been associated with a spectrum of serious human disease phenotypes includ-
ing cystic fibrosis, cardiac arrhythmia, diabetes, skeletal muscle defects, and neurological disorders. However, we now know that
human disease, particularly excitable cell disease, may be caused by defects in non-ion channel polypeptides including in cellular

components residing well beneath the plasma membrane. For example, over the past few years, a new class of potentially fatal
cardiac arrhythmias has been linked with cytoplasmic proteins that include sub-membrane adapters such as ankyrin-B (ANK2),
ankyrin-G (ANK3), and alpha-1 syntrophin, membrane coat proteins including caveolin-3 (CAV3), signaling platforms including yotiao
(AKAP9), and cardiac enzymes (GPD1L). The focus of this review is to detail the exciting role of lamins, yet another class of gene
products that have provided elegant new insight into human disease.
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Introduction

In fact, ion channel defects (“channelopathies” — the focus of
this review series) have been associated with a spectrum of
serious human disease phenotypes including cystic fibrosis,
cardiac arrhythmia, diabetes, skeletal muscle defects, and
neurological disorders. However, we now know that human
disease, particularly excitable cell disease, may be caused by
defects in non-ion channel polypeptides including in cellular
components residing well beneath the plasma membrane. For
example, over the past few years, a new class of potentially
fatal cardiac arrhythmias has been linked with cytoplasmic
proteins that include sub-membrane adapters such as ankyrin-
B (ANK2)!'", ankyrin-G (ANK3)*®,, and alpha-1 syntrophin®,
membrane coat proteins including caveolin-3 (CAV3)!"", sig-
naling platforms including yotiao (AKAP9)"™ ", and cardiac
enzymes (GPD1L)™. The focus of this review is to detail the
exciting role of lamins, yet another class of gene products that
have provided elegant new insight into human disease.

*To whom correspondence should be addressed.
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Lamins: critical intermediate filament components
Lamins are intermediate filament proteins and a major compo-
nent of the nuclear lamina, a proteinaceous layer underlying
the inner nuclear membrane, separating the nuclear envelope
from the nuclear matrix. Lamins interact with proteins and
chromatin, thus playing an important role in maintaining cell
structure and cell regulation including apoptosis*"”l. Lamin
is involved in DNA repair and replication, transcriptional
regulation, and maintaining the organization and structure
of heterochromatin, nuclear lamina, inner nuclear mem-
brane and nuclear pore complexes"". Further, lamin has
been implicated to be involved in tumorigenesis and viral
infections!"® > !

Lamins are divided into two groups originally based on
isoelectric points observed by two-dimensional gel electro-
phoresis: A-type lamins (almost neutral isoelectric point) and
B-type lamins (acidic isoelectric point)*>*. A-type lamins are
primarily located in differentiated cells while B-type lamins
are located in all cells. Lamins have a conservative alpha heli-
cal central rod domain with an amino terminal globular head
domain and carboxyl terminal globular tail domain®. The
lamin tail domain contains an approximate 120-residue immu-
noglobulin fold, CAAX motif (except lamin C as described

below) and a nuclear localization signal™.
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Figure 1. Schematic of (A) lamin gene
E82K® R133P* H222p* E317K® R401C* 1469T* R624H* G608S°® . .
L85R? L140P H222Y* A347K! D446VI YAS81H2  R582HS T623S° (LMNA) and (B) lamin A/C protein.
R89L3 S143pP3 G232E* R349L° R453W! R482W°  R584H° * indicates alternate splicing in exon 10
KO7E® E161K3 L215pP3 Q355X° R435C® K486N° E578V° giving rise to the proteins lamin A (664
T101° L140R® R225X%3 del959%23 E608S° i Rk . i
S143F° T623S°¢ amino acids) and lamin C (572 amino
E145K° acids). Shown are several mutations
known to result in laminopathies with
B 57’;’“"‘0 80264 corresponding amino acid or nucleotide
changes. 1=Emery-Dreifuss muscular
Head Coil 1a Coil 1b Coil 2 Tail dystrophy; 2=Limb girdle muscular

dystrophy type 1B; 3=dilated cardio-

myopathy; 4=Charcot-Marie Tooth type
2B1; 5=Familial partial lipodystrophy of

I

— Central o-helical rod domain
Amino terminal

globular head domain

In humans, the LMNA gene (Figure 1) codes for A-type
lamins and is localized to chromosome 1q21.2%. LMNA con-
sists of 12 exons and at exon 10 alternative splicing occurs giv-
ing rise to the proteins lamin A (664 amino acids) and lamin
C (572 amino acids). The first 566 amino acids (exon 1-10) of
lamin A and C (lamin A/C) are identical which code for an
amino terminal globular head domain, central rod domain
(coil 1a, 1b, and 2), and a portion of the carboxyl terminal glob-
ular tail domain” >, Mutations in the human LMNA gene
encoding for lamin A/C results in several different clinical
7B Interestingly,
certain cases of laminopathies primarily affect the heart result-

disorders referred to as “laminopathies

ing in dilated cardiomyopathy with or without conduction
system disease even though lamin is found in all differentiated
cells in the human body™ . LMNA also encodes the protein
lamin C2 found in germ cells that is encoded by an alternative
first exon!™.

B-type lamins in humans are encoded by the genes LMNB1
and LMNB2P. LMNBI is localized to chromosome 5q23.3-
g31.1 and encodes the protein lamin B1¥> *. A mutation in
the LMINB1 gene has been found to result in autosomal domi-
nant leukodystrophy®. LMNB?2 is localized to chromosome
19p13.3 and encodes lamin B2 and lamin B3®” .. A mutation
in the LMNB?2 gene has been found to result in acquired partial
lipodystrophy™" *3.  Currently, these are the only two disor-
ders discovered to be associated with mutations in the B-type

lamins.

Laminopathies
Almost all lamin mutations discovered to-date resulting in
human disease are located within the LMNA gene. These

= the Dunnigan-type; 6=Hutchison-Gilford
Carboxyl terminal progeria syndrome.
globular tail domain

mutations result in several different clinical disorders with
various phenotypes referred to as laminopathies; there are
more than 10 clinical phenotypes that can be divided into four
broad categories: myopathy, neuropathy, lipodystrophy and
progeria, with overlap between groups. Well over 100 muta-
tions have been discovered in the LMINA gene with the major-
ity resulting in cardiac involvement. Over 90% of laminopa-
thies are due to a nucleotide substitution® *.

In a large French pedigree, Bonne et al, in 1999°” discovered
for the first time that a mutation (nonsense and missense) in
the LMNA gene resulted in an inherited disorder, autosomal
dominant Emery-Dreifuss muscular dystrophy (EDMD).
Since that time several mutations, mostly missense, have been
discovered throughout the LMNA gene resulting in EDMD.
EDMD is characterized by contractures of the elbows and
Achilles, muscle wasting with humeroperoneal weakness and
cardiomyopathy with conduction disease. Symptoms begin
within the first few years of life with difficulty ambulating.
Cardiac involvement usually occurs after the onset of skeletal
myopathy between the first and fourth decades of life result-
ing in conduction system disease (atrioventricular block; atrial
and ventricular arrhythmias), dilated cardiomyopathy and
sudden cardiac death” *!. Autosomal recessive EDMD is
much less common with a few reported cases demonstrating
an earlier phenotypic expression of skeletal myopathy, how-
ever, cardiac involvement has not been seen* %,

Limb girdle muscular dystrophy type 1B (LGMD1B) results
primarily from a missense mutation with an autosomal
dominant inheritance; several missense mutations located
throughout the LMNA gene resulting in LGMD1B have been
identified. Affected individuals develop progressive limb

799
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girdle weakness with or without calf hypertrophy and dilated
cardiomyopathy with conduction system disease may occur*’,
Interestingly, a single nucleotide deletion at position 959 has
been identified within exon 6 of the LMNA gene in one family
resulting in different phenotypic expressions within the same
family including LGMD1B-like symptoms, autosomal domi-
nant EDMD-like symptoms and isolated dilated cardiomyopa-
thy with conduction system disease!*.

Specific mutations in the LMNA gene can result in isolated
cardiac involvement in which the affected individuals develop
dilated cardiomyopathy with or without conduction system
disease. Dilated cardiomyopathy is a disorder of the myocyte
characterized by cardiac dilation and systolic dysfunction* ",
Lamin mutations are likely the most common cause of idio-
pathic dilated cardiomyopathies. Approximately 30% of idio-

51531 Geveral

pathic dilated cardiomyopathies are inherited!
mutations have been discovered, mostly missense mutations,
located throughout the LMNA gene®. An example of the
natural history of this disease and evolution to the discovery
of one of the LMNA genetic mutations is illustrated by the
immigration of a young couple from Bavaria, Germany to
Maryland, United States of America and then to central Ohio
in 1830. Descendants of this couple in the 1960s presented to
The Ohio State University Medical Center with high-grade
atrioventricular (AV) block; careful family history revealed
autosomal dominant inheritance after reconstructing an exten-
sive nine generations pedigree. Following the family members
closely for several decades, it was found that affected patients
between 30 to 70 years of age also developed non-ischemic
dilated cardiomyopathy; sudden cardiac death may also occur.
Autopsy in several cases demonstrated severe fibrosis in the
sinus node, AV node, atria and ventricles. Fibrosis was more
severe in the atria compared to the ventricles fibrosis. More
recently, ventricular fibrosis has been seen on cardiac mag-
netic resonance imaging. Family wide genotyping performed
in family members revealed a 2-nucleotide pair deletion in the
LMNA gene (cytosine in position 906 and thymine in position
907 at exon 5) resulting in a sequence of amino acid changes
beginning at position 302 and eventually leading to the amino
acid substitution of cysteine for serine at position 328 forming
a premature stop codon with protein truncation!™.
Charcot-Marie Tooth (CMT) disorders are the most com-
mon group of inherited neuropathies affecting 10 to 40 per
100000 individuals. One sub-type, CMT2B], is a sensorimotor
axonal neuropathy with an autosomal recessive inheritance
that results from a missense mutation in the LMNA gene!™ *;
ten Algerian families with CMT2B1 have demonstrated a
missense mutation resulting in the substitution of the amino
acid arginine for cysteine at position 298 (R298C)* *!. Onset
of symptoms ranges from early childhood to early adult-
hood with distal muscle weakness and wasting occurring in
the distal extremities, more evident in the legs compared to
the arms. A sensory deficit may occur in the feet and lower
extremities™. There is one family from south France found to
have an axonal neuropathy with cardiac involvement and an
autosomal dominant inheritance. In this family, a missense

Acta Pharmacologica Sinica

mutation was found to result in the substitution of the amino
acid glutamic acid for aspartic acid at position 33 (E33D) lead-
ing to CMT, cardiomyopathy with conduction system disease,
muscular dystrophy and leuconychia!™!.

Familial partial lipodystrophy of the Dunnigan-type (FPLD)
has an autosomal dominance inheritance. FPLD most com-
monly occurs from a missense mutation in exon 8 of the
LMNA gene resulting in the substitution of the amino acid
arginine for tryptophan at position 482 (R482W) that encodes
primarily the carboxyl terminal globular tail domain®. FPLD
primarily affects adipocyte cells with progressive loss of fat
from the extremities and trunk with accumulation of fat in the
face and neck!®!, Further, affected individuals develop meta-
bolic abnormalities including insulin resistance and glucose
intolerance. Hypertriglyceridaemia may also occur. Onset of
symptoms usually occurs at puberty™ I,

Hutchison-Gilford progeria syndrome (HGPS) is a multi-
system disorder characterized by premature aging. Major-
ity of affected individuals with HGPS results from a de novo
heterozygous single base substitution of cytosine for thymine
at position 1824. This substitution results in an abnormal
splice donor site in exon 11 of the LMNA gene that produces
a lamin A protein lacking 50 amino acids from the carboxyl
terminal globular tail domain®!
strate skeletal abnormalities, micrognathia, mid-face hypopla-

. Affected individuals demon-

sia, alopecia, loss of subcutaneous fat and pre-mature athero-
sclerosis. Most affected individuals die between the first and
second decades of life from cardiovascular complications!*’.
HGPS has also been found to have an autosomal recessive
inheritance in one consanguineous family where a missense
mutation results in the amino acid substitution of lysine for

asparagine at position 542 (K542N)*,

Mechanisms underlying laminopathies

Researchers have strived to elucidate why certain laminopa-
thies result in specific tissue phenotypes even though lamin
A/C essentially is found in all differentiated cells within the
human body. In addition, different mutations have been
shown to result in the same clinical phenotype. Moreover, the
same single mutation can result in various phenotypic expres-
sions!®!. Several hypotheses have been postulated to explain
these observations including: structural, gene expression, cell
proliferation and protein-protein interaction; however, a spe-
cific laminopathy may not be exclusive to one hypothesis.

Structural hypothesis

A mutation in the LMNA gene producing abnormal lamin
weakens the nuclear envelope and develops abnormal
nuclear-cytoplasmic interactions, thus decreasing the struc-
tural integrity of the cell. These changes make the cell sus-
ceptible to mechanical stress potentially leading to cell death,
especially striated muscle or cardiomyocytes that are exposed
to mechanical stress®. Embryonic fibroblasts obtained from
Lmna knockout mice demonstrate the inability of the nuclear
envelope to withstand physical force easily rupturing as com-

[65]

pared to controls Skeletal muscle biopsies obtained from
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patients with autosomal EDMD and cardiac biopsies from
patients with dilated cardiomyopathies have shown physical
damage to the cells including ruptured nuclear envelopes and

6667 In addition,

localization of chromatin into the cytoplasm’
fibroblasts from patients with HGP have shown to have an
abnormal nuclear envelope shape, clustering of nuclear pores
and loss of peripheral heterochromatin that worsen as the cells
age!®,

mal nuclei structure and when exposed to heat stress had an
[69]

Fibroblast from FPLD patients also revealed abnor-
increase in cell death compared to controls

Gene expression hypothesis
Lamin plays an important role in DNA repair and replication
as well as transcriptional regulation, thus abnormal lamin will

affect these functions™ 7%,

The disruption of the normal
organization of lamin in mammalian cells has been shown to
inhibit RNA polymerase II-dependent transcription”". The
gene expression hypothesis may particularly provide some
insight in adipocyte disorders like FPLD. Peroxisome prolifer-
ator activator receptor gamma (PPARY) and sterol regulatory
element binding protein-1 (SREBP1) are two of several genes
that regulate adipogenesis. SREBP1 binds to pre-lamin A and
also activates PPARy. Pre-lamin A in fibroblasts from patients
with FPLD has been shown to accumulate at the nuclear enve-
lope sequestering SREBP1, thus decreasing PPARYy activation
and in turn inhibiting adipogenesis”*”. These findings may
partially explain the progressive loss of fat in the extremi-
ties and trunk of individuals with FPLD. Further, deficient
SREBP1 has been associated with type 2 diabetes mellitus, also
seen in individuals with FPLD"*!,

Cell proliferation hypothesis

Stem cells fail to differentiate properly due to abnormal lamin
within the cell.
production of progerin, a mutant form of the lamin A protein.

Individuals with HGPS have an increased

Progerin accumulates near the nucleus altering the structure of
the nuclear lamina. Studies have demonstrated that progerin
interferes with the normal function of human mesenchymal
stem cells (MSC) altering their ability to differentiate appropri-
ately. MSC typically undergo differentiation to form several
of the tissues affected in HGPS including bone (osteogenesis)
and fat (adipogenesis); these effects are mediated by progerin
activating downstream effectors of the Notch signaling path-
way, a major regulator of human MSCs"’.
have shown that the differentiation of mouse skeletal stem

Further, studies

cells, satellite cells, is associated with the relocation of nucleo-
plasmic lamin A/C to the nuclear lamina and reorganization
of the nucleoskeleton; C2C12 myoblasts transfected with a
mutant lamin A, known to cause autosomal dominant EDMD,
prevented the relocation of lamin and reorganization of the
nucleoskeleton, resulting in the inhibition of myoblast differ-
entiation”!,

Protein-protein interaction hypothesis
Altered lamin due to a LMNA gene mutation will develop
an abnormal interaction with associated proteins resulting in

disorganized cell structure and in-turn cell dysfunction[m’szl.

Nikolova ef al, demonstrated that in lamin A/C deficient mice
the intermediate filament protein desmin, important in main-
taining structural integrity of the cell, became disorganized
and detached from the nuclear surface” *. In addition, the
inner nuclear envelope proteins nesprin and emerin, both
important in maintaining cell structure, mis-localized to the
endoplasmic reticulum in SW-13 cells which lack lamin A and
re-localized to the inner nuclear envelope in SW 13/20 cells
that contain lamin A®. Cardiomyocytes of LMNA knockout
mice demonstrated an altered nuclear envelope, disorganiza-
tion of nesprin-1 and changes in the expression and distribu-
tion of nuclear and cytoskeletal actin®!. Studies by Raharjo et
al®, showed that point mutations in lamin A/C resulting in
the substitution of amino acids leucine for arginine at position
85 (L85R) and asparagine for lysine at position 195 (N195K),
both known to cause dilated cardiomyopathy, altered the
assembly of lamin A/C resulting in the partial mis-localization
of emerin in HeLa cells; these findings were also seen in the
point mutation resulting in the substitution of amino acid
leucine for proline at position 530 (L530P), known to cause
autosomal dominant EDMD™. Further, eliminating lamin A/
C from the nuclear envelope of HeLa cells resulted in emerin
mis-localization and the formation of aggregates within the

endoplasmic reticulum™®",

Conclusions and perspectives
Lamins are intermediate filament proteins and are major
components of the nuclear lamina playing an important role

117 There are well

in cell regulation and structural integrity'
over 100 mutations in the LMNA gene, encoding for the pro-
tein lamin A/C, that result in more than 10 clinical disorders
741 The challenge

remains to determine why certain LMNA mutations result in

collectively referred to as laminopathies

tissue specific diseases, even though lamin A/C is found in all
differentiated cells in the human body.

The laminopathy story is an elegant example of the impor-
tance of close collaboration that must exist between the
physician-scientist and basic research-scientist in the study of
heritable disorders. Careful physical examination of affected
individuals and meticulous investigation of their family his-
tory allows the physician-scientist to understand the complex-
ity of the disease, while the basic research-scientist helps in
defining molecular mechanisms of that disease. Animal mod-
els, including Lmna knockout mice and mice carrying various
LMNA missense mutations, have provided much insight into
the mechanisms of laminopathies®*. Knowledge gained
from the clinic and bench will help to better understand the
underlying mechanisms, and will result in therapeutic strat-
egies to treat affected individuals and provide insight into
molecular mechanisms of other human diseases.
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Drug discovery for polycystic kidney disease
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In polycystic kidney disease (PKD), a most common human genetic diseases, fluid-filled cysts displace normal renal tubules and cause
end-stage renal failure. PKD is a serious and costly disorder. There is no available therapy that prevents or slows down the cystogen-
esis and cyst expansion in PKD. Numerous efforts have been made to find drug targets and the candidate drugs to treat PKD. Recent
studies have defined the mechanisms underlying PKD and new therapies directed toward them. In this review article, we summarize

the pathogenesis of PKD, possible drug targets, available PKD models for screening and evaluating new drugs as well as candidate

drugs that are being developed.
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Introduction

Polycystic kidney disease (PKD), an inherited human renal
disease, is characterized by massive enlargement of fluid-
filled renal tubular and/or collecting duct cysts!". Progres-
sively enlarging cysts compromise normal renal parenchyma,
often leading to renal failure. The occurrence of autosomal
dominant polycystic kidney disease (ADPKD) is estimated to
be between 1 in 1000 and 1 in 400 individuals by a study in
Olmsted Country, MN. ADPKD is caused by mutations in
one of two genes (Pkdl and Pkd2) expressing the interacting
polycystic proteins polycystin-1 (PC1) and polycystin-2 (PC2)
in renal tubular epithelia® *. Mutation of Pkd1 accounts for
approximately 85% cases in clinically identified patients.
PC1 is a membrane receptor capable of binding and interact-
ing with many proteins, including carbohydrates and lipids,
and eliciting intracellular responses through phosphorylation
pathways!®”.. PC2 is thought to act as a calcium permeable
channel®™”. PC1 and PC2 form a complex that localizes to pri-
mary cilia"” ", The polycystin complex has a role in the regu-
lation of the proliferation, differentiation and morphogenesis
of renal tubular cells through interactions with protein com-
plexes linked to the actin cytoskeleton, intracellular signaling
cascades, and the regulation of gene transcription!" ™! (Figure
1). In ADPKD, the thousands of large, spherical cysts of vari-
ous sizes throughout the cortex and medulla are derived from

*To whom correspondence should be addressed.
E-mail baoxue@bjmu.edu.cn
Received 2011-02-06 Accepted 2011-03-17

the segments of the nephron. Autosomal recessive polycystic
kidney disease (ARPKD) results primarily from the mutations
in a single gene, Pkhd1"l. TIts frequency is estimated to be
one per 20000 individuals. The PKHD1 protein, fibrocystin,
has been found to be localized to primary cilia and the basal
bodies. The exact function of fibrocystin has not been demon-
strated. In ARPKD, smaller, elongated cysts arise as ecstatic
expansions of collecting ducts. Patients with PKD often
require dialysis and kidney transplantation, which are exceed-
ingly costly. There are currently no approved drug or preven-
tive strategies for PKD.

Mechanisms of renal cyst formation and enlargement in
PKD

The development and growth of PKD cysts involve the abnor-
mal proliferation and apoptosis of immature epithelial cells,
accumulation of fluid within the cyst cavity, abnormal cell-
cell/cell-matrix interactions and abnormal cilia function.

Role of epithelial cell proliferation and apoptosis in cyst develop-
ment in PKD
Increased apoptosis and proliferative capacity in renal
epithelial cells are essential processes in PKD. While the pro-
liferation of renal tubular epithelial cells halts before birth in
normal individuals, cystic epithelia proliferate throughout life
in patients with ADPKD™. Several genetic manipulations
that increase the proliferation of tubular epithelial cells in mice
result in PKD",

Epidermal growth factor (EGF), transforming growth fac-
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tor alpha (TGF-a) and EGF receptor (EGFR) promote cystic
epithelial proliferation and expand renal cysts. EGFR is over-
expressed and mislocalized to the apical membranes of cystic
epithelial cells, which leads to a sustained stimulation of cell
proliferation in the cysts®. Increased intracellular cAMP
level also plays a crucial role in cystogenesis. The reduced cal-
cium caused by mutation of Pkd1l or Pkd2 can inhibit adenylyl
cyclase 6 leading to increased cAMP. Studies have demon-
strated that cAMP inhibits the proliferation of normal renal
epithelial cells. In contrast, CAMP promotes the proliferation
of cells derived from PKD patients®. The switch is caused by
decreased intracellular calcium levels in a polycystic kidney
leading to cAMP-mediated stimulation of the B-Raf/MEK/
ERK pathway instead of inhibiting the Ras/Raf/MEK/ERK
pathway like in the normal kidney™. B-Raf is inhibited by
Akt in normal cells, while it is activated because of decreased
activation of Akt in calcium-restricted cells. Inhibitors of
Akt and PI3K can reproduce the effects of calcium reduc-
tion. However, activation of Akt has been found in animal
models of PKD, such as Pkd”~ mice, Han:SPRD rats and jck
mice. Additional growth factors, cytokines, lipid factors, and
adenosine triphosphate (ATP) also participate in regulating
the proliferation of renal epithelial cells™*!. Cell apoptosis
is also a key factor in the development of PKD. Knocking out
the anti-apoptotic Bcl-2 and AP-2 genes or overexpression of
the pro-apoptotic gene c-myc in mice results in renal cystogen-
esis®l,
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Figure 1. A diagram depicting the
effects that PC1 and PC2 exert on
signaling pathways. Multiple direct
and indirect interactions allow the
polycystin proteins to be inhibited or
stimulated. Pathways was invoved in
cell proliferation and liquid secretion.

Role of fluid secretion in cyst development in PKD

Fluid secretion is a critical pathogenic mechanism associated
with cyst formation and growth in PKD. Fluid secretion,
coupled with epithelial hyperplasia, is necessary and sufficient
to account for the dynamics of cyst growth. In PKD, a large
number of cystic lesions lack afferent and efferent tubule con-
nections, suggesting that cysts, which arise from tubular seg-
ments, become disconnected from the glomerular filtrate. The
development and expansion of cystic lesions therefore requires
net transepithelial fluid secretion. An extensive body of in
vitro data implicates epithelial chloride secretion in the genera-
tion and maintenance of fluid-filled cysts™. The fluid secre-
tion is driven by mechanisms that are similar to those found in
other secretory epithelia. Chloride movement drives fluid into
the cyst lumen. Fluid accumulation causes cyst enlargement
directly by swelling cysts and indirectly by stretching cells to
promote cell division,

Cystic fibrosis transmembrane conductance regulator
(CFTR), a cAMP-regulated chloride channel, is present on the
apical membranes of many secretory epithelia. Chloride secre-
tion through the CFTR has been implicated in the pathway of
fluid secretion in PKD. In vitro experiments have suggested
that increased cAMP-mediated chloride secretion provides
the electrochemical driving force for fluid secretion in cystic
epithelia®. CFTR is expressed in the apical membrane of
intact cysts dissected from PKD kidneys™. An important
role of CFTR in PKD fluid secretion is also supported by the
observation that interference with CFTR protein production



(by treatment of ADPKD monolayers with antisense oligo-
nucleotide against human CFTR) dramatically reduced fluid

secretion by these cells’™’).

