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ABSTRACT

Purpose The purpose of this study was to systematically assess
the impact of Alzheimer’s disease (AD)-associated blood—brain
barrier (BBB) alterations on the uptake of therapeutics into
the brain.

Methods The brain uptake of probe compounds was mea-
sured in 18-20 month old wild type (WT) and triple transgenic
(3XTG) AD mice using an in situ transcardiac perfusion tech-
nique. These results were mechanistically correlated with im-
munohistochemical and molecular studies.

Results The brain uptake of the paracellular marker, ['*C]
sucrose, did not differ between WTand 3 X TG mice. The brain
uptake of passively diffusing markers, [°H] diazepam and °H]
propranolol, decreased 54-60% in 3XTG mice, consistent
with a 33.5% increase in the thickness of the cerebrovascular
basement membrane in 3XTG mice. Despite a 42.4% reduc-
tion in P-gp expression in isolated brain microvessels from a sub-
population of 3XTG mice (relative to WT mice), the brain
uptake of P-gp substrates ([°H] digoxin, [°H] loperamide and
[°H] verapamil) was not different between genotypes, likely due
to a compensatory thickening in the cerebrovascular basement
membrane counteracting any reduced efflux of these lipophilic
substrates.

Conclusion These studies systematically assessed the impact of
AD on BBB drug transport in a relevant animal model, and have
demonstrated a reduction in the brain uptake of passively-
absorbed molecules in this mouse model of AD.
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ABBREVIATIONS

3XTG  triple transgenic

AD Alzheimer's disease

APP amyloid precursor protein
AB amyloid-3

BBB blood—brain barrier
CNS central nervous system
CSF cerebrospinal fluid

GFAP glial fibrillary acidic protein

KBR krebs carbonate-buffered physiologic saline
MVB microvessel buffer

PBS phosphate buffered saline

PFA-PBS  paraformaldehyde phosphate buffered saline
P-gp P-glycoprotein

PSI presenilin |

WT wild type

INTRODUCTION

Alzheimer’s disease (AD) is characterized by two significant
neuropathological alterations (described by Alois Alzheimer in
1907); namely senile plaques and neurofibrillary tangles
consisting of amyloid-f (AP) deposits and hyperphosphorylated
tau proteins, respectively (1). While there is currently no cure
for AD, there exist treatments which improve the mental health
of AD patients by retarding symptomatic progression. These
Food and Drug Administration (FDA) approved treatments
include three cholinesterase inhibitors (galantamine,
rivastigmine and donepezil) and the N-methyl-D-aspartate re-
ceptor antagonist memantine (2). In order for any of these
drugs to reach their site of action within the central nervous
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system (CNS), they must cross the blood-brain barrier (BBB)
following systemic administration. Under healthy conditions,
the BBB is a diffusion barrier that maintains the homeostasis of
the neuronal environment by regulating the free exchange of
solutes between the blood and the brain, and by protecting the
brain from xenobiotics, including drugs (3). However BBB
dysfunction has been demonstrated in AD in various studies
and is emerging as a vital pathological trait (4,5).

BBB-related pathological changes reported in AD include
altered expression of transport proteins including P-
glycoprotein (P-gp), low density lipoprotein receptor-related
protein 1 and the glucose transporter (GLUT-1), disruption
to inter-endothelial tight junction proteins, reduced cerebral
perfusion, thickening of the capillary basement membrane,
altered endothelial cell metabolic activity and altered capillary
density (5-9). While there has been much research into the
identification of these BBB alterations during AD, less is known
about what impact such changes have on the ability of thera-
peutic agents to traverse the BBB, and whether such alterations
could indeed lead to increased or decreased access of drugs
into the brain. The notion that BBB drug transport in AD
patients could differ from healthy individuals is rapidly
attracting attention and very recently has been highlighted by
various researchers (4,10,11). Due to their age, AD patients are
simultaneously taking many other commonly prescribed med-
ications and if there is increased BBB transport of systemically
acting drugs into brain, this could lead to potential neurotox-
icity. In contrast, decreased transport of AD drugs into the
brain could plausibly lead to inefficient treatment and further
symptom progression in AD. Therefore, a better understand-
ing of the impact of AD on the BBB transport of therapeutic
agents 1s required.