Additional evidence supporting a
role of CFTR in chloride secretion was obtained from immor-
talized cystic murine collecting duct cell lines isolated from
CFTR mutant and CFTR wild-type mice. The wild-type cell
lines formed numerous fluid-filled cysts in response to EGF
and forskolin when cultured in three-dimensional collagen
gels, whereas the CFTR mutant cell lines failed to form cysts
under identical conditions®".
CFTR is required for in vitro cyst formation. In a single family
affected with both ADPKD and cystic fibrosis (CF), individual
members with both ADPKD and CF had less severe renal
disease than those family members with only ADPKDP* ¥,
These studies suggest that in vivo, defective CFTR function
provides partial protection against renal cyst development and

These results demonstrate that

enlargement and suggests that modulation of epithelial chlo-
ride secretion may have therapeutic benefit in PKD. Using
type l MDCK cells as a cell culture model of cyst development
and growth, Sheppard’s group found that the CFTR inhibi-
tor CFTR;,-172 (see below) retarded cyst growth. In contrast,
blockers of other types of apical membrane CI” channels, which
do not inhibit CFTR, failed to inhibit cyst growth™. Inhibition
of cyst growth by CFTR inhibitors correlated with inhibition
of cAMP-stimulated CI" current, but not cell proliferation®!,
Their studies strongly suggest that CFTR inhibitors might
retard cyst growth predominantly by inhibiting fluid accumu-
lation within the cyst lumen. In two ARPKD animal models,
PCK rats and the pcy mice, renal cAMP levels were signifi-
cantly higher compared to that in wild-type animals. Expres-
sion of the water channel AQP2 and vasopressin V2 receptor
(VPV2R) was also increased. Administration of the VPV2R
antagonist OPC-31260 lowered renal cAMP levels and halted
progression or caused regression of established cysts™ .

Aquaporin (AQP)-mediated water permeability in cyst
epithelia may also be involved in fluid secretion in cyst for-
mation and progression, as fluid consists of salts and water.
Normally, several AQPs are expressed in kidney: AQP1 in
the proximal tubule, thin descending limb of Henle, and vasa
recta; AQP2 in the apical membranes of collecting duct; AQP3
and AQP4 in the basolateral membranes of collecting duct. It
has been reported that AQP1 and AQP2 are expressed in cyst
epithelia from patients with PKD®. Gattone et al® found
AQP2 and AQP3 expression in cysts in C57BL/6]-cpk/cpk
mice with autosomal recessive-infantile polycystic kidney dis-
ease. High aquaporin-dependent water permeability in cyst
epithelium may be important to facilitate near-isosmolar fluid
secretion, particularly in growing cysts that have low surface-
to-volume ratios.

Role of cell-cell/cell-matrix interactions in cyst development in
PKD

PC1 has been detected in tight junctions, adhesions junctions,
desmosomes, focal adhesions, apical vesicles, and primary
cilia® *.. A study has shown that PC1 mediates cell-cell adhe-
sion through the formation of strong homophilic interaction of
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its Ig-like domains™. A significant downregulation of Pkd1

mRNA is detected in MDCK cysts compared to tubules, which
leads to a striking reduction of membrane PC1 and mislocal-

401 It has been demonstrated

ization to the cytoplasmic pools
that a controlled level of PC1 expressed at cell-cell junction
is critical for normal tubular differentiation. In normal renal
cells, PC1 forms a complex with the protein E-cadherin and its
catenins. However, in primary cells from ADPKD patients,
the PC1/E-cadherin/p-catenin complex was disrupted
and was accompanied by increased PC1 phosphorylation,
reduced E-cadherin and upregulated normal mesenchymal
N-cadherin®.

Renal epithelial cells in ADPKD show increased PC1
adhesion to type I collagen compared with normal human

epithelia?,

The defects reduce the cell migratory capacity
required for kidney morphogenesis’. The PC1 protein has
been proven to regulate the relationships between the cell and
matrix through interacting with alp2 integrin, vinculin, paxil-
lin, p130-cas, talin and focal adhesion kinase (FAK)"*2. The
basement-membrane composition and expression of matrix
metalloproteases and their inhibitors are abnormal in PKD
kidneys. It has been demonstrated that inactivation of several
matrix adhesion receptors and focal adhesion complex-associ-

ated proteins result in cystogenesis!**.

Role of cilia in cyst development in PKD

Renal cilia are microtubule-based, membrane-bound projec-
tions on the epithelia of the renal tubule and duct. Renal cilia
have been reported to be mechanosensors and respond to flow

[47]

by increasing intracellular calcium Several studies sup-

10381 and form

port that PC1 and PC2 localize to primary cilia
a subfamily of transient receptor potential channels that are
responsible for sensing flow and regulating levels of intracel-

lular calcium™®.

The bending of cilia causes calcium influx
into the cell through the PC2 channel™. The mechanosensory
response is lost in cells with mutated PC1"*, Many cellular
functions that are related to PKD, such as gene expression, cell
cycle, differentiation and apoptosis, are regulated by intracel-
lular calcium concentration.

The dysfunction of cilia has a close relationship with cell
cycle progression®” >, PC1 upregulates p21 (wafl) through
activating the JAK-STAT pathway and results in cell cycle
arrest in Go/G,*\. The IFT88/Polaris protein, which is local-
ized to cilia, has been demonstrated to be tightly associated

BU Over-

with the centrosome during cell cycle transition
expression of IFT88/Polaris prevents G,/S transition and
induces cell death. In contrast, deletion of IFT88/Polaris

promotes cell cycle progression”'!

. PC2 also can regulate the
cell cycle through direct interaction with I1d2, a member of the
helix-loop-helix (HLH) protein family, which has been proven

to regulate cell proliferation and differentiation®™.

Experimental models for screening and evaluating new
drugs for PKD

Several common experimental models that have been used to
screen and evaluate the new PKD drugs at the cell, organ and
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whole animal levels are described in subsequent sections.

Madin-Darby canine kidney (MDCK) cyst model

MDCK type I cells provide a useful in vitro model of cystogen-
esis for screening candidate inhibitors of cyst formation and
growth (Figure 2). MDCK cells cultured in three-dimensional
collagen gels with forskolin produce a polarized, single-layer,
thinned epithelium surrounding a fluid-filled space similar to
the cysts in PKD™. MDCK cells in cysts undergo prolifera-
tion, fluid transport and matrix remodeling, as seen in tubular
epithelial cells cultured from PKD kidneys. Cyst forma-
tion and growth are cAMP-dependent, which is thought to
independently increase cell proliferation and activate CFTR-
facilitated transepithelial fluid secretion®
limitations, such as differences between MDCK cells versus

. Recognizing its

renal epithelial cells and cell cultures versus intact kidneys, the
MDCK cyst model may be used to identify cyst inhibitors that
reduce cyst formation and enlargement without demonstrable
cell toxicity or inhibition of cell proliferation.

Embryonic kidney cyst model

The embryonic kidney culture model permits organotypic
growth and differentiation of renal tissue in defined medium
without the confounding effects of circulating hormones and
glomerular filtration®. In the absence of 8-Br-cAMP, kidneys
cultured on porous cell culture inserts increase in size over 4 d,
whereas numerous cystic structures were seen in the presence
of 8-Br-cAMP (Figure 3). Although embryonic kidney cultures
probably represent a better PKD model than MDCK cells, they
are avascular and non-perfused and therefore are not exposed
to the same environment as the in vivo kidney.

PKD mouse models
Pkd1"*~;Ksp-Cre mice, are kidney-selective Pkd1 knockout
mice that manifest a fulminant course with the development
of large cysts (Figure 4), renal failure in the first 2 weeks of
life and death by 20 d. This model is suitable to evaluate the
efficacy of cyst inhibitors on retarding the growth of cysts in
the distal segments of the nephron, including the medullary
thick ascending limbs of the loops of Henle, distal convoluted
tubule and collecting ducts. In humans, ADPKD develops
slowly and causes renal failure at an average age of over 50
years. For experimental studies, this relatively severe model
of ADPKD has been used, rather than mouse models in which
disease develops more slowly because of the shorter time
required for compound administration and the greater likeli-
hood of observing an immediate benefit. Testing cyst inhibi-
tors in the ADPKD mouse model should be of further utility
in predicting efficacy in human ADPKD. The CFTR inhibitors
significantly reduced cyst formation and clinical signs of PKD,
as assessed by lower kidney weights and serum creatinine and
urea concentrations in this mouse model™.

Pkd1"™* mice and Ksp-Cre transgenic mice have been gen-

erated as described?®® %"

. Ksp-Cre mice express Cre recom-
binase in the kidney under the control of the Ksp-cadherin

promoter®. Pkd1""/~; Ksp-Cre mice were generated by cross-
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breeding Pkd1"*/" mice with Pkd1*/:Ksp-Cre mice™. Neo-
natal mice (age 1 d) were genotyped by genomic PCR. Test
compound or saline DMSO vehicle control were administered
by subcutaneous injection on the backs of neonatal mice four
times a day for 3 or 7 d using a 1 mL insulin syringe beginning
atage 2 d. Pkd1™%; Ksp-Cre or Pkd1™* mice from the same
litter were used as controls. Body weight was measured at
d 5. Blood and urine samples were collected to measure the
test compound concentration and renal function. The kidneys
were removed, weighed, and fixed for histological examina-
tion or homogenized to determine the test compound content.

Many other mouse models of PKD have been described in
which the mutant phenotypes result from spontaneous muta-
tions or gene-specific targeting in mouse orthologs of human
PKD genes. These murine phenotypes closely resemble
human PKD with common abnormalities observed in the
tubular epithelia, interstitial compartment, and extracellular
matrix of cystic kidneys®”.

Pkd1 and Pkd2 knockout mouse models, which are
homologs of human genes, have been generated by targeted

mutagenesis[sg’ 601,

In most of these models, heterozygous
mice develop renal, biliary, and pancreatic cysts at age 4-19
months. Disease progression is rapid, with embryonic lethal-
ity occurring in most homozygous mutants.

In the mouse models arising from spontaneous mutations,
PKD is generally transmitted as an autosomal recessive trait.
Several of these models with cysts distributed along the entire
nephron and slower disease progression closely recapitulate
human ADPKDP. One of them is the murine autosomal

recessive juvenile cystic kidney (jck)"".

The jck locus maps to
chromosome 11. The mutant allele has a missense change in
Nek8, which encodes NIMA (for ‘never in mitosis” A)-related
kinase 8”. In homozygous mutant mice, focal renal cysts are
evident as early as 3 d of life, and the renal cystic disease is
slowly progressive but not evident by kidney palpation until
age 4 to 5 weeks. Histological analysis of jck mutant kidney
tubules showed the defects were specific to the connecting
segment and collecting duct cells. The proximal tubule cells
appeared morphologically normal. Cell membrane and cyto-
plasmic disruption could be observed in collecting ducts from
mutant mice at 2-3 weeks of age. No histological abnormali-
ties in other organs have been described. The mutant mice are
fertile and generally survive for 4 months or more.

Another PKD mouse model arose spontaneously by muta-
tion of the “congenital polycystic kidney” (cpk) gene with
locus mapping to mouse chromosome 12/’. Cys1, the cpk
gene, encodes cystin, which localizes to the primary apical
cilia on collecting duct cells. Mutant mice develop massive
renal cystic disease and progressive renal insufficiency in a
pattern that resembles human ARPKD. Initial cystic changes
are evident at approximately embryonic d 16 and localize pri-
marily to the proximal tubule. With progressive postnatal age,
the cystic changes predominantly involve the collecting duct.
Death occurs by 3-4 weeks of age due to uremia/®.

PKD in the kat mouse model is caused by a spontaneous
mutation occurring in the Nekl gene, which encodes NIMA-
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Figure 2. MDCK cyst growth in collagen gels. Light micrographs were taken at indicated days after cell seeding of MDCK cells exposed continuously to
10 umol/L forskolin without (top) or with cyst inhibitor (bottom). Each series of photographs shows the same cyst on successive days in culture.

Br-cAMP

Figure 3. Embryonic kidney cyst model. Embryonic kidneys at d E13.5 were cultured for 4 d. (A) Kidney appearance by transmitted light microscopy
for cultures in the absence (top) or continued presence (bottom) of 100 pmol/L 8-Br-cAMP. Each series of photographs shows the same kidney on
successive days in culture. (B) Histology (hematoxylin and eosin staining) of embryonic kidneys.

WT PKD di 2 3 4 5

Figure 4. Pkd1™/~; Ksp-Cre PKD mouse model. (A) Kidney from wildtype (left) and Pkd1"""; Ksp-Cre PKD mouse (right) at age 5 d. (B) Histology
(hematoxylin and eosin staining) of kidneys from Pkd1"~; Ksp-Cre PKD mice at ages 1 to 5 d.
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related kinase 1. In Neklkat-2] homozygotes, fluid-filled cysts
and dilated proximal tubules and Bowman spaces are found
as early as 1 month of age. The bilateral renal cystic disease
involves all levels of the nephron by 3 months of age. Disease
progression, including growth of cysts and an increase in the
number of cysts, is similar to that in ADPKD.

As a model of ADPKD, the Han:SPRD-cy rat has been used
for research extensively®®). The gene locus maps to chromo-
some 5%, The spontaneous mutation occurs in the Sprague-
Dawley strain. In male Cy/+ rats, the kidneys enlarged more
rapidly, and interstitial fibrosis is more pronounced®”. The
Han:SPRD Cy/+ rat can be studied for the efficacy of long-
term medical therapy. In this model, the renal cyst exclusively
develops in the proximal tubules instead of the whole renal
segment. Other mouse models, bpk, jcpk, orpk, inv and pcy,
also resemble human PKD with respect to renal cyst pathology
and disease progression®!.
common pathogenic features with human PKD, it is assumed

Because the murine models share

that there are common molecular pathways involved in PKD
progression in humans and mice. The jck, cpk, and kat mouse
models are commercially available from the Jackson Laborato-
ries.

The dynamics of cyst growth differ in the various models.
These differences provide a unique opportunity to study the
mechanism of cyst formation. The Nek8jck mouse model
can be used mainly to test the preventive role of cyst inhibi-
tors in the formation of cysts in collecting ducts of young
mice. The Cyslcpk mouse model is suitable to test the role
of cyst inhibitors on the progression of cysts and to compare
the effects of treatments on cysts derived from different cell
types in all levels of the nephron. The Neklkat mouse model
has been proposed to study the roles of cyst inhibitors on
cysts derived from proximal tubules. Heterozygous Pkd2"**
mice, an ADPKD model generated by targeted mutagenesis,
can be used to test the prevention and the treatment with cyst
inhibitors on the development of cysts in the kidney and other
organs.

Cyst progression can be evaluated by measuring the size
and number of cysts in the kidney. At first, the ratio of kid-
ney weight to body weight can be measured. Development
of cysts should increase kidney weight. For light microscopic
analysis, transverse tissue sections, including cortex, medulla
and papilla, can be stained with H&E to measure cyst size and
number. The analysis can be performed by a reviewer who is
blinded to the identity of the treatment modality. To quanti-
tatively evaluate cyst growth, cyst size can be recorded on the
following scale: 0, <0.05 mm (It is difficult to distinguish the
cysts from normal renal tubules); 1, 0.05-0.3 mm; 2, 0.3-0.6
mm; 3, 0.6-0.9 mm; 4, 0.9 mm-1.2 mm; and 5, >1.2 mm. The
number of cysts can be counted in the cortex, medulla and
papilla. In some experiments, the origin of renal tubule cysts
can be determined by segment-specific lectin binding using
Dolichos biflorus agglutinin (DBA) as a marker for collect-
ing ducts and Lotus tetragonolobus (LTA) as a marker for
proximal tubules as described previously”
LTA-positive and DBA-positive cysts can be counted in serial

. The numbers of
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sections of bisected whole-mount kidneys from each animal.
Proximal tubule cysts can be identified by LTA binding, and
collecting duct cysts can be identified by DBA binding. A
minimum of 10 sets of serial sections evenly spaced through
the kidney from the cortex to the inner medulla can be used to
determine the ratio of proximal tubule to collecting duct cysts.

Candidate drugs under research and development

Based on the mechanism of renal cyst development and the
pathogenesis of PKD, some chemical and natural compounds
have been discovered to have inhibitory activity on renal cysts
and to slow PKD progression. Some classes of candidate PKD
drugs have been described according to the drug targets in
PKD as follows.

Vasopressin 2 receptor (V2R) antagonist

Studies were conducted to target cCAMP pathways and take a
step further by demonstrating the upregulation of vasopres-
sin and the inhibition of cytogenesis by V2R antagonists OPC-
31260 in cpk mice, ARPKD (PCK rat), ADPKD (Pkd2WS25
mice) and adolescent nephronophthisis (pcy mouse)? ¥, As
OPC-31260 is a weak antagonist for human V2R, clinical trials
with tolvaptan, which has a higher affinity for human V2R,
are underway. Tolvaptan was also effective in animal models
of ARPKD, ADPKD, and nephronophthisis” 7. The Tolvap-
tan Efficacy and Safety in Management of PKD and Outcomes
(TEMPO) program is currently active” ", Phase 2a studies to
determine the response to increasing doses of tolvaptan (15,
30, 60, and 120 mg) in patients with ADPKD and normal renal

d”> 7¢I, A 3-year phase 3, placebo-

function have been complete
controlled, double-blind study in 18-to 50-year-old patients
with ADPKD to determine long-term safety and efficacy has

been initiated and will be completed in 2011.

Renin angiotensin aldosterone system (RAAS) antagonist

Angiotensin-II (AT-II) has been demonstrated to promote cel-
lular proliferation, apoptosis, and the production of TNF-a
and other pro-inflammatory cytokines””. RAAS also plays
an important role in hypertension. So, RAAS antagonism
can prevent cellular proliferation and inflammation and treat
hypertension in PKD. Angiotensin-converting enzyme (ACE)
inhibitors, which are RAAS antagonists, have been proven
to reduce cyst enlargement and blood pressure and improve
renal function in Han:SPRD rats”® I,
study showed that ACE inhibitors prevented left ventricular

A randomized 7-year

hypertrophy better than calcium channel blockers in 75 hyper-
tensive ADPKD patients™. An earlier longitudinal study has
shown slower renal progression in those treated only with
ACE inhibitor compared to only diuretics. Two HALT PKD
trials that are randomized, double-blind, and placebo-con-
trolled are underway to test the impact of intensive blockade
of RAAS in ADPKD patients with ACE inhibitor or angio-
tensin receptor blocker (ARB)®.

Epidermal growth factor receptor (EGFR) tyrosine kinase inhibitor
EGF is an important factor in cyst epithelial cell proliferation



and cystogenesis. EKI-785, an EGFR tyrosine kinase inhibi-
tor, has been shown to be effective in reducing cyst formation
and decreasing mortality in murine ARPKD"*?. EKI-785 and
another EGFR tyrosine kinase inhibitor EKB-569 attenuate the
development of PKD in Han:SPRD rats'*. Contrary to other
murine models of ARPKD, overexpression and mislocalization
of EGFR are not found at the apical membrane of cystic cells in
PCK rats'®™!. This may be the reason that EKI-758 and EKI-569

have no efficacy in PCK rats'®¥.

Peroxisome proliferator-activated receptor-y (PPARy) agonist
Proliferation is recognized as an important factor for cysts
development in PKD. PPARYy, a member of the superfamily
of nuclear hormone receptor transcription factors, has been
demonstrated to suppress cell growth and promote differen-
tiation and apoptosis in various cancer cells®. Thus, it may
be effective in treating PKD. A recent study showed that the
expression of PPARy was greater in ADPKD kidneys and
cyst-lining epithelial cells compared to normal kidneys and
human kidney cortex cells®!. Rosiglitazone, a PPARy agonist,
significantly inhibits the proliferation of ADPKD cystic epithe-
lial cells by causing a G,/G; arrest. Short-term treatment in
Han:SPRD rats with rosiglitazone has been shown to attenuate
the development of kidney cysts and improve renal function,
while long-term administration with rosiglitazone can prolong
survival in Han:SPRD rats'™”.

Somatostatin
Octreotide, a kind of somatostatin, has been shown to inhibit
hepatic and renal cystogenesis in PCK rats by decreasing

%1 A clinical trial has shown that oct-

cAMP accumulation!
reotide safely slows renal volume expansion in 6-month
therapy for 13 ADPKD patients®™!. Recently, octreotide has
been tested as long-term treatment for polycystic kidney and

polycystic liver disease in a clinical trial.

Phosphodiesterase (PDE) activator

In PKD, cAMP has been proven to be a critical intracellular
second messenger involved in cytogenesis. The level of cAMP
is largely regulated by the PDE superfamily through hydroxy-
lation. In mixed cortical tubules and microdissected tubular
segments, 50%-70% of PDE activity is inhibited by an inhibitor
of the calcium-calmodulin-sensitive PDE1®”. PDE1 is respon-
sible for cAMP and ¢cGMP activity. The reduction of intracel-
lular calcium in PKD may increase cAMP by dysregulating
PDE1. PDE3 inhibited by increased cGMP are cAMP-specific
PDEs. PDE3 may also be involved in cAMP accumulation in
renal cells of PKD kidneys. In mesangial cells, PDE3 inhibitors
increase cCAMP levels and activate PKA, block phosphoryla-
tion of Raf-1 on serine 338 and suppress Raf-1 kinase activ-
ity®. PDE inhibitors stimulate MDCK cell proliferation. A
recent study showed that the protein levels of PDE1, PDE3,
and PDE4 are significantly reduced in the cysts of PCK and
Pkd2”/"*® kidneys compared with wild-type kidneys®, which
indicates that a PDE activator may inhibit cystogenesis.

Src inhibitor
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Src has been confirmed to be an important intermediary in
cAMP pathways that promote epithelial proliferation in PKD
and also a critical mediator in the activation of the EGFR axis.
Src activity has a relationship with PKD progression in BPK
mice and PCK rats®”. SKI-606 can inhibit Src activity in a
highly specific manner. SKI-606, which is also in clinical trials
for breast cancer and malignant tumors, significantly improves
renal and biliary lesions in BPK and PCK rodent models of
ARPKDM!. Thus, Src can be a prospective therapeutic target
in PKD.

Raf inhibitor

Sorafenib, a small molecule Raf inhibitor, has been demon-
strated to inhibit the proliferation of cells derived from the
cysts of human ADPKD kidneys”. Sorafenib has also been
proven to treat renal cell carcinomas and prolong survival

timel®?.

Cyst growth in human ADPKD cystic cells cultured
within three dimensional collagen is completely inhibited by
sorafenib®™!. This study suggests that the inhibition of the Raf

kinases may be an effective therapy for PKD.

Mitogen extracellular kinase (MEK) inhibitor

MEK is an important mediator in EGFR and cAMP signaling.
PD98059, an inhibitor of MEK, has been shown to completely
prevent ADPKD cellular proliferation in response to cAMP
agonists”’l. Another MEK inhibitor, PD184352, improved
renal function and reduced the expression of P-ERK and ERK
in pcy mice™. However, U0126, an inhibitor of MEK1/2 that
blocks phosphorylation of ERK, did not change the rate of cyst
growth in Pkd1"/~:ksp-Cre mice®. More studies on MEK
inhibitor efficiency in PKD are needed.

Mammalian target of rapamycin (mTOR) inhibitor
In human ADPKD patients and mouse models, the mTOR
pathway is abnormally activated in cyst-lining epithelial cells.
It has been shown that the cytoplasmic tail of PC1 interacts
with tuberin®!. Recently, another experiment™ directly
showed that PC1 was able to inhibit the mTORC1(mTOR com-
plex-1) cascade that regulates cell growth and proliferation,
ribosome biogenesis and translation of a subset of mRNAs,
cellular energy responses and autophagy'” *.

PC1 therefore lead to persistent activation of mTOR, which

Mutations in

promotes cell growth and proliferation and cyst expansion in
PKD. Also, mTOR is activated by increased ERKs through
inhibiting tuberin in the renal cells of ADPKD. Rapamycin,
an inhibitor of mTOR, was shown to be highly effective in
reducing renal cystogenesis in the bpk and orpk-rescue mouse
models”™. In another study, long-term rapamyecin treat-
ment in Han:SPRD rats resulted in a normalization of kidney
volume, renal function, blood pressure and heart weight!®.
Treatment of human ADPKD transplant recipient patients
with rapamycin showed a significant reduction in polycystic

kidney volumes™.

A two-year, placebo-controlled trial of
another mTOR inhibitor, everolimus, involving 433 patients
with ADPKD has been finished. Everolimus slowed the

increase in total kidney volume, but the estimated GFR was
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not improved!”,

Cystic fibrosis transmembrane conductance regulator (CFTR)
inhibitor

CFTR,;-172"%, a thiazolidinone, has been shown to slow
cyst growth in a MDCK cell culture model of PKD® and in
metanephric kidney organ cultures®™. CFTR,,;-172 maintains
the channel closed state, probably by binding to a cytoplas-
mic domain of CFTR according to patch-clamp analysis!"",
The other kind of CFTR inhibitors is the glycine hydrazides,
which directly bind to the CFTR pore at a site near its external
entrance”. In an experiment screening CFTR inhibitors for
PKDP®, tetrazolo-CFTR;,-172, a tetrazolo-derived thiazolidi-
none, and Ph-GlyH-101, a phenyl-derived glycine hydrazide,
were found to almost completely suppress cyst growth with-
out affecting cell proliferation. These compounds also showed
a remarkable inhibition of cyst number and growth in an
embryonic kidney cyst model. Subcutaneous delivery of tetra-
70lo-CFTR;,;-172 and Ph-GlyH-101 to neonatal kidney-specific
Pkd1 knockout mice for 7 d prominently slowed kidney
enlargement, cyst expansion and renal function impairment.

Cyclin-dependent kinase (CDK) inhibitor

As we discussed previously, cilia has a close link with the
cell cycle progression. The CDK inhibitor roscovitine effec-
tively inhibited cyst formation through cell cycle arrest in jck
and cpk mouse models of PKD""™. Roscovitine has also been
detected to be active against cysts originating from different

[102]

parts of the nephron Roscovitine significantly downregu-

ol103]

lates cAMP and aquaporin and increases p21"*, leading

to decreased renal tubular epithelial cell proliferation.

TNF-a interventions

A recent study has demonstrated that TNF-a promotes the
progression of PKD!'"!. Treating inner medullary collecting
duct (IMCD) cells with TNF-a increases the expression of
FIP-2 and shows a striking loss of PC2 from its normal loca-
tion. FIP-2 plays a role in transporting protein from the api-
cal membrane and regulating epithelial cell polarity. TNF-a
causes cystogenesis in the wild-type murine embryonic kid-
ney, which is exacerbated in the Pkd2"/~ embryonic kidney.
Pkd2"/~ mice injected with TNF-a have increased cyst develop-
ment (the frequency was 6/14), while 50 Pkd2"/~ mice treated
with the TNF-a inhibitor ethanercept did not develop cysts.
Another study has found that TNF-a can activate the mTOR
pathway!"*!
ment. These studies suggest that inhibition of TNF-a can slow

, which plays an important role in PKD develop-
cyst formation in PKD.

Glucosylceramide synthase inhibitor

Glucosphingolipids have been proven to play an important
role in regulating cell proliferation and apoptosis"”.. Recently,
a study demonstrated that the glucosylceramide (GlcCer) syn-
thase inhibitor Genz-123346 effectively inhibited cystogenesis
in Pkd17", jck and pcy mice™™. GlcCer and ganglioside GM3
levels are higher in human and mouse PKD kidneys compared
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to normal kidneys. Molecular analysis of jck mice and jck cells
shows that Genz-123346 prevents cyst growth by dysregulat-
ing Akt-mTOR signaling!®.

Matrix metalloproteinases (MMPs) inhibitor

MMPs are a large family of proteinases that play an important
role in remodeling extracellular matrix components and cleav-
ing a number of cell surface proteins. Kidney tubules derived
from the C57BL/6]-cpk mouse contain higher levels of MMP-2
and -9 than normal mice™. Serum MMP-1, -9, and tissue
inhibitor of metalloproteinases-1 concentrations in patients
with PKD were significantly higher compared to healthy
controls %, MMP-14 mRNA has a higher expression in cyst-
lining epithelia and distal tubules in Han:SPRD rats""". Treat-
ing Han:SPRD-cy/+ rats with the MMP inhibitor, batimastat,
for 8 weeks caused a prominent reduction in cyst number and
kidney weight", which suggests that MMP inhibitor could
be potential therapy for PKD.

HMG-CoA reductase inhibitor
Statins, which are HMF-CoA reductase inhibitors, are widely
applied to decrease cholesterol in clinical settings. They can be
used for improving renal function in PKD. Lovastatin signifi-
cantly decreased cystic kidney size and improved function in
heterozygous male Han:SPRD rats"'”

lovastatin reducing farnesyl pyrophosphate, which is impor-
[12]

. It may be related with
tant in cell proliferation" ", and lovastatin can also cause actin
filament disruption, which can induce apoptosis™?. In a dou-
ble-blind cross-over study, 10 normocholesterolemic ADPKD
patients treated with 40 mg/d simvastatin or placebo for 4
weeks showed that simvastatin significantly improved both
glomerular filtration rate (GFR) and effective renal plasma
flow™l. Another study of 16 ADPKD patients with well-
preserved renal function treated with 40 mg/d simvastatin for
six months proved that simvastatin ameliorated endothelial
dysfunction in ADPKD patients using high resolution vascu-
lar ultrasound™*. A randomized open-label clinical trial was
performed with 49 ADPKD patients who were treated with 20

mg/d pravastatin or no treatment for 2 years"”. There were
no significant changes in the markers of kidney function or

urinary protein excretion between the two groups.

Triptolide

Triptolide is a natural product isolated from the “Thunder
God Vine”.
in PC2-mediated calcium release and cytosolic calcium in

the murine kidney epithelial Pkd2”~ cells and to inhibit cyst
[116]

It has been demonstrated to promote an increase

formation in Pkd1”~ embryonic mice Triptolide is an
inhibitor of NF-xB- and NF-AT-mediated transcription, which
results in reduced gene products and cell growth arrest!"” "%,
It has been proven to inhibit cell growth and increase p21
expression in Pkd1”~ kidney cells. In another study, triptolide
significantly inhibited the early phases of cyst expansion and
improved renal function at postnatal d 8 in a kidney-specific
Pkd1"*/~; Ksp-cre mouse model of ADPKD".. Recently, a

study showed triptolide has a pronounced effect in reduc-



ing cyst formation in a Pkd1"*/"; Mx1Cre mouse model of
ADPKD™,

Curcumin

Curcumin is a natural polyphenol derived from the plant Cur-
cuma longa. Numerous studies have indicated that curcumin
is a highly pleiotropic molecule capable of treating various
cancers. Our studies have proven that curcumin also has a
significant inhibitory effect on renal cyst development*.
Curcumin slowed cyst formation in both a MDCK cyst model
and an embryonic kidney cyst model with a dose-dependent
response. Curcumin inhibited forskolin-induced cell prolif-
eration and promoted tubule formation in MDCK cells, which
indicates that curcumin promotes MDCK cell differentiation.
Curcumin affected intracellular signaling in the MDCK cells
exposed to forskolin. Curcumin reduced signaling proteins
Ras, B-raf, p-MEK, p-ERK, and c-fos and increased Raf-1 and
NAB2 in MDCK cells.

Summary

PKD is a progressive disease with a decline in renal function.
The cost of treatment, dialysis, and kidney transplantation
related to PKD exceeds $1 billion in USA each year according
to the Polycystic Kidney Research Foundation. Up to now, the
treatment options for PKD have been limited to renal replace-
ment therapy by dialysis or transplantation. Based on the
understanding of the pathogenesis of PKD, the inhibition of
cyst epithelia and cyst fluid secretion may provide a new ther-
apeutic option in PKD. Dual or triple therapies may be highly
effective in slowing PKD progression. In addition to advanc-
ing the understanding of the mechanism in which PKD devel-
ops, the functional and morphological improvement in PKD,
as seen with chemical compounds, could provide a proof-of-
concept for the application of new drugs in treating PKD.
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Propofol and arrhythmias: two sides of the coin
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The hypnotic agent propofol is effective for the induction and maintenance of anesthesia. However, recent studies have shown that
propofol administration is related to arrhythmias. Propofol displays both pro- and anti-arrhythmic effects in a concentration-dependent
manner. Data indicate that propofol can convert supraventricular tachycardia and ventricular tachycardia and may inhibit the conduc-
tion system of the heart. The mechanism of the cardiac effects remains poorly defined and may involve ion channels, the autonomic
nervous system and cardiac gap junctions. Specifically, sodium, calcium and potassium currents in cardiac cells are suppressed by
clinically relevant concentrations of propofol. Propofol shortens the action potential duration (APD) but lessens the ischemia-induced
decrease in the APD. Furthermore, propofol suppresses both sympathetic and parasympathetic tone and preserves gap junctions dur-

ing ischemia. All of these effects cumulatively contribute to the antiarrhythmic and proarrhythmic properties of propofol.
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Introduction

The hypnotic agent propofol (2,6-diisopropylphenyl) is widely
used during the induction and maintenance of anesthesia. It
has the advantages of minimal side effects, a controllable anes-
thetic state, a quick onset, and rapid patient emergence from
general anesthesia. Apart from these anesthetic properties,
propofol has additional antiarrhythmic and proarrhythmic
effects.

Antiarrhythmic property of propofol

Several case reports have documented the antiarrhythmic
effects of propofol. Kannan and Sherwood! reported that a
68-year-old man with a previous myocardial infarction expe-
rienced supraventricular tachycardia. In this patient, admin-
istration of adenosine or carotid sinus massage had no effect,
but propofol converted the supraventricular arrhythmia to
sinus rhythm before electrical cardioversion. Hermann and
Vettermann reported another case of ectopic supraventricular
tachycardia that was terminated by propofol™. Propofol has
also been shown to terminate ventricular tachycardia (VT)
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storm™*. Burjorjee and Milne reported that propofol resolved

the recurrent episodes of VT that were not terminated by
maximal antiarrhythmic therapy in a 65-year-old man®; simi-
lar results were observed in a second study of a patient with
comparable disease!"..

Additionally, propofol converted atrial fibrillation, which
was not terminated by intravenous infusion of amiodarone,
to sinus rhythm®. Propofol can significantly decrease P-wave
dispersion’®, which may represent the reason for termina-
tion of atrial fibrillation. Furthermore, propofol may improve
cardiac conduction. After propofol injection, the delta wave
of Wolff-Parkinson-White syndrome has been shown to dis-
appear and the P-R interval to normalize, though the delta
wave returned immediately after propofol discontinuation!”®.
The Q-T interval of long Q-T syndrome was shortened when
propofol was used; therefore, propofol may have the potential
to prevent episodes of VT that are due to Q-T interval disper-
sion™ ",

Reperfusion of the heart after short-term ischemia may lead
to potentially lethal arrhythmias, but propofol can alleviate
reperfusion-induced arrhythmia. In the isolated rat myocar-
dium, propofol had antiarrhythmic effects against reperfusion-
induced arrhythmia at concentrations of 1, 10, and 20 pmol/L,
and the incidence and duration of sustained arrhythmias
were decreased significantly™'.

conclude that propofol is likely to inhibit arrhythmias. How-

From the above studies, we
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ever, clinical conditions are often complex, and the general
classification of propofol as a unique agent for antiarrhythmic
therapy cannot yet be made. Thus, more studies are needed to
understand the detailed mechanism by which propofol exerts
its antiarrhythmic effects.

Proarrhythmic properties of propofol

Some studies have demonstrated that propofol has the poten-
tial to block the conduction system of the heart and thereby
induce arrhythmia. A study of 60 children with paroxysmal
supraventricular tachycardia undergoing radiofrequency cath-
eter ablation showed that atrioventricular (AV) node (AVN)

conduction was slowed with propofol™.

Atrial wavelength
and AVN are electrophysiologic factors critical to the patho-
genesis of supraventricular tachydysrhythmias. A study
focusing on the effects of anesthetics on such electrophysi-
ologic factors in guinea pig hearts has indicated that propofol
does not change the atrial wavelength. However, this study
revealed that propofol prolonged the AVN effective refractory
period (ERP) in concentration- and frequency-dependent man-
ners, though no significant effect on atrial conduction veloc-
ity was detected™. Additionally, at concentrations greater
than 25 pmol/L, propofol slowed the atrial rate and AVN
conduction and prolonged the Wenckebach cycle length in a
concentration-dependent manner. The frequency of propofol
administration also correlated with stimulus-to-His bundle
intervals, such that the higher the frequency, the longer the
S-H interval™.

Propofol (3 pmol/L) significantly prolonged the rabbit AV
conduction interval in a dose-dependent (3 to 100 pmol/L)
manner. At higher concentrations (10 to 100 umol/L), the
AVN Wenckebach cycle length and its refractory period were
also prolonged. In addition, conduction through the His-
Purkinje system (HV interval) and the atrial tissue (SA inter-
val), as well as the spontaneous cycle length, were lengthened
in a dose-dependent manner (30 to 100 pmol/L). By contrast,
propofol had no effect on the refractory period of the atrium,

ventricle, or the His-Purkinje system[“]

. Therefore, propofol
inhibits AV conduction in a concentration-dependent fashion.

Conversely, some research suggests that propofol does not
affect the conduction system. For example, propofol had no
effect on the electrophysiological properties of the AVN and
pathway conduction in atrioventricular nodal reentrant tachy-

[16

cardia patients"”. Additionally, propofol did not cause sinoa-

trial node depression or a pathological increase in atrioventric-

ular conduction™.

Studies in normal pig hearts demonstrate
that propofol promotes a dose-related depression of sinus
node and His-Purkinje system functions but has no effect on
the AVN function or the conduction properties of atrial and
ventricular tissues'®.

The effects of propofol on the conduction system may be
impacted by age and drug concentration. At a low concentra-
tion (3 pmol/L), propofol induced a significant lengthening
of the AV conduction interval in adult rabbit hearts but not
neonatal hearts. At a higher concentration (10 pmol/L and

above), propofol significantly prolonged the AV conduction
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The AV
Wenckebach cycle length was also lengthened, with a more

interval in hearts from both neonates and adults.

significant change in the adult hearts. However, with con-
centrations of propofol up to 100 pmol/L, the neonatal hearts
progressed to complete AV block, which did not occur in the
adults. The spontaneous heart rate and conduction through
the atrial tissue (SA interval) and the His-Purkinje system (HV
interval) were all slowed by propofol at 30 pmol/L or above.
Additionally, the lengthening of the SA interval was more
pronounced in the neonatal hearts, where the atrial refractory
period was prolonged by propofol at 10 pmol/L and above!".,

Based on the above study, the effects of propofol on the con-
duction system remain controversial. One reasonable explana-
tion is that different concentrations promote divergent effects:
at clinically relevant or low concentrations, propofol does not
significantly suppress conduction, but at high concentrations,
it blocks conduction.

In a canine study, propofol reduced the arrhythmogenic
plasma concentration of epinephrine in a concentration-
dependent manner, which suggests that propofol enhances

epinephrine-induced arrhythmias™

. Furthermore, propofol
can directly induce arrhythmia.

Rewari and Kaul® have reported that one long Q-T interval
syndrome patient undergoing surgery experienced ventricular
premature beats immediately upon propofol administration
and then progressed to polymorphic ventricular tachycardia
that intermittently changed to ventricular fibrillation. Another
report described a 78-year-old woman with normal cardiac
function who suffered torsade de pointes and then progressed
to ventricular fibrillation after propofol infusion®. Prolonged
high-dose propofol infusion can induce some particular
arrhythmias. An infant also developed dramatic cardiac con-
duction disturbances and tachyarrhythmias after prolonged
high-dose propofol infusion; this patient’s electrocardiograph
resembled that of a patient with Brugada syndrome™!. A
study of a chronic propofol abuser with a propofol blood
concentration as high as 0.73 pg/g also revealed a Brugada-
like electrocardiograph. This patient subsequently developed
a long Q-T interval, idioventricular rhythm, and ventricular
fibrillation.

These cases demonstrate that propofol can block conduction
and induce bradycardia. Polymorphic ventricular tachycardia
and some particular arrhythmias similar to Brugada syndrome
can also result from propofol treatment. It should be noted
that the most common abnormality is bradycardia, whereas
others, such as AV block, are relatively rare and only occur at
high propofol concentrations. A systematic review showed
that the incidence of bradycardia (<50 beats per minute) was
4.8% in the presence of propofol™.. The reason for the con-
duction block could be the ability of propofol to modify the
activity of human atrial muscarinic cholinergic receptors, and
this effect may be related to the drug-induced bradycardia''.
Further, an M-2-muscarinic receptor-mediated mechanism
may be the reason for propofol-induced conduction block. In
a study of isolated guinea pig hearts, the negative dromotro-
pic effect of propofol was attenuated by a muscarinic receptor
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antagonist™,

Propofol and action potential duration

Action potential duration (APD) is determined by several
inward and outward ion currents, including Ix,, Ica, Ixr,
and Iys. Changes in any individual current may prolong or
shorten the APD, and APD dispersion can produce ventricular
arrhythmia. Propofol (25 and 50 pmol/L) shortened mono-
phasic APD at 90% repolarization (MAPDy) in Langendorff-
perfused guinea pig hearts™. With single guinea pig cardiac
myocytes, propofol (10 and 100 pmol/L) shortened the APD.
A concentration-dependent shortening of the APD was pro-

1 However,

duced by propofol (1-100 pmol/L) in these cells
the concentration of propofol required to reduce the APD by
50% was at least 100 pmol/L, and neither resting membrane
potential nor action potential amplitude was significantly
affected®. High-dose propofol (1000 pmol/L) also shortened
the APD of single dog ventricular cells®. Propofol reduced
the APD,, and the APDy, (the time required for 20% or 90%
repolarization, respectively) in guinea pig cardiomyocytes in a
concentration-dependent manner, and the APDy, was reduced
by 21% at 100 pmol/LP". In seeming contrast, however,
propofol lessened the ischemia-induced decrease in the APDy,
at 1 pmol/L and 10 pmol/L and attenuated the APD disper-
sion around the “border zone”, which is between the normal
and ischemic zones of guinea pig right ventricular muscle
strips. Specifically, the APD was shortened by 27%, 31% and
3% at doses of 1, 10, and 20 pmol/L propofol, respectivelyl.
This effect is of particular importance because the decrease
in APD dispersion between the normal and ischemic areas
results in a reduction in the incidence of reentrant tachycardia.
These paradoxical findings indicate that the propofol-induced
shortening or prolongation of the APD is related to the cell
surroundings. In normal conditions, propofol reduces the
APD, whereas in ischemic conditions, it lessens the shortening
trend.

Propofol and ion channels

Propofol can influence some ion currents, including the ATP-
sensitive potassium current, delayed rectifier K* current,
transient outward rectifier K" channel current, inward rectifier
K* current, sodium current, and L-type Ca™ current. These
effects cumulatively result in changes to the APD.

ATP-sensitive potassium channels (K,rp), which are com-
posed of the Kir6.x and SUR subunits, are regulated by cyto-
solic nucleotides and link cell metabolism to electrical activ-
ity and K" fluxes. There are two types: sarcolemmal K,rp
(sarcKarp) channels and mitochondrial Kurp (mitoKarp) chan-
nels. A number of studies have examined the effect of propo-
fol on mitoKp channels.

In isolated guinea pig myocardial cells, propofol alone had
no significant effects on mitoK,rp channels at a concentration
of 50 pmol/L, but it dose-dependently inhibited isoflurane-
induced mitochondrial K,p channel openingm]. In isolated
ischemia-reperfused guinea pig hearts, propofol (35 pmol/L)

33]

had no effect on mitoK,rp channels®!. A study of single rat

ventricular myocytes showed that propofol inhibited mitoK,rp
channel activity, but the concentration required was very high
(>31 pmol/L)P!. By contrast, propofol has differing effects on

%3 o1 recombinant

sarcKrp channels. For example, studies!
cardiac sarcK,rp channels showed that propofol inhibited the
channel with half the maximal inhibitory concentration (ICs)
more than 70 pmol/L; in the presence of MgADP, the I1C;, was
as high as 183 pmol/L.

Because propofol protein binding exceeds 95%, free frac-
tions of propofol are less than 2 pmol/LP*. Hence, we can
conclude that propofol inhibits K,rp channels only at high
concentrations and has no significant effect on either sarcK,rp
or mitoK,rp channel activities at clinically relevant concentra-
tions.

In the human heart, the delayed rectifier K* current (Ix) can
be separated into at least three different components: ultra-
rapid (Ixur), rapid (Ixg) and slow (Ixs). The effects of low- and
high-dose propofol on some of these components have been
examined. Two independent studies assessed the effect of
propofol treatment on I ™ ¥, In one, propofol (28 pmol/L)
induced significant depression of the Iy component in single
dispersed guinea pig ventricular myocytes. Data from the
second study indicates that propofol inhibits Iy at a concentra-
tion of 50 pmol/L. In another study, propofol suppressed the
Iy amplitude in a concentration-dependent manner (IC5=36
pmol/L) in differentiated H9c2 cells. The H9c2 cell line was
established from an embryonic rat cardiac ventricle, and it has
properties similar to neonatal and adult cardiomyocytes™.
It is important to note that the concentrations required for
Ix suppression are higher than what is currently used in the
clinic.

The slowly activating component of the Ixs contributes to
human atrium and ventricle repolarization, particularly dur-
ing action potentials with a long duration, and is a dominant
determinant of the physiological heart rate-dependent shorten-
ing of the APD™. A study of guinea pig ventricular myocytes
indicated that propofol inhibited the Iys (IC5=23 pmol/L)*,
whereas data from another study in these cells demonstrated
that propofol (100 umol/L and 300 pmol/L) selectively inhib-
ited the Iys of isolated guinea pig ventricular myocytes. There-
fore, propofol was preferred as the agent to separate I into Ixg
and I, Propofol also inhibited the Iy (IC5=250 pmol/L),
which is the current induced by the mRNA that encodes the
minK protein that has similar electrophysiological properties
to Ixs. This particular study measured the channel activity
after expression via injection into Xenopus oocytes'*'.

The rapid activating component of the delayed rectifier
potassium current (Ig) is characterized by rapid activation,
rapid inactivation and strong inward rectification, which
promotes phase 3 of repolarization. Thus, Ik plays an impor-
tant role in governing the cardiac APD and refractoriness.
Pharmacologically, Ixy is the target of class III antiarrhythmic
drugs; however, to the best of our knowledge, little research
concerning the effects of propofol on the Ixgx component has
been published. Heath and Terrar!*” showed that propofol
had no effect on the channel, and it was selected as an agent

Acta Pharmacologica Sinica
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to differentiate Iyg and Ixs. Similarly, no group has reported
how propofol modulates the ultrarapid activating component
of the delayed rectifier potassium current (Ixygr), which exists
only in human atria and not ventricular tissue. Ixyy is the
predominant delayed rectifier current responsible for human
atrial repolarization. Hence, studies of the effects of propofol
on this component will be of great clinical value.

The transient outward rectifier K" channel current (I,) is
a voltage-gated channel current that is responsible for early
rapid repolarization (phase 1). I, also determines the height of
the early plateau, thus influencing activation of other currents
that control repolarization™. Propofol (60 pmol/L) inhibited
the I, of canine ventricular cells, and the inhibition was not
voltage dependent. Propofol (25 and 50 pmol/L) also sig-
nificantly decreased the I,, in rat ventricular myocytes but did
not affect the voltage-dependent manner and the outward rec-

tifier character®.

In addition, the steady-state voltage-depen-
dent inactivation curve of I,, was shifted to a more negative
membrane potential, and the I, of rabbit atrial myocytes was
suppressed by propofol with a 50% effective dose (EDs5) of 5.7
pmol/L. At 3 pmol/L, propofol slightly inhibited I,,, suggest-
ing that while propofol does inhibit I, at high concentrations,
the suppression is minimal or nonexistent at clinically relevant
concentrations!”.

The inward rectifier K current (Ix;) plays a significant role
in cardiac myocytes where it maintains the resting membrane
potential and shapes the late repolarization phase (phase 3) of
the action potential. Whether propofol inhibits the I, is not
clear. Propofol (28 pmol/L) had no effect on the Iy, of single
dispersed guinea pig ventricular myocytes™ nor was an effect
observed using a higher concentration (60 pmol/L) on single

dispersed canine ventricular cells'*.

Further, propofol (2.5
pmol/L) did not alter Iy; conductance in rat ventricular myo-
cytesml

suppressed I, although the decrease in Iy; occurred to a much

. By contrast, another study indicated that propofol

lesser extent: the currents were decreased by only 18% when
cells were exposed to 3 pmol/L propofol, and the inward rec-
tification was not affected™.

Cardiac sodium channels transmit a large inward depolariz-
ing current (Iy,) during phase 0 of the cardiac action potential,
and it has been shown that propofol inhibits sodium currents.
For example, in isolated rabbit ventricular myocytes, the Na*
current was decreased in dose-dependent and frequency-
dependent manners by propofol with an EDs, for current
inhibition of 6.9 pmol/L. In part, this suppression was due to
a negative shift of the steady-state voltage-dependent inacti-
vation and a decreased rate of recovery from inactivation!,
Propofol inhibited Iy, in isolated rat myocardial cells, and the

#l In

effect was enhanced at depolarized resting potentials!
another study, single channel conductance was not changed by
propofol, but a dose-dependent suppression of rat whole cell
sodium currents (ED5;=14.8 pmol/L) was detected. The most
reasonable explanation for this apparent dichotomy is that a
shorter mean channel open time accompanied by an increased
channel re-opening could result in slowed macroscopic inac-

1

tivation*!. Hyperpolarization-activated, cyclic nucleotide-
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gated (HCN) channels conduct a monovalent cationic current
I(f) that contributes to autorhythmicity in the heart. Propofol
inhibited and slowed the activation of recombinant HCNT1,
HCN2, and HCN4 channels at clinically relevant concentra-
tions, in which the HCN1 current was the most sensitive of
the three. HCN4 is the predominant subtype in the sinoatrial
node (SA node)” *. In this study, HCN4 channel activation
was decreased more significantly than other isoforms with
20 pmol/L propofol. In addition, propofol reduced the heart
rate in an isolated guinea pig heart preparation over the same
range of concentrations. These data indicate that propofol
modulation of HCN channel gating is an important molecular
mechanism that contributes to the bradyarrhythmic effect of
propofol®l.

The L-type Ca* current (I¢,) is important in heart function
because it triggers excitation-contraction coupling, modulates
action potential shape, and is involved in cardiac arrhythmia.
The negative inotropic effect of propofol can therefore be
best explained by inhibition of the L-type Ca® current (Ic,).
Though propofol did not alter steady-state Ic,, it reduced the
isoproterenol-stimulated increase in I, in a dose-dependent
manner (0.1-10 pmol /L), Propofol caused a statistically sig-
nificant decrease in the I, of guinea pig cardiac myocytes in a
concentration-dependent manner (1-100 pmol/L), even at low
concentrations (1 pmol/L)®. In single dog ventricular cells,
propofol decreased the I¢, at 100 pmol /L. Propofol (10 and
100 pmol/L) also inhibited the Ic, of H9¢2 cells and guinea
pig cardiac myocytes®™ ¥, In rat ventricular myocytes, propo-
fol depressed the I, by 28% and 57% at 25 and 50 pmol/L,
respectively'l.
tems definitively prove that propofol inhibits Ic, even at con-

These data from several different model sys-

centrations used in the clinic (1 pmol/L).

In conclusion, propofol can inhibit sodium, calcium and
potassium currents, but we should note that the concentrations
needed for inhibition are much higher than clinically achiev-
able concentrations. At clinically relevant concentrations,
propofol is likely to inhibit Iy, Iy,, and Ic,. However, contro-
versies still exist, most notably the fact that propofol shortened
the APD but lessened the ischemia-induced decrease of the
APD.

Propofol and gap junctions
Gap junctions comprise intercellular channels that couple car-
diac myocytes electrically and metabolically by facilitating the
intercellular exchange of ions, signaling molecules, and other
molecular information between neighboring cells in the heart.
The constituent proteins of gap junction channels, connexins,
play a critical role in impulse propagation and electrical syn-
chronization between myocytes. Multiple connexin types are
expressed in the heart, among which connexin 43 (Cx43) is the
principal gap junction protein in ventricular myocardium®>
Ventricular arrhythmia following acute myocardial infarc-
tion is always lethal. Propofol preconditioning has the ability
to prevent the ischemic heart from progressing to a lethal ven-
tricular arrhythmia. Cx43 is a principal cardiac gap-junction
channel protein that undergoes progressive dephosphoryla-



tion during acute myocardial infarction (MI). The dephos-
phorylation of Cx43 decreases gap junction conduction, which
produces the substrate for reentrant arrhythmia. Propofol
treatment preserved Cx43 phosphorylation during acute myo-
cardial ischemia, and this might protect the heart from serious
ventricular arrhythmias during acute coronary occlusion!™.,
However, one study showed that the electrical uncoupling
correlated with an intercalated disk occurred 10-15 min after

[55]

ischemia In the study of Hirata et al, most of the severe

arrhythmias occurred between 5 and 10 min in all groups®™.
As such, the importance of the role played by Cx43 in arrhyth-

mogenesis is debatable.

Propofol and the autonomic nervous system

The Bezold-Jarish reflex sensitivity is an index of vagal nerve
activity. Activation of the Bezold-Jarish reflex by injection of
some agents produced a profound reduction in heart rate. It
has been postulated that propofol-induced bradycardia may
be related to the Bezold-Jarish reflex. Vincze® and Ebert®”
indicated that propofol lowered the Bezold-Jarish reflex sen-
sitivity, but other researches indicated that the cause of acute
bradycardia after propofol administration did not involve the

81 or rabbitsv!™.

Bezold-Jarish reflex in humans
Whether the block of cardiac conduction by propofol is due
to direct or indirect effects by the autonomic nervous system

[l reported that propofol did not affect

is controversial. Ikeno
the cardiac conduction system when the autonomic nervous
system was completely blocked. Therefore, it was thought
that the conductance change was an indirect effect of propo-
fol. Propofol also reduced the cardiac parasympathetic tone

in humans, depending on the depth of hypnosis'®!

. Propofol
could protect the heart from serious ventricular arrhythmias
during acute coronary occlusion, but the effect was absolutely
blocked by atropine, indicating that the antiarrhythmic effect
of propofol was due to a reduction in sympathetic tone leading

(7 Research showed

to a dominance of parasympathetic tone
that propofol suppressed both sympathetic and parasympa-
thetic tone, but the suppression of sympathetic tone was more

than that of parasympathetic tone®>®*l,

Conclusion

Though propofol can induce various types of arrhythmias,
some of which are severe, the incidence of arrhythmia is rela-
tively rare at clinically relevant concentrations of propofol.
Numerous studies conclusively show that propofol has the
potential to inhibit arrhythmia. The potential antiarrhyth-
mic mechanisms of propofol include ion channel inhibition,
uneven suppression of the autonomic nervous system, and
protection of gap junctions during ischemia. The controversies
in the field can be attributed in part to the use of different spe-
cies and experimental conditions and the promiscuous effects
of propofol at various concentrations. The currently available
data regarding the effects of propofol on arrhythmogenesis
are not sufficient. Previous studies mostly focused on normal
conditions, but arrhythmias are always induced in abnormal
conditions, such as ischemia and electrolyte disturbances. In
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addition, there is no pharmacogenetic data on the opposing
propofol effects at clinically used doses. Available clinical
data largely came from sporadic reports rather than large-
sized, blinded and controlled trials. We believe future studies
will expand to these areas to fully characterize the arrhythmic
and antiarrhythmic properties of propofol.
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Characterization of a critical role for CFTR chloride
channels in cardioprotection against ischemia/
reperfusion injury
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Aim: To further characterize the functional role of cystic fibrosis transmembrane conductance regulator (CFTR) in early and late (sec-
ond window) ischemic preconditioning (IPC)- and postconditioning (POC)-mediated cardioprotection against ischemia/reperfusion (I/R)
injury.

Methods: CFTR knockout (CFTR™") mice and age- and gender-matched wild-type (CFTR**) and heterozygous (CFTR"") mice were used.
In in vivo studies, the animals were subjected to a 30-min coronary occlusion followed by a 40-min reperfusion. In ex vivo (isolate
heart) studies, a 45-min global ischemia was applied. To evaluate apoptosis, the level of activated caspase 3 and TdT-mediated dUTP-X
nick end labeling (TUNEL) were examined.

Results: In the in vivo I/R models, early IPC significantly reduced the myocardial infarct size in wild-type (CFTR*") (from 40.4%%5.3%
to 10.4%+2.0%, n=8, P<0.001) and heterozygous (CFTR™") littermates (from 39.4%+2.4% to 15.4%+5.1%, n=6, P<0.001) but failed
to protect CFTR knockout (CFTR™") mice from I/R induced myocardial infarction (46.9%+6.2% vs 55.5%+7.8%, n=6, P>0.5). Simi-
lar results were observed in the in vivo late IPC experiments. Furthermore, in both in vivo and ex vivo |I/R models, POC significantly
reduced myocardial infarction in wild-type mice, but not in CFTR knockout mice. In ex vivo I/R models, targeted inactivation of CFTR
gene abolished the protective effects of IPC against |/R-induced apoptosis.

Conclusion: These results provide compelling evidence for a critical role for CFTR CI” channels in IPC- and POC-mediated cardioprotec-
tion against |I/R-induced myocardial injury.

Keywords: ischemia; preconditioning; postconditioning; apoptosis; cystic fibrosis transmembrane conductance regulator (CFTR)
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Introduction

Ischemia and reperfusion (I/R) induce myocardial injury and
lead to infarction through increased apoptosis (programmed
cell death) and necrosis!" ?. Ischemic preconditioning (IPC) is
a phenomenon in which brief episodes of ischemia dramati-
cally reduce myocardial infarct size produced by a subsequent
sustained ischemia and reperfusion®’. IPC has an early phase
(lasting 1-2 h) and a late phase or “second window” (lasting
24-72 h) of protection”l. The signaling pathways involved
in both early IPC (EIPC) and late IPC (LIPC) have been the
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subject of numerous intensive studies ever since IPC was
first described by Murry et al in 1986 .. The end-effectors of
these signaling pathways are believed to directly participate
in protecting the myocardium from subsequent ischemia/
reperfusion insults after IPCV?). Both sarcolemmal and
mitochondrial ATP-sensitive potassium channels (sarc-Krp
and mito-K,p, respectively) have been suggested to serve as
mediators or end-effectors in EIPC and LIPC®?. Many other
factors have also been proposed to be end-effectors, including
the mitochondrial permeability transition pore (mPTP)!', the
sodium/hydrogen exchanger!"'!, and swelling-activated CI-
channels!™ ™. Although it has been shown that specific block-
ades of each proposed end-effector completely abolish the
protection given by IPC, the identification of which factors are
true end-effectors and the elucidation of possible interactions
between these end-effectors have yet to be established® '* .
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In 2003, Zhao et al reported that short episodes of I/R imme-
diately after sustained ischemia and before full reperfusion
reduced myocardial infarct size to a level equivalent to IPC
in dogs. This phenomenon was named ischemic postcondi-
tioning (POC)™. POC is as powerful as EIPC and LIPC in
reducing myocardial infarction and preserving functional
performance of the heart and also has the potential to be clini-
cally applicable in the most common situations of unexpected
coronary occlusion and acute myocardial infarction"*"*. To
date, POC has been documented in dog, pig, rabbit, rat, and

mouse models and in humans!® ' 1922,

This widespread
occurrence of POC has aroused a renewed interest in under-
standing the mechanisms of cell death during I/R and identi-
fying endogenous mediators of cardioprotection against I/R
injury!® ' %21 Many studies suggest that POC shares some
signaling pathways with IPC, including activation of PKC,
PKA, PI3K-Akt, and the MEK1/2-Erk1/2 pathways. Both
mito-Ksrp and mPTP are also thought to be key players or
potential end-effectors in POC?* !,

A recent study in isolated mouse hearts supports a poten-
tial role for the cystic fibrosis transmembrane-conductance
regulator (CFTR) in acute IPC*. The CFTR gene belongs
to the ATP-binding cassette (ABC) transporter superfamily
and encodes a PKC- and PKA-activated CI” channel in the
heart? ",
also included in the same ABC superfamily. SUR combines

with inward rectifier K (Kir6.1, Kir6.2) channel subunits to
(8 9]

The sulfonylurea receptor (SUR) and mABC1 are

form functional sarc-Kurp channels®™ ™, and mABC1 was sug-
gested to be a component of mito-K,rp. While both sarc-
Karp and mito-K,rp channels have been extensively studied for
their roles as important mediators of IPC and POC, the rela-
tive functional role of cardiac CFTR channels in EIPC, LIPC,
and POC has not been studied. This study was designed to
directly address this question with CFTR-knockout (CFTR™")
mice and age- and gender-matched wild-type (WT, CFTR"/*)
and heterozygous (CFTR"/") mice.

Materials and methods

This investigation conforms to the Guide for the Care and
Use of Laboratory Animals (US National Institute of Health
publication No 85-23, revised 1996) and was carried out in
accordance with the Institutional Guidelines for Animal Care
and Use approved by the University of Nevada Institutional
Animal Care and Use Committee.

Breeding and genotyping of transgenic mice

STOCKCftrtm1Unc-TgN (FABPCFIR)1Jaw breeders obtained
from Dr Jeffrey Whitsett (Children’s Hospital Medical Center,
Cincinnati, OH, USA) were bred in our transgenic animal facil-
ity as previously described™!. Eight- to twelve-week-old male
CFTR™" offspring and age- and gender-matched CFTR*/* and
CFTR'/" littermates were used. These mice were genotyped
by performing polymerase chain reaction (PCR) on genomic
DNA isolated from tail samples using a three-primer assay (5'-
GAG AAC TGG AAG CTIT CAG AGG-3, 5-TCC ATC TTG
TTC AAT GGC C-3, and 5-TCC ATG TAG TGG TGT GAA

CG-3’), which resulted in a 357-bp band for CFTR™", a 526-bp
band for CFTR*'*, and both bands for CFTR"/".

In vivo I/R injury

Mice were anesthetized with sodium pentobarbital (50 mg/kg,
ip), placed on a 37 °C heated pad, intubated, and ventilated
using a mouse ventilator (Harvard Apparatus, Germany) with
air (respiration frequency 120 strokes/min). Body temperature
was maintained at about 37 °C with the heating pad. Surface
12-lead ECG was recorded throughout the experiments on a
Gould ACQ-7700 recorder (Gould Instrument Systems, Valley
View, OH, USA). A left thoracotomy was performed, and the
left anterior descending (LAD) coronary artery 2-3 mm from
the tip of the left atrium was occluded with an Ethicon 8.0-silk
suture (ETHICON, INC). Successful coronary occlusion was
verified by the development of a pale color in the distal myo-
cardium, which was observed using a Surgical Microscope
system (Applied Fiberoptics, Southbride, Massachusetts), and
by S-T segment elevation and QRS widening on the ECG.
Blood flow was restored by releasing the ligature. Successful
reperfusion was confirmed when the bright red color of the
left ventricle (LV) and the ECG returned to normal. A 30-min
coronary occlusion (ischemia) was used in the in vivo studies.
Either a 40-min or a 24-h reperfusion period was used accord-
ing to different protocols.

In vivo EIPC, LIPC, and POC

To simulate EIPC, 3 I/R cycles of 4 min each were applied
immediately before a sustained 30-min ischemia followed by
a 40-min reperfusion, after which the chest was closed. Mice
were allowed to recover for 24 h before their hearts were
removed to measure infarct size. To simulate LIPC, 3 brief
(4 min) I/R cycles (IPC) were applied on d 1, and a sustained
ischemia (30 min) and reperfusion (40 min or 24 h) injury was
created on d 2, while in the I/R controls, no IPC intervention
was used on d 1. To simulate POC, 6 brief cycles (10 s) of LAD
reflow/reocclusion were applied during the first minute of
reperfusion immediately following a 30-min LAD coronary
artery occlusion, while the control group received no interven-
tions during reperfusion.

Ex vivo IPC and POC models (isolated Langendorff and working
heart preparations)

The aorta and left atrium were cannulated and connected to
the HSE isolated heart perfusion system (model IH-1, Harvard
Apparatus, Inc) immediately after removal from mice to allow
measurements to be obtained in the working-heart mode
(afterload=60 mmHg, preload=10 mmHg) as described previ-
ously®!. Left ventricular pressure (LVP), LV developed pres-
sure (LVDP), and LV end-diastolic pressure (LVEDP) were
measured with a Millar tip catheter (1.4/0.8F pressure trans-
ducer, Millar) inserted into the LV cavity through the aorta.
Measurements of functional performance, including aortic
pressure (AP), heart rate (HR), left ventricular pressure (LVP),
LV developed pressure (LVDP), first derivative of maximum
and minimum LVDP (+dp/dt), and LV end-diastolic pressure
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(LVEDP) were recorded continuously during the experiment
and analyzed offline by an HSE data acquisition system (HSE
Haemodyn, Harvard Apparatus). Total global ischemia,
which was produced by clamping both atrial inflow and aortic
outflow, was used to induce sustained ischemia and IPC and
POC interventions. Myocardial infarct size was determined
using 2,3,5-triphenyltetrazolium chloride (TTC) staining as
described previously™®.

Measurement of infarct size

At the end of each protocol, the heart was stained with 0.1 mL
5% Phthalo Blue (Heucotech LTD, USA) and 1 mL of 1% TTC
and then removed. The area at risk and the infarct size of the
left ventricle were quantified by a blinded observer using the
image processing and analysis (IPA) module of Simple PCI
image analysis software (Compic, Inc, USA)®. The percent
infarction was calculated for each slice and reported as the
percent of infarct tissue divided by the total area at risk.

Active caspase 3 assay

Hearts from CFTR"* or CFTR”™ mice were subjected to 45
min of ischemia and 180 min of reperfusion in the isolated
Langendorff and working heart system to create I/R injury.
Three brief 5-min cycles of I/R applied immediately before
a sustained ischemic event were used for the IPC interven-
tion. Control hearts were subjected to a 240-min perfusion to
evaluate baseline activated caspase 3 activity. At the end of
the experiments, the hearts were snap frozen in liquid nitro-
gen and stored at -80 °C. The hearts were then pulverized
and homogenized in RIPA buffer in the presence of a protease
inhibitor cocktail (Sigma, Saint Louis, MO, USA, P8340) with
a Kontes-Duall glass homogenizer. The homogenates were
incubated on ice for 30 min and centrifuged in a microcen-
trifuge at maximal speed (about 14000 r/min) for 10 min at
4 °C. The supernatant (whole lysate) was collected, and pro-
tein concentrations were determined using the BCA protein
assay. The supernatants were incubated with SDS loading
buffer at 95 °C for 5 min, separated by 12% SDS-PAGE, and
transferred to a nitrocellulose (NC) membrane for immu-
noblot analysis. Following SDS-PAGE, the NC membrane
was blocked with Odyssey blocking buffer (Li-COR, Lincoln,
NA, USA, 927-40000) for 45 min and incubated with primary
rabbit polyclonal anti-active caspase 3 antibody (1 ng/mL,
Abcam, ab2302) overnight at 4 °C with rocking. To detect
active caspase 3, the membrane was then incubated with
Alexa Flour 680 goat anti-rabbit secondary antibody (dilution
1:50000, #A21076, Invitrogen, Carlsbad, CA, USA) for 45 min
at room temperature, and the membranes were washed and
then scanned with the Odyssey infrared imaging system at
700 nm and processed with Odyssey software (V1.2, Li-COR).
GAPDH was used as an internal control.

TUNEL assay

To identify apoptotic cells containing DNA fragments, tissue
samples (serial 8 um cryosections) were immunohistochemi-
cally stained using terminal deoxynucleotidyl transferase
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(TdT) and fluorescein conjugated nucleotides with the in situ
cell death detection kit (Roche Applied Science, Indianapolis,
IN) according to the manufacturer’s instructions. Negative
control sections were prepared without the TdT enzyme.
Labeled nuclei were identified from the negative nuclei coun-
terstained by propidium iodide (PI) (Vector Laboratories, Inc
Burlingame, CA, USA) and counted after being photographed
under a fluorescence microscope at 40xmagnification. The
percentage of TUNEL-positive nuclei (cell) was calculated as
the number of TUNEL-labeled nuclei (green)/total nuclei (PI-
labeled, red).

Statistical analysis

All group data are presented as the meantSEM. ANOVA and
Student’s ¢ test were used to determine statistical significance.
A 2-tailed probability value of P<0.05 was considered statisti-
cally significant.

Results

Functional role of CFTR in EIPC-mediated cardioprotection
Age-matched male CFTR"*, CFTR"/", and CFTR”" mice were
randomly divided into I/R (control) and EIPC groups follow-
ing the experimental protocols depicted in Figure 1A. In the
control group, mice were subjected to 24 min of open-chest
exposure (sham) followed by a sustained 30-min occlusion
and a 40-min reperfusion. In the EIPC group, 3 I/R cycles of 4
min each were applied immediately before a sustained 30-min
ischemia followed by a 40-min reperfusion, and then the chest
was closed. The mice were allowed to recover for 24 h before
the hearts were removed to measure infarct size. Representa-
tive images of Phthalo Blue and TTC stained LV sections from
each group are shown in Figure 1B. As seen in Figure 1C,
EIPC significantly reduced the size of the infarcts caused by
30-min sustained ischemia and 24-h reperfusion (expressed
as a percentage of the risk region) in the CFTR"* (from
40.4%+5.3% to 10.4%+2.0%, n=8, P<0.001) and CFTR"/~ mice
(from 39.4%%2.4% to 15.4%+5.1%, n=6, P<0.001). However,
EIPC failed to protect the hearts of CFTR”~ mice (46.9%%6.2%
in I/R control vs 55.5%+7.8% in EIPC, n=6, P>0.5). These
results suggest that CFTR CI” channels are involved in the car-
dioprotective effects of EIPC in vivo.

Functional role of CFTR in LIPC-mediated cardioprotection

To test whether CFTR is involved in LIPC cardioprotection
in vivo, age-matched male CFTR"/*, CFTR"/~, and CFTR”/~
mice were randomly divided into four groups following the
experimental protocols depicted in Figure 2A. In the LIPC
group, 3 brief (4 min) I/R cycles (IPC) were applied on d 1,
and a sustained ischemia (30 min) and reperfusion (40 min or
24-h) injury was created on d 2, while in the I/R controls, no
IPC intervention was used on d 1. The reason both a 40-min
and a 24-h reperfusion were used in the LIPC protocols was
to compare LIPC with EIPC and also to examine long term
protection provided by LIPC. Similar to what was seen with
EIPC, LIPC significantly reduced the size of the infarcts caused
by sustained I/R injury in both CFTR** (from 44.9%+5.1%



A
Group 1 24 min 30 min 40 min 24 h

(I/R control)| Open chest EECEIIEN Reperfusion | Closed chest reperfusion |
24-h R

Group 2 4 4 4 4 4 4 30min 40 min 24 h
(IPC) | E | E | E Ischemia Reperfusion I Closed chest reperfusion |
24-h R
B I/R
o

=)
>
&
©

— L
CFTRY- CFTR-
C 70~ P<0.001 P<0.001 P>0.05

Myocardial infarct size (%)

WT CFTRY-

CFTR-

Figure 1. Effect of CFTR knockout on early preconditioning (EIPC). (A)
Experimental protocols. Protocol for each group is applied to CFTR”~
mice and age-matched CFTR™* (WT) and CFTR™" littermates. (B)
Representative tissue staining of transverse slices from age-matched
WT, CFTR"", or CFTR”" mice. (C) Mean infarct size measured from age-
matched WT, CFTR*", or CFTR”~ mouse heart in group 1 (I/R) and 2 (IPC).
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to 20.6%%2.6%, n=7, P<0.001 in the groups with 40-min rep-
erfusion and from 39.6%+4.1% to 18.3%+1.8%, n=6, P<0.001
in the groups with 24-h reperfusion) and CFTR"/~ mice (from
39.9%+4.1% to 19.4%%*1.7%, n=6, P<0.001 in the groups with
40-min reperfusion, and from 40.2%+3.2% to 21.6%=%2.0%,
n=5, P<0.001 in the groups subjected to 24-h reperfusion).
However, LIPC failed to provide protection against I/R
injury in hearts from CFTR”" mice (42.6%+4.1% in control vs
40.8%5.3% in LIPC with 40-min reperfusion, n=7, P>0.05, and
36.8%+3.2% in control vs 39.8%+4.7% in LIPC with 24-h rep-
erfusion, n=5, P>0.05), as shown in Figures 2B and 2C. These
results strongly indicate that CFTR may play a very important
role in LIPC-mediated cardioprotection in the mouse heart.

Functional role of CFTR in POC-mediated cardioprotection
To examine whether CFTR CI” channels play a role in POC,
we first established an ex vivo model of POC. Isolated Langen-
dorff (retrograde) and working-heart (antegrade) perfusion
preparations” from CFTR”~ and CFTR"/* mice were subjected
to the experimental protocols shown in Figure 3A. Functional
and histological changes to the hearts during I/R and POC
were studied. A 45-min period of ischemia was applied as the
index ischemia. Six cycles of 10-s ischemia/reperfusion initi-
ated in the first minute of reperfusion following the index isch-
emia were used as the POC intervention. I/R groups received
no interventions during reperfusion. As shown in Table 1, I/R
injury caused a significant decrease in heart function as evalu-
ated by HR, LVDP, and +dp/dt in both CFTR*/*and CFTR”~
mice; however, in hearts subjected to POC, post-ischemic car-
diac function was restored to levels close to the baseline seen
before the ischemic event in CFTR"/* but not CFTR”~ mice.
The infarct size was also measured to assess myocardial tis-
sue injury and viability, and representative images of stained
LV sections from each group are shown in Figure 3B. The
size of infarcts caused by 45-min ischemia was significantly
reduced from 37.5%%3.4% to 17%+2.0% (P<0.005, n=4) by POC
in the hearts of CFTR"* mice but not CFTR”"mice (control,
40.4%+4.1% vs POC 45%=+7.7%, P>0.1, n=5). These results
strongly suggest that targeted inactivation of the CFTR gene in

Table 1. Effects of CFTR gene knockout on POC-induced changes in hemodynamics of the isolated perfused mouse heart. °P<0.05, °P<0.01, 40-min R

vs baseline. Data are represented as mean+SEM.

CFTR* CFTR”~
I/R POC I/R POC
Baseline 40-min R Baseline 40-min R Baseline 40-min R Baseline 40-min R
Heart rate (bpm) 387129 312+14° 397110 379115 378120 295+5" 419+18 30316
LVDP (mmHg) 100.5+£2.2 61.6+5.6° 103.9+4.0 89.7+49 113.9+8.4 66.1+6.9° 118.7£11.0 69.242.3°
+dp/dt (mmHg/s) 7313+290 2874+125° 8215+298 6451+476° 8689+101 3088+234° 791441042  3706+494°
-dp/dt (mmHg/s) 57921327 2618+177° 5908+323 47071483 6256+899 2233+104° 5951+207 2673+649°

I/R: ischemia/reperfusion; LVDP: left ventricular developed pressure; +dp/dt: maximum rate of change in LVDP; -dp/dt: minimum rate of change in
LVDP. Hemodynamic parameters at baseline were measured at the end of the 10 min of working heart perfusion before ischemia/reperfusion protocol.
Results measured at the end of 40 min of reperfusion (40-min R) after 45 min of global ischemia without postconditioning (I/R) or with postconditioning

(POC) were compared with those measured at baseline.
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Figure 3. Effects of CFTR knockout on postconditioning (POC) in isolated hearts. (A) Experimental protocols. Protocol for each group is applied to
CFTR™" mice and age-matched WT littermates. W: working, P: perfusion, R: reperfusion. (B) Representative staining of ventricle transverse slices after
ischemia/reperfusion (I/R) or postconditioning (POC). (C) Individual infarct size measured from each age- and gender-matched WT and CFTR”~ mouse
hearts after control or POC, mean value with error bar (mean+SEM) were also shown for each group.

the mouse abolishes the cardioprotective effect of POC against
sustained I/R in isolated hearts.

A “gold standard” for confirmation of the potential role of
CFTIR CI channels in POC protection is to test whether POC
also protects the heart from in vivo I/R injury. Therefore, an in
vivo model of POC was established in CFTR”" mice and their
CFTR** littermates to test the effects of targeted inactivation
of the CFTR gene on in vivo POC protection in mice.

Open-heart surgery was performed on male CFTR™~ mice
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(8-12 week-old) and age-matched CFTR"/* and CFTR"" litter-
mates, and coronary artery occlusion and POC protocols were
performed (Figure 4A). Immediately following a 30-min LAD
coronary artery occlusion, which was applied as the index
ischemia to induce about 40% infarct size in the hearts of mice
in the control group, 6 brief cycles (10 s) of LAD reflow/reoc-
clusion were applied in the first minute of reperfusion, while
the control group received no interventions during reperfu-
sion. At the end of each experimental protocol, the hearts
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Figure 4. Effects of CFTR knockout on postconditioning (POC) in vivo. (A) Experimental protocols. Protocol for each group is applied to CFTR™™ mice and
age-matched WT littermates. O/R: occlusion/reperfusion. (B) Representative staining of ventricle transverse slices after ischemia/reperfusion (I/R) or
postconditioning (POC). (C) Individual infarct size measured from each age- and gender-matched WT and CFTR”~ mouse hearts after control or POC,

mean value with error bar (mean+SEM) were also shown for each group.

were stained by TTC and Phthalo Blue (Figure 4B) and the
infarct size (% of the region at risk) was calculated. As seen
in Figure 4C, a 30-min ischemia/24-h reperfusion caused an
infarct size of 46.1%+8.5% (n=4) in CFTR*/* mice and an infarct
size of 46.3%%8.3% (n=5) in CFTR”~ mice. POC significantly
reduced the infarct size within the risk zone to 14.4%+2.4%
(n=4, P<0.05) in the CFTR*/* mice but not in the CFTR”~ mice
(40.8%+£1.2%, n=5, P>0.5). These results further confirm an
important role of CFTR in POC-mediated cardioprotection
against I/R injury in mouse hearts.

Effect of targeted inactivation of the CFTR gene on apoptosis

It has been demonstrated previously that apoptosis and
necrosis are the major cell death pathways involved in I/R
injury and myocardial infarction and that both IPC and POC
can reduce I/R-induced apoptosis™ >****. To test whether
activation of CFTR CI channels is important in IPC-mediated
inhibition of apoptosis, isolated Langendorff and working
heart preparations from ex vivo IPC models from age-matched
male CFTR** and CFTR”~ mice were examined. As shown in
Figure 5, post-ischemic functional performance, as estimated
by LVDP, +dp/dt, and -dp/dt, was significantly improved by
IPC in CFTR** mouse hearts compared to non-preconditioned
CFTR"* mouse hearts but not in CFTR”~ mouse hearts (Figure
5B-5D). A separate group of control hearts was subjected to
normal perfusions without I/R to investigate the amount of
apoptosis that develops during I/R using the isolated heart
perfusion system. Our results showed that a 240-min perfu-
sion resulted in little caspase 3 activation (control) but that
sustained I/R caused a significant increase in caspase 3 activa-
tion in both CFTR** and CFTR”~ mouse hearts. I/R induced
caspase 3 activation, however, was significantly reduced
by IPC in hearts of CFTR*/* mice to a level similar to that of
CFTR*/* control mice. In hearts of CFTR”~ mice, the level of
active caspase 3 was not reduced by IPC, indicating loss of
IPC-induced inhibition of apoptosis in these hearts (Figure 5A

and 5B).

To confirm our observations on the effects of knocking out
CFTR on apoptosis of cardiac myocytes, TUNEL assays were
performed to detect apoptotic cells under I/R and IPC con-
ditions. Figure 5C shows a representative image of TUNEL
assays in mouse heart sections. In these studies, the reperfu-
sion time was increased to >360 min to allow DNA damage to
develop. In control hearts not subjected to global I/R, 420 min
of perfusion led to the appearance of some TUNEL-positive
(TN-P) nuclei in the epicardium, but no TN-P nuclei were
detected in the deeper layers of the myocardium (data not
show). I/R resulted in the appearance of 26.1%%2.15% and
29.28%+4.98% TN-P nuclei in hearts of CFTR"* and CFTR™/"
mice, respectively. IPC significantly reduced TN-P nuclei in
hearts of CFTR"/* mice (3.77+0.28, P<0.001) but not hearts of
CFTR™" mice (24.79%3.17%, P>0.1) (Figure 5D). These results
suggest that CFTR is very important for IPC-mediated inhibi-
tion of apoptosis in the heart.

Discussion

Although our previous study in isolated heart preparations
suggested a potential role of CFTR in acute IPC, it is not clear
what the exact function of CFTR is in in vivo EIPC and LIPC or
whether CFTR is involved in POC®. In this study, there-
fore, we investigated the relative role of CFTR CI” channels in
in vivo EIPC and LIPC in the mouse heart. Our results dem-
onstrate that CFTR CI” channels are important for both EIPC-
and LIPC-mediated cardioprotection. In addition, our results
provide strong evidence for a novel and critical role for CFTR
CI” channels in POC-mediated cardioprotection. Furthermore,
we found that CFTR may exert its cardioprotective effects
through inhibition of apoptosis.

Functional role of CI” channels in IPC-medicated cardioprotection
For historical reasons, the potential role of ClI” channels in car-
diac physiology has been ignored® *!. The first evidence for

Acta Pharmacologica Sinica
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Figure 5. Effects of targeted inactivation of CFTR gene on apoptosis during I/R or IPC. (A) Western blots (WB) analysis of activated caspase 3 in
an isolated perfusion heart model for either WT or CFTR”~ mice exposed to reperfusion alone (control), ischemia/reperfusion (I/R) or ischemic
preconditioning (IPC) protocols. After control (5 h perfusion), I/R (45 min ischemia/3 h reperfusion) or IPC (3 cycles of 5 min I/R right before the 45 min
ischemia/3 h reperfusion) treatments, hearts lysates from each group were obtained and subjected to WB analysis for activated caspase 3. GAPDH was
immunoblotted as a loading control. (B) Relative active caspase-3 density after normalized to GAPDH. (C) Representative images of heart longitudinal
sections of TUNEL staining for each group of treatments: I/R (45 min ischemia/6 h reperfusion) or IPC (3 cycles of 5 min I/R right before the 45 min
ischemia/6 h reperfusion). Green: TUNEL stained nuclei; red, propidium iodide (PI) stained nuclei. (D) Relative percentage of TUNEL positive (TP) cells
calculated as 100% * (count of TP/count of Pl), data presented as mean+SEM (error bar). n=6. °P=0.0027.

the potential involvement of Cl" channels in IPC came from
a study by Diaz et al, which demonstrated that the CI” chan-
nel blockers 5-nitro-2-(3-phenylpropyl-amino) benzoic acid
(NPPB) and indanyloxyacetic acid 94 (IAA-94) not only block
hypo-osmotic cell swelling induced by CI” current (I, swen) but
also prevent IPC- and hypo-osmotic stress-mediated protec-
tion of isolated rabbit hearts™. Subsequent studies from the
same group provided further evidence supporting the notion
that Igy, oen may be an important end-effector in IPCP*, and it
is believed that enhanced cell volume regulation may be a key
mechanism for IPC protection”. These observations by Diaz
et al were, however, seriously questioned by Heusch et al® ",
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In an attempt to confirm the effects of the same CI” channel
blockers on both CI” channel activity in isolated ventricular
myocytes and cardioprotection by IPC in isolated perfused
rabbit heart, Heusch et al found that the channel-blocking con-
centrations of both NPPB and IAA-94 were toxic in isolated
perfused rabbit hearts, as evidenced by cessation of cardiac
contraction and massive infarction. Thus, neither agent could
be used to test the role of CI” channels on the anti-infarct effect
of IPC. The doses used in the report by Diaz et al™ did not
affect coronary flow, heart rate, or developed pressure and
also failed to prevent infarct size reduction by TPC. Similar
results were obtained with another VSOACs blocker, 4,4"-
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diisothiocyanostilbene-2,2’-disulfonic acid (DIDS)"". There-
fore, whether cardiac CI” channels play a role in IPC remains
controversial.

The difficulty in resolving these controversies stems from
the fact that multiple types of CI” channels (CFTR, Iq, swen €fc)

127281 and

are concomitantly expressed in the same cardiac cel
the CI” channel blockers used in these studies lack specific-
ity towards any particular subgroup of CI” channels in the
heart!" * %I, Therefore, the use of a gene targeting technique
to specifically inactivate CI” channel (eg, CFTR) gene expres-
sion in the mouse provides a unique and powerful approach
to directly address the question of whether CI” channels play a

role in the early and late phases of IPC.

Relationship between CFTR and sarc-K,» channels
CFTR belongs to the ABC transport superfamily

B8 and shares

similar structural features, including transmembrane and
nucleotide binding domains, with SUR, a subunit of functional

[39]

sarc-K,rp channels'™. However, CFTR is the only member of

the ABC family that encodes a protein with a transport struc-

ture and CI” channel function®

. CFTR is unique in forming
an anion channel gated by PKA and PKC phosphorylation and
intracellular ATP® *". Interestingly, sulfonylureas such as
glibenclamide, which have long been used as specific blockers
of sarc-K,rp channels in IPC studies®™?, can also block CFTR

Cl- channels!” 4!,

However, a potential role for CFTR CI
channels as endogenous protective factors in IPC and POC has
been ignored. In this study, we provide the first compelling
experimental evidence for a novel and critical functional role
of CFTR channels in IPC- and POC-mediated cardioprotection.
Therefore, CFTR may represent a novel target for cardiopro-

tection against I/R injury.

Mechanisms of activation of CFTR in IPC- and POC-mediated
cardioprotection against I/R injury

CFTR CI" channels are expressed in many species ranging
from mice to humans™. Tt is well established that cardiac
CFTR channels can be activated by PKA and PKC through
a vast array of signaling pathways such as activation of

I and purinergic receptors*?. It is thus

B-adrenergic receptors™
conceivable that cardiac CFTR channels can be activated by
signaling mechanisms invoked during IPC and POC, includ-
ing PKCe activation via G-protein (possibly Gq and/or Gi)-
coupled receptors™” ™,

Apoptosis and necrosis are the major cell death mecha-
nisms involved in ischemia- and reperfusion-induced myo-

L2 Considerable evidence has

cardial injury and infarction!
demonstrated that activation of CFTR channels may be an
important modulator of apoptotic mechanism in non-cardiac

cells ],

For example, glibenclamide, an inhibitor of CFTR
CI- channels™” *!! that has been mistaken as a specific blocker
of sarc-K,pp channels®™ !, induces apoptosis in a dose- and
time-dependent manner in HepG2 human hepatoblastoma
cells™. In this study, we found that targeted inactivation of

CFTR abolished the protective effects of IPC on I/R-induced

apoptosis, suggesting that CFTR channels may be involved in
IPC- and POC-mediated cardioprotection through inhibition
of apoptosis. It has been suggested that the anti-apoptotic
effect of CFTR may be a result of strengthened cell volume
homeostasis during cell proliferation and apoptosis*’. Other
mechanisms behind CFTR-mediated effects on apoptosis may
involve the role of CFTR in the regulation of intracellular reac-
tive oxygen species (ROS) and glutathione content (GSH/
GSSG)™. Tt should be pointed out, however, that in several
other cell types, activation of CFTR has been reported to actu-

4791 The reason for the multifaceted

ally enhance apoptosis
role of CFTR in apoptosis is not currently known™. However,
Yalcin et al recently found that the majority of apoptotic cells
in CF patients are alveolar epithelial cells, and apoptotic cells
are not detected in other locations where CFTR expression is
much more prominent than alveolar cells. They postulated,
therefore, that increased apoptosis in the alveolar epithelium is
related to the presence of chronic infections rather than CFTR
dysfunction®™.

In addition, activation of CFTR CI” channels may protect the
heart against arrhythmogenesis by preventing excessive pro-
longation of action potential duration (APD) and protecting
the heart against the development of early after depolariza-
tions (EAD) and triggered activity caused by activation of Ca*
channels in the presence of B-adrenergic stimulation™ >, Tt
has been demonstrated that cardiac CFTR plays a role in early
action potential shortening during hypoxia and ischemia!™.
Activation of CFTR also decreases resting membrane potential
and action potential duration, thereby limiting intracellular

1 These beneficial effects

Ca’ overload and cell damage
of the activation of cardiac CFTR may serve as mechanisms
behind the cardioprotection of CFTR against I/R injury during
IPC or POC.

Numerous previous studies have demonstrated that CFTR
is not only a CI” channel but also a transporter for many other

molecules such as sphingosine-1-phosphate!™

, an important
lipid messenger involved in IPCP. CFTR may interact with
many proteins that either directly or indirectly impact the
function of other ion channels and transporters, such as epi-
thelial Na* channels (ENaC) and Ca*- and volume-activated

CI” channels®™'.

Evidence is emerging that CFTR assembles
into large, dynamic macromolecular complexes that contain
signaling molecules, kinases, transport proteins, PDZ-domain-
containing proteins, myosin motors, and Rab GTPases".
Therefore, CFTR may be involved in the regulation of a vari-
ety of cellular functions. The integrated versatile function and
complex regulation of CFTR channels may be orchestrated by
a number of proteins in the CFTR interactome!™. It is thus
very important to further study the underlying molecular
mechanisms behind CFTR-mediated cardioprotection and the
interplay between CFTR and other cardioprotective factors
such as sarc-Kurp, mito-K,rp, and mPTP. Such studies may
shed new light on the functional role of CFTR CI” channels in
the heart and increase our understanding of the complicated

mechanisms behind endogenous cardioprotection.
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CFTR chloride channel as a molecular target of
anthraquinone compounds in herbal laxatives
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Aim: To clarify whether CFTR is a molecular target of intestinal fluid secretion caused by the anthraquinone compounds from laxative
herbal plants.

Methods: A cell-based fluorescent assay to measure I influx through CFTR chloride channel. A short-circuit current assay to measure
transcellular CI” current across single layer FRT cells and freshly isolated colon mucosa. A closed loop experiment to measure colon
fluid secretion in vivo.

Results: Anthraquinone compounds rhein, aloe-emodin and 1,8-dihydroxyanthraquinone (DHAN) stimulated |” influx through CFTR chlo-
ride channel in a dose-dependent manner in the presence of physiological concentration of cAMP. In the short-circuit current assay,
the three compound enhanced CI” currents in epithelia formed by CFTR-expressing FRT cells with ECs, values of 73+1.4, 56+1.7, and
50+0.5 pmol/L, respectively, and Rhein also enhanced CI™ current in freshly isolated rat colonic mucosa with a similar potency. These
effects were completely reversed by the CFTR selective blocker CFTR;,-172. In in vivo closed loop experiments, rhein 2 mmol/L stimu-
lated colonic fluid accumulation that was largely blocked by CFTR;,-172. The anthraquinone compounds did not elevate cAMP level in
cultured FRT cells and rat colonic mucosa, suggesting a direct effect on CFTR activity.

Conclusion: Natural anthraquinone compounds in vegetable laxative drugs are CFTR potentiators that stimulated colonic chloride and

fluid secretion. Thus CFTR chloride channel is a molecular target of vegetable laxative drugs.

Keywords: cystic fibrosis transmembrane conductance regulator (CFTR) chloride channel; anthraquinone compounds; colonic fluid

secretion; molecular pharmacology; drug discovery
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Introduction

Vegetable laxative drugs such as Aloe, cascara and senna are
widely used all over the world for the treatment of consti-
pation in both prescription and non-prescription forms!" 2.
Cathartic ingredients of these laxative drugs are anthra-
noid compounds (including anthraquinone, anthrone and
dianthrone) and possibly their derivatives®. It is generally
regarded that anthranoid compounds work exclusively in the
colon to stimulate colonic motility and increase electrolyte
and fluid transport. These compounds exert their functions
by both inhibiting absorption and inducing secretion of fluid
in the intestine”. Decrease of net absorption was generally
attributed to accelerated intestinal transit® . The molecular
mechanism of intestinal net fluid secretion is still unclear.

* To whom correspondence should be addressed.
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Received 2011-02-16 Accepted 2011-04-07

Intestinal fluid secretion is driven by active Cl™ transport
from the basolateral to the apical side of enterocytes. Chloride
enters the intestinal epithelial cells via Na*, K*, 2CI" cotrans-
porter, and is secreted into the lumen through the cystic fibro-
sis transmembrane conductance regulator (CFTR) chloride
channel. Both Na" and water follow CI paracellularly, result-
ing in a net iso-osmotic fluid secretion”). Previous studies
showed that rhein anthraquinone stimulated CI” secretion in
colonic mucosa® . However, the precise molecular pathway
of such CI” secretion has not yet been clarified. Because CFTR
is the final common pathway for intestinal CI” secretion in
response to various agonists''”, and all stimulant laxatives act
by altering fluid and electrolyte transport in the small and/or
large intestines, we hypothesized that CFTR CI” channel activ-
ity played an important role in colonic fluid secretion stimu-
lated by anthraquinone compounds.

In the present study, we determined the potentiating effects
of anthraquinone compounds on CFTR chloride channel and



characterized the role of CFTR in anthraquinone-stimulated
colonic fluid secretion.

Materials and methods

Chemicals

Anthraquinone compounds were obtained from the National
Institute for the Control of Pharmaceutical and Biological
Products in China (purity >99% as determined by analyti-
cal HPLC). Compounds were dissolved in DMSO prior to
use and stability of stock solution was verified during the
study by HPLC analysis. Forskolin (FSK), genistein, F12
Coon’s medium and L-glutamine were purchased from Sigma
Chemical Co (St Louis, MO. USA); indomethacin, amiloride,
amphotericin B were purchased from Sigma-Aldrich company
(St Louis, MO, USA); fetal bovine serum (Characterized) was
purchased from HyClone; CFTR;,;-172 were synthesized as
reported before!'; other reagents were of analytical grade or
higher. cAMP radioimmunoassay kit was purchased from
Shanghai Traditional Chinese Medicine University.

Tissue preparation

All in vivo studies including isolation of rat colonic mucosa
followed institutional guidelines for animal experiments.
Rat colonic mucosa was obtained as described previously!?.
Briefly, Sprague-Dawley (SD) rats (body weight about 200 g)
were starved for 24 h prior. Two to three segments of colon
were excised after the rat was euthanized with intravenous
pentobarbital (100 mg/kg). The segments were immediately
stripped of muscularis and bathed in Krebs-Henseleit (KH)
solution (contained in mmol/L: NaCl 117, KCl 4.7, MgCl, 1.2,
KH,PO, 1.2, NaHCO; 24.8, CaCl, 2.5, glucose 11.1, pH 7.4).

Fluorescence assay of CFTR channel function

Fisher rat thyroid (FRT) epithelial cells coexpressing human
wild type CFTR and halide sensitive yellow fluorescent pro-
tein YFP-H148Q were generated as described previously! ™,
The FRT cells were seeded in black-walled, clear-bottomed
96-well tissue culture plates (Costar, Corning, NY, USA) and
incubated at 37 °C to achieve confluence (about 24 h). After
washing 3 times with phosphate-buffered saline (PBS), the
FRT cells were incubated with 100 nmol/L FSK and test com-
pounds in a final volume of 40 puL for 10 min. The fluorescence
of each well was monitored in a fluorescence plate reader
(Fluostar Optima; BMG Laboratory Technologies, Offenburg,
Germany) with 2 s before and 12 s after injection of 120 pL
of I"-containing solution (PBS in which 137 mmol/L CI” was
replaced by equal concentration of I'). I" influx rates (d[I']/d¢
at t=0) were computed from fluorescence time course data by

single exponential regression, as described previously™.

Electrophysiology
Transepithelial short-circuited current (Isc) studies were done
on both FRT cells and rat colonic mucosa.

The FRT cells grew on Snapwell inserts, formed mono-
layer epithelial cells (about 7-9 d) at an air liquid interface

as described™ ', and then were placed in a Ussing chamber
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system (Vertical Diffusion Chamber, Physiological Instru-
ments, San Diego, CA, USA). Measurements were performed
in the presence of a transepithelial CI" gradient, in which the
basolateral side solution contained (in mmol/L): NaCl 130,
KCl12.7, KH,PO, 1.5, CaCl, 1, MgCl, 0.5, Na-HEPES 10, pH 7.3,
and glucose 10; The apical side solution contained the same
components but was modified by replacing 65 mmol/L NaCl
with sodium gluconate and the concentration of CaCl, was
increased to 2 mmol/L to compensate for calcium buffering
caused by gluconate™. The basolateral membrane of the FRT
cells was permeabilized with 250 pg/mL amphotericin B.

For measurements of transepithelial Isc on rat colonic
mucosa, sheets of tissue were mounted in the Ussing chambers
(area 1.03 cm?); the hemichambers were filled with a KH solu-
tion. I values were measured after inhibition of Na* current
by the ENaC inhibitor amiloride (10 pmol/L) and prostaglan-
din synthesis using indomethacin (10 pmol/L), followed by
stimulation by forskolin (20 pmol/L) and subsequent inhibitor
addition™.

Measurements were performed at 37 °C, and solutions were
continuously bubbled with air (FRT cells) or with 5% CO,, 95%
air (rat colonic mucosa) during experiments. Isc values were
recorded with a DVC-1000 voltage clamp (World Precision
Instruments, Sarasota, FL, USA) via Ag/AgCl electrodes and 1
mol/L KCI agar bridges.

In vivo intestinal fluid secretion analysis
Fluid accumulation in rat colonic loops was measured as

described previously!™.

Briefly, SD rats were starved for
24 h prior to commencing experiments. Closed colonic loops
proximal to cecum were isolated with ligature under intra-
peritoneal (60 mg/kg) anesthesia. Loops were injected with
100 pL of: PBS alone, PBS containing rhein (2 mmol/L), or PBS
containing rhein (2 mmol/L) plus CFTR;,,-172 (40 pmol/L).
The abdominal wall was then closed, and rats were allowed
to recover from anesthesia. After 6 h the rats were euthanized
with overdose intraperitoneal injection of pentobarbital (100
mg/kg). Loops were excised, and loop length and weight
were measured.

Assay of cAMP activity

cAMP activity was determined by using the cAMP radioim-
munoassay kit (Shanghai Traditional Chinese Medicine Uni-
versity).

FRT cells grown in 96-well plates were washed with PBS,
then incubated with test compounds for 10 min, and then
lysed. cAMP activities were measured in sextuplicate as the
manufacture’s instruction.

Rat colonic mucosa cAMP contents were measured as
described in reference!”
freshly prepared rat colonic mucosa (50 mg) was washed and

! with some modifications. Briefly,

incubated in KH solution in a 37 °C incubator. The isolated
mucosal sheets were exposed to test compounds for 15 min
then rapidly frozen in liquid nitrogen and homogenized. The
homogenates were centrifuged at 2000xg for 15 min at 4 °C.
The supernatant was extracted three times with 3 volumes of

Acta Pharmacologica Sinica



www.nature.com/aps
Yang H et al

®

836

diethyl ether before lyophilization. The supernatants were
collected and mixed with equal volume of ethanol, then dried
in 37 °C incubator. cAMP levels were assayed by using the
radioimmunoassay kit as done on the FRT cells.

Statistical analysis
Data are reported as mean+SEM. Statistical significance of the
effects were determined by using the OriginPro 8.0 software.

Results

Anthraquinones potentiate the CFTR chloride channel

First, we analyzed the effect of 5 anthraquinone compounds
(Figure 1A) on FRT cells stably expressing CFTR chloride

channel using an iodide-sensitive fluorescent assay. As shown
in Figure 1B, three out of the five anthraquinone compounds
(rhein, aloe-emodin and DHAN) significantly increased iodide
influx into FRT cells in a dose-dependent manner in the pres-
ence of 100 nmol/L FSK. The potency and efficacy of the
three compounds are lower than the known CFTR potentiator
genistein.

To confirm the activity of the three anthraquinone com-
pounds on CFTR, we further analyzed their effect by the more
reliable short-circuit current assay in Ussing chamber. Mea-
surements were performed on the FRT cells after basolateral
membrane permeabilisation with amphotericin B to measure
apical membrane CI” current. Representative recordings of

A OH O OH B
£ O 0.8 1 Genistein
OH O‘ OH g
6]
. _ 0.6 4 § Aloe-emodin
P
o Rhein
ks
€ 0.4
£
8 2 I pHAN
= Figure 1. Functional analysis
S 024 c; E:‘Od!” of anthraquinones in FRT cells
scion
Y expressing wild-type CFTR. (A)
A Chemical structures of the tested
OH O OH ) )
0.0 anthraquinone compounds; (B)
OH Dose-dependent effects of the
LR IEUILLA ALY U AL )
0~ 10 100 1000 5 anthraquinone compounds on
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Physcion Emodin control. Mean+SEM. n=6.
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I are shown in Figure 2A-2C and summarized in Figure 2D.
The three positive compounds in the fluorescence assay all
potentiated apical membrane I, in a concentration-depen-
dent manner in the presence of forskolin. In each case, the
increased I, was completely abolished by the specific CFTR
blocker CFTR;;-172"!. The potency of the three anthraqui-
none compounds is: Rhein>Aloe-emodin>DHAN. ECs, values
for CFTR activation by Rhein, Aloe-emodin and DHAN were
(in pmol/L): 73£1.4, 56£1.7, and 50£0.52, respectively. Physi-
cion and Emodin did not stimulate significant I,. at 1 mmol/L
in the short-circuit current assays (data not shown). Both
potency and efficacy of these compounds are significantly
lower than genistein.

Stimulation of mucosal short-circuit current and fluid secretion in
rat colon by rhein

Further short-circuit current analysis was performed on
isolated rat colonic mucosa. Experiments were done after
inhibition of Na" current by amiloride and inhibition of pros-
taglandin generation by indomethacin. Rhein was adminis-
tered on the serosal and mucosal sides separately. As shown
in Figure 3A, rhein stimulated CI” secretion across colonic
mucosa in a dose-dependent manner. Although the ECs, are
similar in both cases (about 100 pmol/L), the serosal applica-
tion appeared more effective. Addition of CFTR;,,-172 (20
pmol/L) to the mucosal solution completely abolished the
chloride secretion. The effect of rhein on colonic fluid secre-
tion was studied in a closed loop model of rat distal colon. As
shown in Figure 3B, left, there was marked fluid accumulation
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in rhein-treated loops, whereas control loops filled with saline
remained empty. CFTR;,;,-172 effectively prevented fluid
accumulation in the rhein-treated colonic loops. Data from a
series of experiments are summarized in Figure 3B, right.

Rhein has no effect on cAMP levels of rat colonic mucosa

To further characterize its mechanism of action, rhein was
tested for its ability to elevate cAMP production. As shown in
Figure 4, although rhein elicited a small increase of cAMP lev-
els in FRT cells in the presence of 100 nmol/L FSK, it did not
affect the cAMP level of rat colonic mucosa. These data sug-
gest that rhein might interact directly with CFTR and potenti-
ate its activity.

Discussion

The purpose of this study was to clarify whether CFTR was
a molecular target of intestinal net fluid secretion induced
by the anthraquinone compounds. Anthraquinones are a
group of small molecules found in herbal laxatives. Previous
studies have found that anthraquinone compounds stimu-
lated CI” secretion in colonic mucosa, but molecular targets
were not determined ”®. CFTR is predominantly expressed
in colonic crypts where it plays vital roles in regulating the

secretion of electrolytes and fluid across the epithelium!®.,

Abnormalities of CFTR function may result in diarrhea**"! or
constipation?!, Therefore, CFTR modulators might be used
to treat diarrhea and constipation!,

We demonstrated that natural anthraquinone compounds

from laxative herbal plants stimulated CFTR activity both in
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Figure 3. Stimulation of mucosal short-circuit current and fluid secretion in rat colon by rhein. (A) Representative recordings of rhein-stimulated short-
circuit current (ls,) across rat distal colonic mucosa. Left, when added from serosal side; middle, when added from mucosal side; right, data summary.
Mean+SEM. n=6. (B) Stimulation of intestinal fluid secretion in rat intestinal closed loop experiments. Left: Photograph of isolated rat descending
colon loops at 6 h after lumenal injection of KH solution alone, rhein (2 mmol/L) and rhein (2 mmol/L) plus CFTR;,,-172 (40 pmol/L). Right: averaged

luminal liquid weight at 6 h. Mean+SEM. n=12 loops from 6 rats. °P<0.01.
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Figure 4. cAMP stimulating activities of anthraquinones. (A) cAMP
content in FRT cells at 10 min after the addition of 400 ymol/L test
compounds with and without 100 nmol/L FSK. (B) cAMP content in rat
colonic mucosa after the addition of 400 umol/L rhein. Mean+SEM. n=6.
°P<0.01.

vitro and in vivo. First, in vitro functional analysis using a cell-
based fluorescent assay""” and a short-circuit current assay
revealed that anthraquinone compounds potentiated CFTR
chloride channel function in a dose-dependent manner in the
presence of physiological concentration of cAMP. Second,
the increase of chloride secretion across isolated rat colonic
mucosa by rhein was completely reversed by CFTR specific
blocker CFTR,,-172, further supporting CFTR as the molecu-
lar target of anthraquinone compounds. Finally, colonic
fluid accumulation stimulated by rhein in in vivo closed loop
experiment was largely blocked by CFTR;,;-172, suggesting
that CFTR activation is a major mechanism of anthraquinone-
stimulated colonic fluid secretion.

The rhein-induced Igc in rat colonic mucosa is not consid-
ered to be mediated by electrogenic Na" absorption because it
was not inhibited by apical addition of amiloride. Though it
is possible that rhein may affect generation of prostaglandins
(PG) which are also known to be mediators of other secret-
agogues of intestinal secretion™, secretion of CI” stimulated
by anthraquinone does not appear to be involved in this
pathway, because rhein-induced Isc response was unaffected
by the presence of the prostaglandin synthesis inhibitor indo-
methacin.

CFTR is a cAMP-dependent CI” channel. An activator
can stimulate CFTR activity by increasing cAMP-dependent
phosphorylation of CFTR protein or direct interaction with
CFTR. Our data support the idea that anthraquinone com-
pounds interact directly with CFTR, because these compounds
exhibited minimal effect on intracellular cAMP level in both
FRT cells and rat colonic mucosal epithelial cells. Consistent
with our results, Ai et al reported that anthracene compounds
with similar structure increased P, of CFTR by prolonging the
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mean burst duration and shortening the interburst durations
in excised inside-out patches, suggesting potentiation of CFTR

20l Therefore, it is

activity by directly affecting CFTR gating
likely that anthraquinone compounds potentiate CFTR func-
tion through direct binding to CFTR protein.

In conclusion, natural anthraquinone compounds in veg-
etable laxative drugs are CFTR potentiators that stimulated
colonic chloride and fluid secretion. Anthraquinone com-
pounds potentiate CFTR function most probably through
direct interaction with CFTR protein. Thus CFTR chloride

channel is a molecular target of vegetable laxative drugs.

Acknowledgements

This work was supported by National Natural Science Foun-
dation of China (No 30973577), Dalian Municipal Science
and Technology Fund (No 2008E11SF162), and National
Basic Research Program of China (“973” Program, No
2009CB521900).

Author contribution

Hong YANG directed the research and wrote the paper; Li-na
XU performed part of the research; Cheng-yan HE performed
part of the research; Xin LIU performed part of the research;
Rou-yu FANG performed part of the research; Tong-hui MA
designed the research and helped writing the paper

References

1 de Witte P. Metabolism and pharmacokinetics of anthranoids. Phar-
macology 1993; 47: 86-97.

2 Biggs WS, Dery WH. Evaluation and treatment of constipation in
infants and children. Am Fam Physician 2006; 73: 469-77.

3 van Gorkom BA, de Vries EG, Karrenbeld A, Kleibeuker JH. Review
article: anthranoid laxatives and their potential carcinogenic effects.
Aliment Pharmacol Ther 1999; 13: 443-52.

4 Leng-Peschlow E. Dual effect of orally administered sennosides on
large intestine transit and fluid absorption in the rat. J Pharm Phar-
macol 1986; 38: 606-10.

5 Wienbeck M, Kortenhaus E, Wallenfels M, Karaus M. Effect of senno-
sides on colon motility in cats. Pharmacology 1988; 36: 31-9.

6 Leng-Peschlow E. Effect of sennosides and related compounds on
intestinal transit in rat. Pharmacology 1988; 36: 40-8.

7 Thiagarajah JR, Broadbent T, Hsieh E, Verkman AS. Prevention of
toxin-induced intestinal ion and fluid secretion by a small-molecule
CFTR inhibitor. Gastroenterology 2004; 126: 511-9.

8 Goerg KJ, Wanitschke R, Schwarz M, Meyer zum Buschenfelde KH.
Rhein stimulates active chloride secretion in the short-circuited rat
colonic mucosa. Pharmacology 1988; 36: 111-9.

9 Clauss W, Domokos G, Leng-Peschlow E. Effect of rhein on electro-

genic chloride secretion in rabbit distal colon. Pharmacology 1988;

36: 104-10.

Sheppard DN, Welsh MJ. Structure and function of the CFTR chloride

channel. Physiol Rev 1999; 79: S23-45.

Ma T, Thiagarajah JR, Yang H, Sonawane ND, Folli C, Galietta LJ, et al.

Thiazolidinone CFTR inhibitor identified by high-throughput screening

blocks cholera toxin-induced intestinal fluid secretion. J Clin Invest

2002; 110: 1651-8.

He Q, Zhu JX, Xing Y, Tsang LL, Yang N, Rowlands DK, et al. Tetra-

methylpyrazine stimulates cystic fibrosis transmembrane conductance

10

11

12



www.chinaphar.com
Yang H et al

®

839

13

14

15

16

17

18

19

regulator-mediated anion secretion in distal colon of rodents. World J
Gastroenterol 2005; 11: 4173-9.

Galietta LV, Jayaraman S, Verkman AS. Cell-based assay for high-
throughput quantitative screening of CFTR chloride transport agonists.
Am J Physiol Cell Physiol 2001; 281: C1734-42.

Ma T, Vetrivel L, Yang H, Pedemonte N, Zegarra-Moran O, Galietta
LJ, et al. High-affinity activators of cystic fibrosis transmembrane
conductance regulator (CFTR) chloride conductance identified by high-
throughput screening. J Biol Chem 2002; 277: 37235-41.

Sheppard DN, Carson MR, Ostedgaard LS, Denning GM, Welsh MJ.
Expression of cystic fibrosis transmembrane conductance regulator in
a model epithelium. Am J Physiol 1994; 266: L405-13.

Kenyon JL, Gibbons WR. Effects of low-chloride solutions on action
potentials of sheep cardiac Purkinje fibers. J Gen Physiol 1977; 70:
635-60.

Wu D, Hu Z. Rutaecarpine induces chloride secretion across rat
isolated distal colon. J Pharmacol Exp Ther 2008; 325: 256-66.
Strong TV, Boehm K, Collins FS. Localization of cystic fibrosis trans-
membrane conductance regulator mRNA in the human gastro-
intestinal tract by in situ hybridization. J Clin Invest 1994; 93: 347-
54.

Forte LR, Thorne PK, Eber SL, Krause WJ, Freeman RH, Francis SH, et
al. Stimulation of intestinal CI” transport by heat-stable enterotoxin:

20

21

22

23

24

25

26

activation of cAMP-dependent protein kinase by cGMP. Am J Physiol
1993; 263: C607-15.

Lencer WI, Delp C, Neutra MR, Madara JL. Mechanism of cholera
toxin action on a polarized human intestinal epithelial cell line: role of
vesicular traffic. J Cell Biol 1992; 117: 1197-209.

Grgndahl ML, Jensen GM, Nielsen CG, Skadhauge E, Olsen JE, Han-
sen MB. Secretory pathways in Salmonella Typhimurium-induced fluid
accumulation in the porcine small intestine. J Med Microbiol 1998;
47: 151-7.

Tenore A, Fasano A, Gasparini N, Sandomenico ML, Ferrara A, Di Car-
lo A, et al. Thyroxine effect on intestinal CI"/HCO3;™ exchange in hypo-
and hyperthyroid rats. J Endocrinol 1996; 151: 431-7.

Ewe K. Intestinal transport in constipation and diarrhoea. Pharma-
cology 1988; 36: 73-84.

Verkman AS, Galietta LJ. Chloride channels as drug targets. Nat Rev
Drug Discov 2009; 8: 153-71.

Mall M, Bleich M, Schurlein M, Kuhr J, Seydewitz HH, Brandis M, et
al. Cholinergic ion secretion in human colon requires coactivation by
cAMP. Am J Physiol Gastrointest Liver Physiol 1998; 275: G1274-81.
Ai T, Bompadre SG, Sohma Y, Wang X, Li M, Hwang TC. Direct effects
of 9-anthracene compounds on cystic fibrosis transmembrane
conductance regulator gating. Pflugers Arch 2004; 449: 88-95.

Acta Pharmacologica Sinica



®

Acta Pharmacologica Sinica (2011) 32: 840-844
© 2011 CPS and SIMM Al rights reserved 1671-4083/11 $32.00

www.nature.com/aps

Original Article

Pregnant phenotype in aquaporin 8-deficient mice
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Aim: Aquaporin 8 (AQP8) is expressed within the female reproductive system but its physiological function reminds to be elucidated.
This study investigates the role of AQP8 during pregnancy using AQP8-knockout (AQP8-KO) mice.

Methods: Homozygous AQP8-KO mice were mated, and the conception rate was recorded. AQP8-KO pregnant mice or their offspring
were divided into 5 subgroups according to fetal gestational day (7, 13, 16, 18 GD) and newborn. Wild type C57 pregnant mice served
as the control group. The number of pregnant mice, total embryos and atrophic embryos, as well as fetal weight, placental weight and
placental area were recorded for each subgroup. The amount of amniotic fluid in each sac at 13, 16, and 18 GD was calculated. Sta-
tistical significance was determined by analysis of variance of factorial design and chi-square tests.

Results: Conception rates did not differ significantly between AQP8-KO and wild type mice. AQP8-KO pregnant mice had a significantly
higher number of embryos compared to wild type controls. Fetal/neonatal weight was also significantly greater in the AQP8-KO group
compared to age-matched wild type controls. The amount of amniotic fluid was greater in AQP8-KO pregnant mice than wild type con-
trols, although the FM/AFA (fetal weight/amniotic fluid amount) did not differ. While AQP8-KO placental weight was significantly larger
than wild type controls, there was no evidence of placental pathology in either group.

Conclusion: The results suggest that AQP8 deficiency plays an important role in pregnancy outcome.

Keywords: AQP8 gene; knockout mice; pregnancy outcome; female reproductive system
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Introduction

Aquaporins (AQPs) constitute a growing family of water-spe-
cific membrane channel proteins that transport water across
cell membranes™?. There are currently 13 known mammalian
aquaporins (AQP0-12); a subset of these molecules are capable
of increasing the permeability of small molecules such as
glycerol (AQP3, 7, 9) and urea (AQP3, 7, 8, 9). AQPS is report-
edly permeable to ammonia®. The majority of aquaporins are
constitutively expressed in the plasma membrane (AQPO, 1, 3,
4,7,8,9,10), while others are almost exclusively restricted to
intracellular membranes (AQP6, 11, 12)[4].

AQP8 complementary DNAs (cDNAs) were cloned from rat
and mouse®®” in 1997 and human in 1998%. When expressed
in Xenopus oocytes, mouse, rat or human aquaporin 8 genes
increase the water permeability of oocytes by 10 to 20 fold. In
addition, the cytoplasmic localization of AQP8 may also hint

at its involvement in intracellular osmoregulation®®.
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Subsequent studies"""® have shown that AQPS8 has a wide
tissue distribution in mammals, with expression noted in the
testis, kidney, heart, gastrointestinal tract, airway, salivary
gland, pancreas and placenta. In the reproductive system,
AQP8 is strongly expressed in the testis and sperm in the male
and in the ovary, oviduct, uterus, placenta, amnion, chorion
and cervix in the female'"™®!. While an earlier study™ of
AQPS8 null mice reported no significant differences in compar-
ison to wild type controls with the exceptions of an increase
in testicular volume and a reduction in water permeability
within the testes, we observed that AQPS8 deficiency increased
the number of mature follicles and the resulting fertility of
female mice™. The present study aims to survey the role of
AQPS8 during pregnancy in AQP8-KO mice.

Materials and methods

Mice

AQP8 null mice were generated by targeted gene disruption
as described in a previous study™!. Wild type and AQP8-KO
mice in a C57 genetic background were used at age 6-8 weeks.
All animals were maintained in accordance with Institutional
Guidelines for Care and Use of Laboratory Animals. Mice
were housed under standard lighting (12-h light/dark cycle)



and temperature (23+1 °C) conditions, with free access to a
nutritionally balanced diet and deionized water. Protocols for
mouse experiments were approved by the Committee on Ani-
mal Research of Jilin University Bethune Second Hospital.

Homozygous AQP8-KO mice and wild type mice were
mated. Gestational day (GD) 1 was assigned as the day a
copulation plug was observed. Pregnant mice that delivered
pups did so at term (19-21 GD); thus, there were no premature
or post-term deliveries. Embryos or offspring from AQP8-KO
pregnant mice and wild type C57 pregnant mice (control
group) were divided into 5 subgroups according to gestational
age (7 GD, 13 GD, 16 GD, 18 GD, and newborn).

Gestational age-dependent embryo quantification
In total, 225 sacs from 31 AQP8-KO pregnant mice and 212
sacs from 33 wild type pregnant mice were used for embryo
quantification studies (including all subgroups).

Mice that had shown copulatory plugs were anesthetized,
and a Cesarean section was performed. Pregnant or non-preg-
nant status was recorded. The number of embryos per female
was recorded at 7 GD, 13 GD, 16 GD, and 18 GD. Evidence of
macroscopic atrophies were counted and recorded. The num-
ber of newborns delivered from 13 pregnant females was also
recorded.

Fetal, placental and amniotic fluid measurements
AQP8-KO and wild type C57 pregnant mice were anesthe-
tized, and Cesarean sections were performed at 13 GD, 16
GD, and 18 GD. Parameters, including fetal weight, placental
weight and placental area, were measured in each subgroup.
A total of 260 sacs were measured in this study.

The entire gestational sac was weighed before rupture of the
amniotic membrane. After rupture of the amniotic membrane
and absorption of the amniotic fluid, the fetus, placenta and
fetal membranes were weighed. The placental area was cal-
culated by measuring the placental diameter. The weight of
amniotic fluid was estimated as the difference in weight pre-
and post-rupture.

Statistical analysis

Differences in conception rate were assessed by a chi-square
test. Analysis of variance (ANOVA) of factorial design was
used to determine differences in embryo number, fetal weight,
placental area and weight, weight of amniotic fluid and
the ratio of fetal weight (FW)/amniotic fluid weight (AFA)
between AQP8-KO and wild type groups. Parameters with
significant interactions were assessed by LSD (Least Signifi-
cant Difference) post hoc tests. Statistical significance was set
at P<0.05.

Results
Embryo number
Fifty-three mated AQP8-KO females successfully conceived 40
mice (75.47%), and 54 mated wild type females conceived 35
mice (64.81%) (P=0.321).

As pregnancy progressed, the number of embryos declined
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in both AQP8-KO and wild type groups (P=0.004). However,
the total number of embryos per female was significantly
greater among the AQP8-KO group for all gestational days
compared to the wild type group (P=0.018), without interac-
tions between the AQPS8 gene and gestational age (P=0.93).
Gestational age-dependent results are shown in Figure 1.

10

9+

Embryo number

7 GD 13GD 16 GD 18 GD  Newborn

Figure 1. The mean number of embryos/pups at different gestational
ages. The number of embryos per female decreased both in the AQP8-KO
and wild type group as pregnancy progressed. The total number of em-
bryos/pups of AQP8-KO mice during gestation was higher than wild type
(P=0.018) although statistical significance was not achieved (P; 3p=0.54,
P15 6p=0.056, P15 p=0.293, Pi5¢p=0.383, Pyewvorn=0.354). The number of
pregnant mice examined at each checkpoint were 5, 7, 7, 5, 7 in AQP8-KO
(n,=31) and 5, 7, 7, 8, 6 in wild type (n,=33) as pregnancy progressed.
-/-: AQP8-KO; +/+: Wild type.

While the number of macroscopic atrophic embryos was
recorded for each gestational age investigated, no differences
were observed among groups or during pregnancy.

Fetal/neonatal weight (mg)

Fetal weight varied as a result of both the presence/absence
of the AQP8 gene and gestational age (P<0.001). Fetal weight
progressively increased with gestational age (P<0.001) and
was greater in AQP8-KO mice when compared to age-matched
wild type controls (P<0.001) for gestational days 16, 18, and
newborn (Table 1; P45p=0.001, P15cp<0.001, Pyey 1orn<0.001) but
not 13 (P13 6p=0.072).

Amniotic fluid

Amniotic fluid amount

The weight of calculated amniotic fluid increased progres-
sively during pregnancy for both AQP8-KO and wild type
groups (P<0.001), although the increase in AQP8-KO mice
was greater than that of wild type for each gestational
age investigated (P<0.001). There were also significant
interactions between the AQP8 gene and gestational age
(P<0.001). As seen in Figure 2, the amount of amniotic
fluid in AQP8-KO pregnant mice was elevated above wild
type at each gestational age (P53 cp<0.001, Py45p<0.001,
P156p<0.001).

Fetal weight (FW)/amniotic fluid amount (AFA)
There was no interaction between the AQPS8 gene and ges-
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Table 1. Fetal weight (mg) of AQP8-KO and wild type mice at 13, 16, 18 GD and newborn. Values are reported as Mean+SEM.

Gestational age

13 GD 16 GD 18 GD Newborn
Mice type (n=49, 33) (n=47, 45) (n=42, 44) (n=43, 49)
AQP8-KO (n=181) 68.500+£1.59 395.750+4.80 838.674+9.08 964.6+13.3
C57 (n=171) 65.027+1.05 368.065+6.80 777.984+7.60 885.2+10.7
P 0.072 0.001 <0.001 <0.001
2501 comparison to age-matched wild type controls, specifically at
) 16 GD and 18 GD (P13 GD=O'401I P16 GD<0'001/ P1g GD<O'001)'
€ 200}
§ Pathology of the placenta
E 150t Placental hematoxylin and eosin staining revealed no differ-
3 ences in structure between AQP8-KO and wild type placentas
é 100 and no signs of pathology in either genetic background. Pla-
<§( 2 centas of both groups were composed of three trophoblast cell

13 GD 16 GD 18 GD

Figure 2. The amniotic fluid amount (AFA) differed both between groups
and during gestation. AFA in AQP8-KO mice was significantly greater than
wild type throughout pregnancy (P53 4p<0.001, P15 55<0.001, P15 ¢<0.001).
The number (n) of embryos examined at each checkpoint was in Table 2.
-/-: AQP8-KO; +/+: wild type. °P<0.01 vs wild type. P<0.01 vs 13 GD.

tational age (P=0.35), and no difference in FM/AFA was
observed between the two groups (P=0.157). As pregnancy
progressed, FM/AFA did increase (P<0.001).

Placenta

Placental area

Calculated placental area did not differ between AQP8-KO
pregnant and wild type mice (P=0.862). Placental area visibly
increased from 13 GD to 18 GD (P<0.001). However, an inter-
action between the AQPS8 gene and gestational age for placen-
tal area was not observed (P=0.815).

Placental weight

Placental weight was dependent on both the AQP8 gene
and gestational age (P<0.001). The placenta grew heavier as
pregnancy progressed (P<0.001). As summarized in Table
2, the placental weight of AQP8-KO mice was greater in

Table 2. Placenta weight (mg) of AQP8-KO and wild type mice at 13, 16
and 18 GD. Values are reported as Mean+SEM.

Gestational age

13 GD 16 GD 18 GD
Mice type (n=49, 33) (n=47, 45) (n=42, 44)
AQP8-KO (n=138) 60.275+1.15 101.317+1.67 101.949+1.55
C57 (h=122) 58.568+1.77 87.357+0.99 84.138+1.20
P 0.401 <0.001 <0.001
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layers: trophoblast giant cells, spongiotrophoblasts and laby-
rinthine trophoblasts.

Discussion
Findings reported in the present study suggest that AQPS8 defi-
ciency plays an important role in pregnancy outcome. Com-
parison of the pregnant phenotype of AQP8-deficient mice
with that of wild type controls revealed elevations in embryo
number, fetus/newborn weight (16 GD, 18 GD, and newborn),
and the amount of amniotic fluid at each gestational age.
While a broad tissue distribution of AQPS8 has been reported
in rat, mouse and human, strong expression has been reported
within the female reproductive system, in particular in the pla-
centas and fetal membranes of sheep, human and mouse and
in the cervix of the mouse!"®™. The reproductive impact of
AQP8 deficiency has been addressed previously. Yang et al™!
reported that the weight and size of the testes in AQP8-KO
mice were remarkably elevated, and a recent study”” from our
laboratory has shown elevated fertility in female AQP8-KO
mice. Consistent with these studies, data presented here
suggested an AQP8-mediated effect on female fertility. A
nonsignificant increase in conception rate for AQP8-KO mice
(75.47%) was observed compared to wild type mice (64.81%).
Furthermore, while embryo number progressively decreased
with advancing gestational age in both groups, embryo num-
ber was greater in the AQP8-KO group compared to wild
type, with a comparable incidence of atrophic embryos. These
results may be associated with an increase in follicular matu-
ration and ovulation, as an increase in corpus luteum number
has previously been reported in mature AQP8-KO ovaries.
Importantly, previous studies™ *! on AQP8-KO mice have
shown that the number, survival, and growth of offspring,
as well as urinary concentrating ability, salivary gland fluid
secretion ability, pancreatic function and organ weight, do not
differ in comparison to wild type mice, with the notable excep-
tion of increased testicular weight in AQPS8 null mice. Further,
osmotically driven water transport, active fluid absorption,



and cholera toxin-driven fluid secretion are unimpaired in
AQP8 null mice, with the exception of mild hypertriglyceri-
demia in null mice in closed intestinal loop measurements®!.
However, data presented here indicate that fetal weight
increased, together with an enlarged and structurally normal
placenta in AQP8 null mice.

The placenta is a special organ, constructed and utilized only
during pregnancy. Nearly all material exchanges between
mother and fetus take place via the placenta, including those
involving nutrients and waste. Our results suggest that AQP8
plays a direct or indirect role in fetal and placental growth, as
the fetuses of AQP8-KO mice were significantly heavier than
those of wild type controls.

Mann et al® reported that AQP1-KO pregnant mice had a
greater volume of amniotic fluid than wild type and heterozy-
gous groups; they speculated that idiopathic polyhydramnios
might contribute to amniotic fluid volume regulation and that
the AQP1 knockout mice provided a polyhydramnios animal
model. In our research, although the amniotic fluid amount
also increased in AQP8-KO pregnant mice, the increase in
fluid was related to fetal weight, which was confirmed by the
consistent and comparable FW/AFA ratios between the two
groups.

Ye et al® detected that the embryos from LPA;-deficient
(lysophosphatidic acid, LPA) uteri were consistently smaller
than those from wild-type/heterozygote controls on embry-
onic days 10.5 and 18.5; however, newborns from LPA;-
deficient females were heavier. Prolonged pregnancy and/
or smaller litter size were presumed to induce the above
results. Regarding our research, the number of embryos per
female was elevated in AQP8-KO mice, as were fetal/neonatal
weights, without post-term delivery. The rise in number of
embryos per female may be associated with an increase in fol-
licular maturation and ovulation in AQP8-KO mice”, and the
increase in amniotic fluid and larger placentas may provide a
superior environment in utero as well as more nutrients to the
fetuses to allow higher fetal/neonatal weights.

Our previous study®! suggested that AQP8-KO mice dis-
played a greater number of mature follicles via reduced granu-
losa cell apoptosis, thus increasing the fertility of female mice.
However, it remains unclear whether the findings reported
here, namely, elevation in fetal/neonatal weight, amount of
amniotic fluid and placental weight, are related to reduced
apoptosis of placental cells. Further studies are needed to elu-
cidate the molecular mechanism and cellular events occurring
in the AQP8-KO placenta.

In conclusion, our collective results provide evidence that
AQP8 deficiency plays an important role in pregnancy out-
come.
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Aim: To investigate the effects of selective knockdown of TRPV1 channels in the lower thoracic and upper lumbar segments of spinal
cord, dorsal root ganglia (DRG) and mesenteric arteries on rat blood pressure responses to high salt intake.

Methods: TRPV1 short-hairpin RNA (shRNA) was delivered using intrathecal injection (6 pgkgd™®, for 3 d). Levels of TRPV1 and tyrosine
hydroxylase expression were determined by Western blot analysis. Systolic blood pressure and mean arterial pressure (MAP) were
examined using tail-cuff and direct arterial measurement, respectively.

Results: In rats injected with control shRNA, high-salt diet (HS) caused higher systolic blood pressure compared with normal-salt diet
(NS) (HS:149+4 mmHg; NS:126+2 mmHg, P<0.05). Intrathecal injection of TRPV1 shRNA significantly increased the systolic blood
pressure in both HS rats and NS rats (HS:169+3 mmHg; NS:139+2 mmHg). The increases was greater in HS rats than in NS rats (HS:
13.9%+1.8%; NS: 9.8+0.7, P<0.05). After TRPV1 shRNA treatment, TRPV1 expression in the dorsal horn and DRG of T8-L3 segments
and in mesenteric arteries was knocked down to a greater extent in HS rats compared with NS rats. Blockade of al-adrenoceptors
abolished the TRPV1 shRNA-induced pressor effects. In rats injected with TRPV1 shRNA, level of tyrosine hydroxylase in mesenteric
arteries was increased to a greater extent in HS rats compared with NS rats.

Conclusion: Selective knockdown of TRPV1 expression in the lower thoracic and upper lumbar segments of spinal cord, DRG, and mes-
enteric arteries enhanced the prohypertensive effects of high salt intake, suggesting that TRPV1 channels in these sites protect against
increased salt sensitivity, possibly via suppression of sympatho-excitatory responses.

Keywords: blood pressure; high salt intake; intrathecal injection; short-hairpin RNA; sympathetic nerve; TRPV1

Acta Pharmacologica Sinica (2011) 32: 845-852; doi: 10.1038/aps.2011.43

Introduction

Accumulating evidence indicates that sensory nerves play a
key role in regulating blood pressure~. The transient recep-
tor potential vanilloid type 1 (TRPV1) channel is abundantly
expressed in sensory nerves' ! and conveys the intricate task
of modulating the function of these nerves. Thus, defining
the role of TRPV1-positive sensory nerves in the regulation
of blood pressure and salt sensitivity will be useful. We have
shown previously that the degeneration of TRPV1-expressing
sensory nerves throughout the neonatal body by subcutane-
ous injection of capsaicin, a selective TRPV1 agonist, leads to
increased salt sensitivity of arterial pressure, indicating that
TRPV1-positive sensory nerves play a counter-regulatory
role against salt-induced increases in blood pressure®®!. The
underlying mechanism of anti-hypertensive effects of TRPV1
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E-mail donna.wang@ht.msu.edu
Received 2011-02-22 Accepted 2011-04-07

may involve its counter-balancing role against the activation
of the renin-angiotensin-aldosterone system!”~, sympathetic
nervous system!"”, endothelin system™ '?, superoxide genera-
tion system!> ], and epithelial sodium transporters™. Our
previous approach using systemic sensory denervation does,
however, have two major limitations. First, systemic sensory
denervation obliterates not only TRPV1 but also other compo-
nents that colocalize with TRPV1 in the same neuron, which
may regulate blood pressure independently of TRPV1Z" 2,
Second, systemic sensory denervation prevents elucidation
of the role of specific organ(s) or tissue(s) in regulating blood
pressure.

To bypass these limitations, we developed a new model
with improved approaches and validation. We applied
TRPV1 shRNA to selectively knock down TRPV1 expres-
sion without affecting other components that colocalize with
TRPV1 in the same neuron. The strategy of using shRNA to
selectively silence TRPV channels in vivo has been success-
fully used in our previous study to effectively knock down the
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expression and function of TRPV4 channels™®!

. In the present
study, we used an intrathecal injection technique to target the
T8-L3 segments of the dorsal root ganglia (DRG) and their
central (dorsal horn) and peripheral (mesenteric arteries and
kidneys) terminals without affecting other regions. The T8-L3
segments were chosen as targets because they innervate mes-
enteric resistance arteries and the kidneys, which are known
for their involvement in blood pressure regulation® "),

Using this strategy, we sought to determine whether selec-
tive knockdown of TRPV1 expressed in DRG of lower thoracic
and upper lumbar segments (T8-L3) and their central and
periphery projections enhances the prohypertensive effects
induced by salt loading. Furthermore, to assess whether the
sympathetic nervous system is involved in TRPV1 shRNA-
induced blood pressure regulation, the content of tyrosine
hydroxylase (TH), a marker of sympathetic nerves, and blood
pressure responses to prazosin, a blocker of al-adrenoceptors,
were examined.

Materials and methods

Animals

Male Wistar rats (201-225 g, Charles River Laboratory, Wilm-
ington, Massachusetts, USA) were housed in a standard facil-
ity. Rats received either a normal-salt (NS) diet (1% NaCl by
weight, Harlan Teklad, Madison, Wisconsin, USA) or a high-
salt (HS) diet (8% NaCl by weight, Harlan Teklad, Madison,
Wisconsin, USA). One week after dietary treatment, rats
underwent surgery for intrathecal catheter implantation
and removal of the right kidney. One week after surgery,
rats began receiving intrathecal injections of either TRPV1
shRNA or control shRNA once per day for 3 d and were
randomly divided into 4 groups: NS diet+control shRNA,
NS diet+TRPV1 shRNA, HS diet+control shRNA, or HS
diet+TRPV1 shRNA. Measurement of systolic blood pressure,
mean arterial pressure, water intake, and urine excretion and
tissue sample collection for immunohistochemistry and West-
ern blot analysis were performed on d 3 after the beginning of
shRNA treatment. All experiments were performed in accor-
dance with the protocols approved by the Institutional Animal
Care and Use Committee of Michigan State University.

Surgery for intrathecal catheter implantation and unine-
phrectomy

Under anesthetization with ketamine/xylazine (85/5 mg/kg,
ip), the nape skin was cut open and a small incision was made
in the atlanto-occipital membrane. The muscles were sepa-
rated, and a PE-10 catheter was inserted into the subarachnoid
space as far as the T8 segment of the spinal cord (the length of
the catheter from the inside end to the atlanto-occipital mem-
brane was about 7.5 cm) and sutured in place, and the incision
was closed. About 5 cm of the catheter remained external for
injection of shRNA and was sealed with parafilm to stop the
outflow of cerebrospinal fluid when not used for injection.
Uninephrectomy was performed by making a right flank inci-
sion and then removing the right kidney.
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Preparation of TRPV1 shRNA or control shRNA and intrathecal
injection

TRPV1 shRNA or control shRNA (KR42959N, SABiosci-
ences, Frederick, Maryland, USA) were mixed with i-Fect™
(NI35150, Neuromics, Edina, Minnesota, USA) in a 1:5 ratio
(w/v) for intrathecal injection. Rats received 6 pg/kg in a
10-pL volume of either TRPV1 shRNA or control shRNA once
daily for three consecutive days. The catheter was immedi-
ately flushed with 10 pL of saline following every injection to
ensure that all drugs reached the subarachnoid space.

Measurements of systolic blood pressure, water intake, and
urine excretion

Systolic blood pressure of conscious rats was measured by the
indirect tail-cuff method with a sphygmomanometer (Hatteras
Instruments, Cary, North Carolina, USA). Rats were accus-
tomed to the testing environment for 3 d prior to the measure-
ment, and the blood pressure value for each rat was calculated
as the average of nine separate measurements. Twenty-four-
hour water intake and urine excretion were determined by
the use of metabolic cages one day before and three days after
intrathecal injection.

Measurement of mean arterial pressure (MAP) and its response
to intravenous injection of capsaicin

The jugular vein and carotid artery of pentobarbital (50
mg/kg, ip) anesthetized rats were cannulated for administra-
tion of capsaicin (30 pg/kg, Sigma, M2028, dissolved in saline
with 0.1% ethanol) and for monitoring of MAP (Gould Instru-
ments, Valley View, Ohio, USA), respectively. MAP was
recorded 30 min after the cannulation and recorded every 3 s.
The MAP value for each rat was calculated as the average of
10 min of continuous measurements.

Blockade of al-adrenoceptor by prazosin

Prazosin (P7791, Sigma-Aldrich, St Louis, Missouri, USA, dis-
solved in saline), an al-adrenoceptor blocker, was intragastri-
cally administered via gavage, at a dose of 0.5 mg/kg of each
administration dose, twice per day for 7 d starting 3 d before
shRNA injection.

Immunohistochemistry

For TRPV1 staining, samples of the spinal cord and DRG of
T8-L3 segments, mesenteric arteries, and kidneys were fixed in
4% paraformaldehyde dissolved in phosphate-buffered saline
and then cut into 20-pm sections using a cryostat (Leica CM
1850, Leica Biosystems Nussloch GmbH, Nussloch, Germany).
The sections were incubated with guinea pig anti-TRPV1
polyclonal antibody (1:500, AB5566, Millipore, Billerica, Mas-
sachusetts, USA) for 1 h at room temperature, and then they
were incubated with rhodamine red™-X donkey anti-guinea
pig IgG (1:100, 711-295-152, Jackson ImmunoResearch Labora-
tories, West Grove, Pennsylvania, USA) for 1 h at room tem-
perature. Pictures were taken with a fluorescent microscope
(Olympus BX41 model, Olympus Optical Co, Ltd, Tokyo,
Japan; Olympus MicroSuite™-Basic software, Olympus Soft
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Imaging Solutions GmbH, Miinster, Germany).

For tyrosine hydroxylase staining, whole-mount mesenteric
second-order arteries were fixed in 70% acetone (in saline) for
3 h. The primary antibody was mouse anti-TH monoclonal
antibody (1:1000, Calbiochem 657010, EMD Chemicals, Gibb-
stown, New Jersey, USA, 1:1000, 1 h at room temperature),
and the secondary antibody was rhodamine red™-X donkey
anti-mouse IgG (1:100, 715-295-151, Jackson ImmunoResearch
Laboratories, West Grove, Pennsylvania, USA, 1 h at room
temperature).

Western blot analysis

Samples were homogenized in 10 mmol/L Tris buffer (pH
7.6) that included protein inhibitors. After centrifugation at
500xg for 5 min, the supernatant was added to 20 pL of 0.5
mol/L EDTA and centrifuged at 50 000xg for 1 h. The pellet
was resuspended with lysis buffer on ice for 45 min and centri-
fuged at 14 000xg for 20 min. After denaturation for 10 min at
100 °C, 30 pg protein of each supernatant was electrophoresed
on a 10% SDS-PAGE gel and transferred to a PVDF membrane
(162-0180, Bio-Rad Laboratories, Hercules, California, USA).
Membranes were incubated with rabbit anti-TRPV1 (1:1000,
PA1-29421, Affinity BioReagents, Golden, Colorado, USA) or
mouse anti-TH (1:1000, 657010, Calbiochem, EMD Chemicals
Inc, Gibbstown, New Jersey, USA) at 4 °C overnight, followed
by incubation with HRP-donkey anti-rabbit IgG (1:10000, 711-
035-152, Jackson ImmunoResearch Laboratories, West Grove,
Pennsylvania) or HRP-donkey anti-mouse IgG (1:10000, 711-
035-151, Jackson ImmunoResearch Laboratories, West Grove,
Pennsylvania, USA) for 2 h at room temperature. The inten-
sity of the bands was determined using Image] software (NIH,
Bethesda, Maryland, USA). Protein loading on the membrane
was normalized to P-actin (mouse anti-pB-actin monoclonal
antibody, 1:1000, sc-69879, Santa Cruz Biotechnology, Santa
Cruz, California, USA).

Statistical analysis

Data are expressed as mean+SEM. Differences between paired
groups were analyzed using an unpaired Student’s t-test.
Differences among groups were analyzed using a one-way
ANOVA followed by a Bonferroni adjustment for multiple
comparisons. Differences were considered statistically signifi-
cant at P<0.05.

Results

Body weight in all groups increased with age. No difference
in body weight was found between NS and HS diet-treated
rats administered control or TRPV1 shRNA before dietary
treatment, at the day of intrathecal injection, or 3 d after
intrathecal injection (data not shown), which indicates that the
general growth and condition of the rats were not affected by
dietary or intrathecal treatment.

TRPV1 shRNA treatment resulted in a greater pressor effect in
HS rats compared with NS rats
HS diet intake for 2 weeks, without shRNA treatment,

increased systolic blood pressure when compared with NS-
treated rats (Figure 1A). Systolic blood pressure was elevated
3 d after intrathecal injection of TRPV1 shRNA in both NS-
and HS-treated rats (in NS rats, control shRNA: 126£2 vs
TRPV1 shRNA: 139+2 mmHg, P<0.05; in HS rats, control
shRNA: 14944 vs TRPV1 shRNA: 169+3 mmHg, P<0.05, Figure
1A). Moreover, the increases in systolic blood pressure after
TRPV1 shRNA treatment were greater in HS- than in NS-
treated rats (NS: 9.8%0.7% vs HS: 13.9%%1.8%, P<0.05, Figure
1B).
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Figure 1. Effects of intrathecal injection of TRPV1 shRNA on systolic
blood pressure in rats fed a normal-sodium (NS) or high-sodium (HS)
diet. (A) The systolic blood pressure at d 3 after control or TRPV1 shRNA
treatment. (B) The percentage change in systolic blood pressure of
TRPV1 shRNA compared to that of corresponding control shRNA. Values
are expressed as mean+SEM (n=11 to 14). °P<0.05 compared with the
corresponding control shRNA-treated group; °P<0.05 compared with the
corresponding NS diet group.

TRPV1 shRNA treatment led to greater TRPV1 downregulation in
targeted tissues in HS rats compared with NS rats

Immunohistochemistry studies revealed that TRPV1 expres-
sion in the dorsal horn of the spinal cord (T8-L3 segments),
DRG (T8-L3 segments), and mesenteric arteries was attenu-
ated in TRPV1 shRNA-treated rats fed either an NS or a HS
diet compared with corresponding control shRNA-treated
rats (Figure 2). Consistently, quantitative measurement of
TRPV1 content by Western blot analysis revealed that TRPV1
expression was knocked down by TRPV1 shRNA treatment
in both NS rats and HS rats in the dorsal horn of the spinal
cord (T8-L3 segments), DRG (T8-L3 segments), and mesenteric
arteries (Figure 3). Western blot analysis revealed that TRPV1
expression was also knocked down by TRPV1 shRNA in the
kidney (NS, control shRNA: 0.37+£0.02 vs TRPV1 shRNA:
0.2940.01, P<0.05; HS, control shRNA: 0.50+0.03 vs TRPV1
shRNA: 0.29+£0.02, P<0.05). In contrast, no significant change
was found in TRPV1 levels in the cervical spinal cord in NS or
HS rats after TRPV1 shRNA treatment (NS, control shRNA:
0.35+0.02 vs TRPV1 shRNA: 0.32+0.03, P>0.05; HS, control
shRNA: 0.45£0.01 vs TRPV1 shRNA: 0.44+0.02, P>0.05), indi-
cating that shRNA suppression occurred only in the targeted
segments/tissues. Moreover, TRPV1 expression in the dorsal
horn, DRG, and mesenteric arteries was higher in HS rats

Acta Pharmacologica Sinica
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Figure 2. Immunohistochemistry staining showing
TRPV1 expression in the dorsal horn of the spinal
cord (T8-L3), dorsal root ganglia (DRG) (T8-L3) and
mesenteric arteries (MA) of rats fed a NS or HS diet
3 d after control or TRPV1 shRNA treatment. Scale

bars, 100 ym.
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Figure 3. Western blot analysis showing TRPV1 expression in the dorsal horn of the spinal cord (T8-L3), DRG (T8-L3), and mesenteric arteries of rats
fed a NS or HS diet 3 d after control or TRPV1 shRNA treatment. The left, middle, and right panels indicate representative Western blots, quantification
results (B-actin arbitrary units), and the percentage change of TRPV1 expression of TRPV1 shRNA from that of corresponding control shRNA,
respectively. Values are expressed as mean+SEM (n=5). °P<0.05 compared with the corresponding control shRNA-treated group; °P<0.05 compared
with the corresponding NS diet group.
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administered control shRNA compared with NS rats given
control shRNA, and the magnitude of TRPV1 down-regulation
by TRPV1 shRNA treatment was greater in HS than in NS rats
(dorsal horn, NS: -32%%3% vs HS: -48%+6%, P<0.05; DRG, NS:
-28%+3% vs HS: -44%+5%, P<0.05; mesenteric arteries, NS:
-28%+4% vs HS: -50%5%, P<0.05).

TRPV1 shRNA treatment resulted in a greater degree of
inhibition of capsaicin-induced depressor effects in HS rats
compared with NS rats

To further confirm TRPV1 suppression induced by TRPV1
shRNA, we examined blood pressure responses to iv injection
of capsaicin, a selective TRPV1 agonist. The magnitude of the
prolonged depression phase of MAP in response to capsai-
cin was attenuated in both NS and HS rats (Figure 4A) that
received TRPV1 shRNA compared with rats that received con-
trol shRNA. The magnitude of inhibition of capsaicin-induced
depressor effects by TRPV1 shRNA treatment was greater in
HS rats than in NS rats (NS: -34%+3% vs HS: -50%+3%, P<0.05)
(Figure 4B).
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Figure 4. The response of mean arterial pressure (MAP) at 36 s to a
bolus injection of capsaicin (30 pg/kg, iv) in NS rats and HS rats 3 d
after administration of control or TRPV1 shRNA (A) and the percentage
change of MAP in response to capsaicin following TRPV1 shRNA treatment
compared with corresponding control shRNA (B). Values are expressed as
mean+SEM (n=6 to 7). "P<0.05 compared with the corresponding control
shRNA-treated group; °P<0.05 compared with the corresponding NS diet
group.

TRPV1 shRNA treatment had no effect on urinary excretion in
HS- or NS-treated rats

HS intake increased urine excretion, water intake, and the
ratio of urine/water intake compared with NS-treated rats
both before shRNA treatment and 3 d after. However, no sig-
nificant differences were found between control shRNA and
TRPV1 shRNA-treated rats fed a NS or HS diet in 24-h urine
excretion (NS rats, control shRNA: 301 vs TRPV1 shRNA:
27+2 mL, P>0.05; HS rats, control shRNA: 1067 vs TRPV1
shRNA: 106+9 mL, P>0.05), 24-h water intake (NS rats, control
shRNA: 53+2 vs TRPV1 shRNA: 50+4, P>0.05; HS rats, control
shRNA: 135+9 vs TRPV1 shRNA: 131+10, P>0.05), or the ratio
of 24-h urine/water intake (NS rats, control shRNA: 0.58+0.02
vs TRPV1 shRNA: 0.54+0.02, P>0.05; HS rats, control shRNA:
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0.79+0.01 vs TRPV1 shRNA: 0.80+0.02, P>0.05).

Depressor effects induced by blockade of al-adrenoceptors
following treatment with TRPV1 shRNA were greater in HS rats
compared with NS rats

In both NS and HS rats, blockade of the al-adrenoceptor by
prazosin pretreatment prevented TRPV1 shRNA-induced
elevation of blood pressure (Figure 5A). Moreover, prazosin
played a greater depressor role in HS-treated rats given
TRPV1 shRNA compared with NS-treated rats given TRPV1
shRNA (NS: -7%%1% vs HS: -12%+1%, P<0.05, Figure 5B).

A 190, [T=IControl ShRNA B 0- NS HS
9] COTRPV1 shRNA N
2 b 5
g 170+ ‘*g 5
° T h o £
8 £ 150 b 82 -104
S E N
e h S &
S 1301 E 154 e
2 e
@ <

1 | X 20l

O Without _ With Without _ With 20

prazosin prazosin prazosin prazosin
NS HS

Figure 5. Pretreatment with prazosin prevented TRPV1 shRNA-
induced elevation of blood pressure in rats fed NS or HS diets (A) and
the percentage change of systolic blood pressure induced by prazosin
compared with controls that did not receive prazosin (B). Values are
expressed as mean+SEM (n=6 to 7). "P<0.05 compared with the
corresponding control shRNA-treated group; °P<0.05 compared with the
corresponding NS diet group; "P<0.05 compared with the corresponding
“without prazosin group.”

TRPV1 shRNA treatment led to enhanced upregulation of
mesenteric tyrosine hydroxylase in HS rats compared with NS
rats

Immunohistochemistry staining (Figure 6A) and Western
blot analysis (Figure 6B) revealed that TH levels in mesen-
teric arteries were enhanced in both NS and HS rats admin-
istered TRPV1 shRNA compared with corresponding control
shRNA-treated rats. In control shRNA-treated rats, HS intake
increased TH expression in mesenteric arteries compared with
the NS diet. TRPV1 shRNA treatment produced a greater
increase in TH in HS rats than in NS rats (NS: 46%+9% vs HS:
77%+6%, P<0.05) (Figure 6B). In contrast, no significant differ-
ences were found in TH levels in the kidney in NS or HS rats
administered TRPV1 shRNA compared with rats receiving
the control shRNA (NS, control shRNA: 0.22+0.01 vs TRPV1
shRNA: 0.24+0.01, P>0.05; HS, control shRNA: 0.25+0.02 vs
TRPV1 shRNA: 0.30+0.02, P>0.05).

Discussion

The goal of this study was to determine whether selective
knockdown of TRPV1 expressed in the DRG of lower tho-
racic and upper lumbar segments (T8-L3) and their central
and periphery projections enhances prohypertensive effects
induced by salt loading. We observed that (1) TRPV1 shRNA
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treatment increased blood pressure to a greater extent in HS
rats compared with NS rats; (2) HS diet enhanced TRPV1
expression in the dorsal horn, DRG, mesenteric arteries, and
kidneys, which was suppressed by TRPV1 shRNA treatment;
(3) TRPV1 shRNA treatment attenuated the depressor action
of capsaicin with a greater effect in HS rats compared with
NS rats; (4) TRPV1 shRNA treatment had no effect on urinary
excretion, water intake, or the ratio of urine/water intake in
rats fed a NS or HS diet; (5) blockade of al-adrenoceptors led
to a greater depressor effect in HS rats compared with NS rats
treated with TRPV1 shRNA; and (6) TRPV1 shRNA treatment
produced a greater increase in TH in mesenteric arteries, but
not kidneys, in HS rats compared with NS rats. These data
show that selective knockdown of neuronal TRPV1 enhances
prohypertensive effects induced by salt loading and that pres-
sor effects of TRPV1 shRNA may be mediated, at least in part,
by enhancement of the sympatho-excitatory response.

We have previously shown that neonatal degeneration of
TRPV1-expressing sensory nerves increased salt sensitiv-
ity of arterial pressure as these rats grew into adulthood**".
However, the systemic sensory denervation used in these
previous studies precluded us from making conclusions about
whether the observed effect was due to the removal of TRPV1
or other proteins co-expressed in the same nerves innervat-
ing any specific organs or tissues™ ?. In the present study,
we anatomically limited the TRPV1 affected by intrathecally
injecting TRPV1 shRNA to selectively knockdown TRPV1 in
an attempt to answer the question of whether impairment of
TRPV1 in selective tissues is sufficient to enhance salt sensitiv-
ity of blood pressure. shRNA knocks down the expression
of a specific gene by RNA interference, and its transfection
efficacy can be further enhanced by the use of the transfection
reagent iFect™, which is particularly designed for facilitating
effective transfection for neuronal cells. We did not observe
any neuron damage or other side effects following intrathecal
injection of shRNA (data not shown), which is consistent with
observations made by other laboratories™. Our results show
that knocking down TRPV1 expression in T8-L3 DRG and
their central and periphery projections, without affecting other
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Figure 6. Immunohistochemistry staining (A)
and Western blot analysis (B) showing tyrosine
hydroxylase expression in mesenteric arteries of
rats fed a NS or HS diet 3 d after either control
or TRPV1 shRNA treatment. The left, middle,
and right panels in (B) indicate representative
Western blots, quantification results (% B-actin
arbitrary units), and the percentage change of

TRPV1 shRNA

120 TH expression in rats receiving TRPV1 shRNA
compared with control shRNA, respectively.
o Values are expressed as mean+SEM (n=5).
60 °P<0.05 compared with the corresponding
30 control shRNA-treated group; °P<0.05 compared
with the corresponding NS diet group. Scale

bars, 100 ym.

segments such as the cervical spinal cord, significantly modu-
lated the development of hypertension, especially during salt
loading. These results indicate that intrathecal injection with
shRNA is a viable strategy of conditional knockdown, which
can be used to study the role of a given gene or protein.
Although TRPV1 expression in the kidney was suppressed,
no changes occurred for 24-h urine excretion, water intake, or
the ratio of urine/water intake after TRPV1 shRNA treatment.
Although unexpected, these results suggest that mechanisms
other than altered renal function are responsible for the prohy-
pertensive effect of TRPV1 shRNA. Given that the peripheral
projections of T8-L3 DRGs innervate mesenteric arteries, we
examined mesenteric TRPV1 levels. Indeed, TRPV1 levels
in mesenteric resistant arteries were suppressed by TRPV1
shRNA treatment. Interestingly, levels of tyrosine hydroxy-
lase, a sympathetic nerve marker, were markedly upregulated
after TRPV1 shRNA treatment in mesenteric resistant arteries
but not kidneys. Furthermore, blockade of al-adrenoceptors
completely abolished TRPV1 shRNA-induced prohyperten-
sive effects. These data suggest that heightened sympathetic
nerve activity occurred, which contributed to TRPV1 shRNA-
induced hypertension. The pressor effect of TRPV1 shRNA
may be mediated by enhanced vasoconstriction of mesenteric
resistant arteries via at least two potential mechanisms. First,
knockdown of TRPV1 in the dorsal horn would decrease sig-
nal input from periphery organs to the central nervous system
via afferent primary neurons and, as a result, diminish the
inhibitory effect of afferent nerves on sympathetic nerve activ-
ity in mesenteric resistant arteries™ . Second, knockdown
of TRPV1 expressed in mesenteric resistant arteries would
reduce the release of vasodilator neuropeptides such as CGRP

and, as a result, diminish the counter-regulatory role of affer-
[24, 35, 36]

ent nerves against vasoconstriction

Our data show that HS intake led to compensatory increases
in mesenteric TRPV1 levels, which is consistent with previous
reports®™. Moreover, the depressor effect of TRPV1 activa-
tion after capsaicin administration was much greater in HS
rats compared with NS rats, supporting the notion that TRPV1
plays a counter-regulatory role against salt-induced increases
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in blood pressure. The counter-regulatory effect of TRPV1 has
been shown to involve enhanced CGRP release from sensory
nerves that cause vasodilation, sodium and water excretion,
and decreases in blood pressure®*!., TRPV1 shRNA treat-
ment resulted in enhanced suppression of mesenteric TRPV1
levels but enhanced up-regulation of mesenteric tyrosine
hydroxylase contents. The combination of these effects would
lead to a more pronounced pressor action in HS rats. Indeed,
as shown in the present study, HS rats displayed a greater
degree of pressor effects after TRPV1 shRNA treatment when
compared with NS rats receiving the same treatment.

In conclusion, the present study shows that intrathecal
injection of TRPV1 shRNA selectively knocks down TRPV1
expression in the DRG of T8-L3 segments and their central and
periphery projections in rats, which enhances the prohyper-
tensive effects induced by salt loading. The pressor effect of
TRPV1 shRNA may be mediated, at least in part, by enhance-
ment of the sympatho-excitatory response.
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Aim: Glucose stimulates insulin secretion from pancreatic islet § cells by altering ion channel activity and membrane potential in the
B cells. TRPV1 channel is expressed in the B cells and capsaicin induces insulin secretion similarly to glucose. This study aims to
investigate the biophysical properties of the 3 cells upon stimulation of membrane channels using an atomic force microscopic (AFM)

nanoindentation system.

Methods: ATCC insulinoma cell line was used. Cell stiffness, a marker of reorganization of cell membrane and cytoskeleton due to ion
channel activation, was measured in real time using an integrated AFM nanoindentation system. Cell height that represented struc-

tural changes was simultaneously recorded along with cell stiffness.

Results: After administration of glucose (16, 20, and 40 mmol/L), the cell stiffness was markedly increased in a dose-dependent
manner, whereas cell height was changed in an opposite way. Lower concentrations of capsaicin (1.67x10° and 1.67x10® mol/L)
increased the cell stiffness without altering cell height. In contrast, higher concentrations of capsaicin (1.67x10° and 1.67x10”

mol/L) had no effect on the cell physical properties.

Conclusion: A unique bio-nanomechanical signature was identified for characterizing biophysical properties of insulinoma cells upon
general or specific activation of membrane channels. This study may deepen our understanding of stimulus-secretion coupling of pan-

creatic islet cells that leads to insulin secretion.

Keywords: AFM nanoindentation; cellular stiffness; insulin secretion; glucose; capsaicin; cellular height
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Introduction

Pancreatic B-cell responses to glucose and capsaicin stimulation
Pancreatic p-cells are one of the main physiological units of
the endocrine pancreas!), and they constitute about 65 to 90
percent of the islet cell population. Insulin, produced and
released from pancreatic B-cells, is an important hormone
that is involved in blood glucose homeostasis. In response to
glucose stimulation, insulin is secreted from P-cells, a process
known as stimulus-secretion coupling™. The resting potential
of the pB-cell membrane is determined primarily by the activ-
ity of ATP-dependent potassium channels (K,rp). When the
plasma glucose level increases, glucose uptake and the p-cell

*To whom correspondence should be addressed.
E-mail donna.wang@hc.msu.edu
Received 2011-03-10 Accepted 2011-04-13

metabolic rate will be enhanced, leading to the closure of K,rp
as the ATP/ADP ratio increases. As a result of the closure of
Karp, the membrane potential changes, leading to the opening
of voltage-gated calcium channels due to membrane depolar-
ization. The increased cytoplasmic calcium concentration will
ultimately result in insulin secretion (Figure 1). In addition,
[-cell responses are synchronized with an oscillatory pattern,
displaying pulse-like insulin secretion®™.

Capsaicin, the main ingredient of hot peppers, is a specific
activator of the transient receptor potential vanilloid type 1
(TRPV1) channel, also known as the capsaicin receptor. Accu-
mulating evidence showed that capsaicin-sensitive afferent
nerves play a regulatory role in insulin secretion. Studies
also showed that activation of TRPV1 expressed in pancreatic
islet B cells may modulate insulin secretion®. Despite the fact
that capsaicin may activate TRPV1 leading to altered insulin
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Figure 1. The stimulus-secretion coupling model of B-cells. Increased
plasma glucose levels will increase the intracellular ATP/ADP ratio after
glucose uptake by cells, which leads to the closure of ATP-dependent
potassium channels, membrane depolarization, and the increase in

intracellular Ca®* concentrations that result in insulin secretion.

secretion, the mechanisms underlying capsaicin mediated
insulin secretion are largely unknown.

The electrophysiological properties of ion channels are
important for cellular and organ function, and an ion channel
defect in pancreatic islet B cells may lead to metabolic disor-
ders. As such, these ion channels have been widely studied
from various perspectives, most of which have made use of
the patch-clamp technique to study the electrical activities of
cells. While effective, the patch-clamp technique is very time
consuming and demands highly skilled workers. Alterna-
tively, other biophysical features may serve as biomarkers for
assessing ion channel activities. Indeed, it has been shown
that alterations in ion channel activity leading to insulin secre-
tion would change the physical state of the cell membrane!®!
and cytoskeleton”.. Membrane bilayer stiffness depends on
membrane protein configuration and deformation. The activa-
tion of ion channels can alter protein formation, the curvature
of the membrane bilayer, and possibly the overall mechanical
1891 Accordingly, this study was intended
to develop a new technique to study the physical proper-

behavior of the cel

ties of pancreatic insulin secreting cells by characterizing the
nanomechanical properties of a single cell or cell population in
order to identify unique biomarkers that respond to general or
specific channel activators.

Mechanical property characterization using an atomic force
microscopic (AFM) nanoindentation system

AFM utilizes a cantilever with a sharp tip to probe the surface
topography of various materials. AFM operates the cantilever
to move across the sample surface in a raster scan. The fine
scan motion was driven by a piezoelectric actuator with a high
step resolution. During the scan, the interaction force between
the scanning AFM tip and the sample surface bends the canti-
lever. A laser, which reflects back from the cantilever, records
the deflection by readings of the laser spot position on a posi-
tion sensitive device. The vertical movement of the piezoac-
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tuator, which keeps either the tip at a constant distance from
the sample (contact mode) or the cantilever in constant oscilla-
tion amplitude (tapping mode), forms the topography image.
The schematic drawing of the working principle of AFM is
shown in Figure 2A. AFM works perfectly well in liquid and
makes measurements in real time, features that are ideal for
biological applications and have unparalleled advantages over
other high resolution imaging systems, including electron
microscopy. Obtaining nanometer resolution images of cell
membranes, DNA molecules and other biological structures
has become possible with the recent development of AFM sys-
tems.

Piezoelectric
actuator

A Laser beam

N——
Cell sample
(\/_D\/\
B [L1]
[

Original position

New position «eeeeeeess

Figure 2. (A) AFM working principle. Briefly, the piezoelectric actuator
drives the cantilever with a sharp tip at the end to perform a raster scan
on sample surfaces. As it scans across the surface, the interaction force
will bend the cantilever, and the bending is recorded by a laser reflected
back from the cantilever. By maintaining the tip at a constant distance
from the sample, a topography image is formed. (B) The initial contact
point, indicated in Figure 2 as a square, indicates the relative height of the
sample. By recording the laser position of the contact point, the dynamic
cell height can be obtained.

In addition to imaging, AFM is a natural nanoindenter, a
feature that can be employed to probe the mechanical prop-
erties of materials. In nanoindentation mode, AFM drives
a sharp tip into contact with the cell membrane and, conse-
quently, deforms the membrane. By evaluating the indenta-
tion force and the indentation depth, the mechanical proper-
ties of the cell membrane may be obtained. The process will
generate force-displacement curves as shown in Figure 3. A
Hertzian model is often used to fit the curve and to generate
the Young’s modulus value.

When performing the force measurement on the same loca-
tion of the cell, the AFM tip is drawn into contact by the inter-
action force (mainly van der Waals adhesive forces) between
the tip and cell membrane. The contact point is indicated
schematically by the square in the force curve shown in Figure
3. When there are changes in the sample height, the contact
point in the following force-displacement curves will corre-
spondingly change in position as indicated by the laser spot
(Figure 2B). Therefore, the relative cell height can be obtained
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Figure 3. A typical force displacement curve with the contact point
marked. The vertical motion will bring the AFM tip into contact with the
cell and deform the cell (approach curve), followed by a retraction of
the tip (retract curve). During the process, by recording the cantilever
deflection (Y axis) with regard to the vertical displacement of the scanner
(X axis), the force displacement curve is formed. The contact point is
marked schematically as a square in the figure showing the point where
the initial contact between the AFM tip and the sample is established.

by the continuous recording of the contact point. Normally,
the absolute cell height and volume are measured by a topo-
graphical image, and it takes approximately 15 min to capture
a single image. Given that the change in response to glucose
stimulation happens rapidly, we considered the contact point
measurement to be a faster method for monitoring height
change.

AFM for the study of B cell ion channel activities

AFM has been applied to study biomarkers for a number of
biological events" .. In these events, changes in physiologi-
cal conditions led to the reconfiguration of cell membranes and
cytoskeleton structures. Cells exhibited distinct mechanical
properties, including stiffness and viscosity, due to an altered
cellular structure. Thus, AFM-based high resolution imag-
ing and high sensitivity force measurements for character-
izing structural and mechanical biomarkers are feasible. For
example, AFM has been used for the dynamic observation of
mechanical property changes during the loss of cellular adhe-
sion and apoptosis!". Using a similar strategy, this study aims
to observe the physical changes of cell membranes in response
to glucose and capsaicin stimulation in real time. The ability
of AFM to record interaction forces and cell stiffness changes
in the nanoscale in real time would provide a fresh perspective
on these events.

Materials and methods

Cell culture

The insulinoma cells (ATCC, Manassas, VA, USA) were cul-
tured to confluence in RPMI-1640 medium (Gibco-Invitrogen,
Carlsbad, CA, USA) supplemented with 10% fetal calf serum
and 1% penicillin and streptomycin at 37 °C in a humidified
atmosphere containing 5% CO,. The cells were then seeded
onto glass coverslips until reaching confluency.

Glucose stimulation

Before each glucose stimulation experiment, the coverslips
were placed in a petri dish with 5 mL of low glucose medium
(2 mmol/L) for 90 min until equilibrium was reached. For
glucose stimulation, volumes of 100 pL, 50 pL, or 40 pL of high
glucose medium (2 mol/L) were added to the petri dish to
make the final glucose concentrations 40 mmol/L, 20 mmol/L,
or 16 mmol/L, respectively. A total of 100 pL of low glucose
medium was added to a separate petri dish as a control.

Capsaicin stimulation

Before each capsaicin stimulation experiment, the coverslips
were placed in a petri dish containing 5 mL of Hanks” buffered
salt solution (HBSS) for 90 min until equilibrium was reached.
For capsaicin stimulation, 1 mL of HBSS medium with capsai-
cin concentrations of 10 nmol/L, 100 nmol/L, 1 pmol/L, and
10 pmol/L were added to the petri dish to obtain final concen-
trations of 1.67x10° mol/L, 1.67x10® mol/L, 1.67x107 mol/L,
and 1.67x10° mol/L, respectively. HBSS 1 mL was added to a
separate petri dish as control.

AFM measurements

The insulinoma cells at equilibrium in the low glucose
medium or HBSS were directly observed under the AFM
equipped with an inverted microscope underneath. For statis-
tical analysis, AFM nanoindentations were performed on 100
randomly selected cells before and after the stimulation. For
the dynamic observation, 20 force displacement curves were
taken as the baseline before the addition of glucose or capsai-
cin. After stimulation, force displacement curves were taken
at a frequency of 1 Hz to dynamically monitor the stiffness
change in real time for 1 h. To obtain higher sensitivity and
to prevent the potential damage of the delicate cell membrane
by the sharp AFM tip, the force applied to indent the cell was
kept at a minimum. The maximum force applied was main-
tained below 10 nN, with the resulting deformation less than
100 nm, and all force curves were taken at a loading rate of 1
Hz. Meanwhile, the contact point of the cantilever with the
cell membrane was recorded to denote the relative cell height.
Figure 4 shows an optical image with the AFM cantilever

Figure 4. Optical image of an AFM cantilever above an insulinoma cell for
nanomechanical property measurement obtained by an inverted optical
microscope below the AFM. Scale bar: 50 ym.

Acta Pharmacologica Sinica
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above a single insulinoma cell before the force measurement. the 20 mmol/L glucose stimulation increased the stiffness to

Force displacement curve processing

In the AFM nanoindentation experiment, a conically shaped
AFM tip with a silicon nitride cantilever (Bruker-nano, Santa
Barbara, CA, USA) was used. The spring constant, which was
0.06 N/m, was calibrated using the thermal tune method. The
applied force can be calculated by Hooke’s law where: F=kd,
where d is the deflection of the cantilever and k is the spring
constant of the cantilever. According to the Hertzian model,

for a conical shaped tip, the relationship between indentation
and deformation is defined as:

2 E
F_n 1-v?

& tan a

where a is the half angle of the cone-shaped tip, v is the Pois-
son ratio, F is the applied force, ¢ is the indentation depth
and E is the Young’'s modulus value. Young's moduli can be
generated by fitting a force displacement curve. The half open
angle of the tip is 17.5° and we used 0.5 as the Poisson ratio.

A Matlab routine was developed to automate the calculation
process.

Results
Glucose stimulation and stiffness measurement
For elasticity measurements, the Young’s moduli calculated
from the first 20 force curves before switching to high glucose
were averaged as the baseline. The moduli from the first
20 min of measurements after the addition of high glucose
medium were averaged as the positive results. As shown in
Figure 5A, the normal Young’s modulus value for insulinoma
in low glucose medium was around 7.0 kPa. The addition
of high glucose medium increased the cell stiffness, and the
increase displayed a dose-dependent pattern. The modulus
increase resulting from the 40 mmol/L glucose stimulation
was more than one fold, reaching 14.8 kPa. The 16 mmol/L
glucose stimulation increased the stiffness to 13.9 kPa, while

201
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14.2 kPa. The control showed no significant changes in stiff-
ness in response to low glucose stimulation.

For the relative height capture, dynamic monitoring showed
that there was a sharp decrease in cell height around 120 nm
at the onset of stimulation as indicated by the point scatter in
Figure 5B. The decrease of cell height was accompanied by the
sharp increase of stiffness as shown in Figure 5B. The addi-
tion of high glucose medium occurred at 11 min, and the final
glucose level was 20 mmol/L. As the experiment continued,
the cell height gradually recovered, and the stiffness gradually
decreased. Figure 6 shows the relationship between glucose
concentration and cell height and stiffness, demonstrating
that the increase in glucose concentration causes substantial
changes in cell height and increases cell stiffness.

100
80
60

40

20

Relative height change (nm)

Figure 6. Glucose dosage is related to Young’s modulus and change in
cell height, with projections on each plane (bottom plane, stiffness vs
dosage; right plane, height change vs dosage). There is a substantial
increase in both height and stiffness in response to the glucose

dosages of 16, 20, and 40 mmol/L compared to the baseline glucose
concentration of 2 mmol/L.
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Figure 5. (A) The change in stiffness before and after administration of three different glucose levels: 16, 20, and 40 mmol/L, plus the control. Each

datum was expressed as mean+SEM. °P<0.05 for 40, 20, and 16 mmol/L vs the control (n=20). (B) Dynamic stiffness (bar) and cell height change (point
scatters) after 20 mmol/L glucose stimulation.
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Capsaicin stimulation and stiffness measurement
Nanomechanical property measurement of cell population

The capsaicin stimulation experiment was carried out in a
similar fashion as the glucose stimulation experiment. How-
ever, unlike the glucose experiment, changes in stiffness after
capsaicin stimulation were absent in some cells because they
did not respond to capsaicin. Thus, we adopted a statistical
approach by measuring the nanomechanical properties of a
cell population from which the general cell property might
be drawn. This approach has been used by a number of
1214 A total of 100 randomly
selected cells were used prior to stimulation for baseline mea-

nanomedicine related studies!

surements. Thirty minutes after the addition of capsaicin,
measurements were made on the same number of cells. Dose-
dependent experiments of capsaicin were performed in the
same fashion as in the glucose studies, and capsaicin was
added in the following concentrations: 1.67x10°, 1.67x107,
1.67x107 and 1.67x10°mol/L. Note that the Young’s moduli
of the insulinoma cell population has a normal distribution
with one peak value (population mean) around 7.0 kPa, as
indicated above. The dose studies showed that 1.67x10”
mol/L and 1.67x10® mol/L capsaicin caused changes in the
physical properties of the cell population. The change was
displayed as the change in peak percentile and the emergence
of another peak at a higher Young’s modulus value in the cell
population (Figure 7A3 and 7A4), indicating that stiffness was
increased in a portion of the cell population after stimulation.
Thus, based on the responses, two groups had been identified:
cells incapable of responding to capsaicin stimulation sitting in
the lower stiffness value peak and cells with responses to cap-
saicin stimulation residing in the higher stiffness value peak.
In contrast, higher concentrations of capsaicin (1.67x107 and
1.67x10° mol/L) had no effect on the cell physical properties
as shown by the histogram in Figure 7A1 and 7A2. The dose-
dependent experiments were summarized in the cumulative
distribution in Figure 7B with the horizontal line indicating
the 50th percentile. As shown in Figure 7, there was a clear
stiffness shift at the 50th percentile line for 1.67x10” mol/L
and 16.7x10® mol/L capsaicin stimulation compared to the
unstimulated cells and the control. This was also confirmed
by performing the mean value and deviation analysis as
shown in Figure 7C.

Dynamic observation of stiffness and cell height after stimulation
The dose-dependent statistical analysis indicated that sub-
groups in the cell population responded differently to capsai-
cin stimulation. We next aimed to define the dynamic changes
of cellular nanomechanical properties. A single cell was
observed through the whole stimulation process with continu-
ous measurement. This time-lapse experiment was similar to
the glucose stimulation experiment for monitoring dynamic
stiffness changes and height changes. The stimulation was
carried out with 1.67x10° mol/L capsaicin that was added at
21 min. Before the addition of capsaicin buffer, the cell was
observed for 20 min to obtain a baseline. The stiffening effect
was not observed immediately following the stimulation, but
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it occurred about 10 min after capsaicin administration (Figure
8, bar). The cell Young’s modulus increased from 7.0 kPa to 11
kPa and was maintained at this value throughout the experi-
ment. However, the stiffening effect of capsaicin was not
accompanied by a change in cell height (Figure 8, point scat-
ters), as an overlaid point scatter plot indicated that the cell
maintained the same height during the experiment.

Given the inhomogeneous nature of a cell body where dif-
ferent sites of a cell may respond differently to the applied
indentation force, we wanted to ensure that inhomogeneity per
se would not overshadow the true physiological state of the
cell. To reach this goal, each cell was examined at three differ-
ent locations on the membrane as depicted in Figure 9: at the
nucleus located at center of the cell, at the midpoint between
the center and boundary of the cell, and at the boundary of the
cell. Cells were examined in this fashion, and the results were
plotted along with the mean of three measurements (Figure
10A). The mean value of the three measurements for each
cell was then plotted in a histogram (Figure 10B) displaying
a normal distribution with the peak value at 7.0 kPa, which is
consistent with previous observations.

Discussion
As elucidated in Figure 1, it is known that increased glucose
concentrations lead to changes in membrane potential and

insulin secretion through glucose uptake™. The process is

216171 With nanome-

known as stimulus-secretion coupling
chanical analysis, the results from the present study show for
the first time that cell stiffness increases in a dose-dependent
manner in insulinoma cells subjected to glucose stimulation.
In addition, cell height decreases with increased glucose con-
centrations in a synchronized fashion with stiffness changes
as revealed by real time AFM nanoindentation measurements.
Moreover, capsaicin has been shown to induce insulin secre-
tion either via capsaicin-sensitive afferent neuron-mediated
effects” or through activation of TRPV1 expressed in pancre-

atic islet B cells™ ™

. AFM nanomechanical analysis of capsai-
cin stimulation in the present study reveals a distinct pattern
of stiffness changes and dose-dependent effects from glucose
stimulation; capsaicin at low (10° mol/L and 10® mol/L), but
not high, concentrations was able to increase stiffness without
altering cellular heights in insulinoma cells.

Accumulating evidence has shown that altered ion channel
(071921 Altered

ion channel activity may cause reorganization of the cellular

activities occur and lead to insulin secretion

membrane and cytoskeleton, resulting in changes of cellular

stiffness!®®,

Using an integrated AFM imaging system, we
were able to measure cell stiffness and structural changes
simultaneously upon stimulation of glucose and capsaicin
(both known to alter ion channel activity and insulin secre-
tion) on the nanoscale in real time. Distinct nanomechanical
properties of insulinoma cell responses to glucose and cap-
saicin have been identified, which may indicate that a unique
bio-nanomechanical signature is linked to a specific stimulus-
secretion coupling of pancreatic islet cells that leads to insulin
secretion.

Acta Pharmacologica Sinica
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Figure 7. (A) Dose-dependent experimental results obtained from four different capsaicin concentrations: Al: 1.67x10° mol/L, A2: 1.67x107 mol/L,
A3: 1.67x10® mol/L, and A4: 1.67x10° mol/L. (B) Summarized dose-dependent experiment with cumulative histogram. (C) Mean comparison of
different doses with °P<0.05 for 1.67x10° mol/L and 1.67x10® mol/L vs the control and °P<0.05 for 1.67x10° mol/L and 1.67x10® mol/L vs 1.67x10°
mol/L and 1.67x107 mol/L, respectively. Each datum is expressed as the mean+SEM (n=100).

Following glucose stimulation, we observed rapid decreases
in cellular height. This physical change of cells may be
explained by a number of glucose effects. In addition to alter-
ing ion channel activity, glucose may also change osmolarity,
which may affect the configuration of the cellular structure.
Before reaching equilibrium by glucose uptake, osmolarity
outside of cells may be higher than that inside after glucose
administration, which may lead to cellular shrinkage and
contribute to increased cellular stiffness. Thus, increased
cell stiffness after glucose administration may be attributed
to altered ion channel activity and changes in osmolarity. In

Acta Pharmacologica Sinica

contrast, cells remain the same height in response to capsaicin
administration, indicating that the shrinkage of cells due to
altered osmolarity was absent in the capsaicin experiments.
Moreover, cell stiffness increased only at low doses of capsai-
cin without altering cell height, further ruling out the possibil-
ity that concentrations of capsaicin may alter osmolarity and,
therefore, cell stiffness. These results are consistent with a
previous report where capsaicin induces insulin secretion only
at low doses”.

The nature of small changes in cell stiffness presents a
daunting challenge for detecting and capturing these changes.
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Figure 8. Dynamic stiffness (bar) and cell height change (point scatter)
after 1.67x10° mol/L capsaicin stimulation.

With the use of the AFM nanoindentation system, forces less
than 10 nN can be applied, and the resulting changes in cell
stiffness can be detected. Such a unique capability and the
ultra-high sensitivity of the AFM nanoindentation system are
indeed advantageous for studies focused on the cellular and
molecule levels. Such an approach may provide insight into
pancreatic B-cell stimulation secretion responses with a fresh
perspective. With future development aimed at integrating
AFM with traditional capabilities, including patch-clamp apti-
tude for measurement of ion channel activity and fluorescence

-

optical microscopy assessment of intracellular Ca®* concentra-
tions, the next generation of the AFM system would indeed be
a powerful tool to not only study pathophysiological events of
ion channels and other molecules but also facilitate drug dis-
covery.
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