Suggestions of increased CNS access of blood-borne
agents (and therefore BBB hyperpermeability) in AD
stemmed from early studies demonstrating an increased
concentration of plasma albumin and/or other immuno-
globulins in the cerebrospinal fluid (CSF) of AD patients
relative to healthy subjects (12). However, in contrast to the
above findings, there have also been studies depicting no
change in GSF levels of albumin in AD patients (13).
Regardless, the above studies are more likely to be reflective
of potential changes occurring at the blood—CSF barrier,
rather than at the BBB. To further investigate potential
changes to BBB permeability in AD, i vivo studies depicting
the presence or absence of high molecular weight endoge-
nous or exogenous protein markers (albumin and immuno-
globulin G) in brain parenchyma have been undertaken in
AD animal models, where again conflicting results have been
reported (14—16). The studies to date assessing BBB perme-
ability in AD have mainly focussed on the appearance of
large molecular weight endogenous agents within the CNS,
with less known about the disposition of smaller drug-like
molecules in this disease. The few studies that have assessed

the impact of AD on the BBB transport of small drug-like
molecules (diazepam, clioquinol, PBT 2 and GSK-A and
GSK-B) depicted limited change to the brain exposure of
these drugs in AD mouse models (17-20). However, the
brain uptake of each of these above-listed compounds was
assessed in different animal models of AD, using different
techniques for assessing brain uptake. To date, there has
been no systematic comparative study assessing the BBB
transport of a series of drug-like molecules (with varying
mechanisms of transport across the BBB) in one single mouse
model of AD. Such a study would provide invaluable insight
into whether the CNS access of therapeutic agents is indeed
altered in AD.

The purpose of this study, therefore, was to systematically
assess the GNS disposition of various small-molecular weight
compounds with varying mechanisms of BBB transport in a
relevant AD mouse model. The compounds were chosen as
markers of paracellular diffusion, passive transcellular diffu-
sion and P-gp efflux (Table I) (21-24). The triple transgenic
(3XTG) AD mouse model was selected for these studies as it
exhibits age-related AD pathology similar to that observed in
human AD patients (25) and all transport studies were carried
out at 18-20 months of age, an age reported to resemble a
severe form of AD (26). The BBB permeability of drugs can be
measured using a number of i viwo techniques such as internal
carotid artery injection,  siu carotid artery perfusion, intra-
venous bolus injection, brain efflux index and intracerebral
microdialysis (27). Compared to other i vivo techniques, the i
sttu transcardiac perfusion technique provides a more accurate
and sensitive method to determine BBB transport of mole-
cules without confounding blood/plasma associated factors,
such as alterations to plasma protein binding and/or systemic
metabolism that may be observed in a disease phenotype (23).
For these reasons, a transcardiac perfusion mouse model was
employed to assess the brain uptake of probe compounds, a
technique which has been used by other laboratories to assess
the transport of large molecular weight compounds and pro-
teins (28). Following the systematic evaluation of BBB trans-
port in the 3XTG AD mice, various molecular studies (isola-
tion of cerebral microvessels and quantification of P-gp levels
and cerebrovascular membrane thickness) were undertaken to

Table 1 Probe Compounds and Their Mechanism of Transport
Across the BBB

Probe compound Mechanism of BBB transport

['*C] sucrose

PH] diazepam

Paracellular diffusion

Passive transcellular diffusion
[°H] propranolol Passive transcellular diffusion
[°H] digoxin
[°H] verapamil

Active P-gp efflux
Active P-gp efflux

[°H] loperamide Active P-gp efflux
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clarify potential mechanisms responsible for the altered brain
uptake observed in our i vwo studies.

MATERIALS AND METHODS

Materials

["H] diazepam, ["H] digoxin, ["H] loperamide, ["H] pro-
pranolol, [’H] verapamil, Ultima Gold™ scintillation fluid,
and Solvable™ were purchased from Perkin Elmer Life
Sciences (Boston, MA). ['*C] sucrose was purchased from
American Radiolabeled Chemicals, Inc. (St. Louis, MO).
C219 antibody against P-gp was obtained from Signet
Laboratories (Dedham, MA). Anti-f actin and anti-
collagen-IV antibodies were purchased from Abcam
(CGambridge, MA), and mouse B-tubulin IIT (TUJ1) was
obtained from Covance Inc. (North Ryde, New South
Wales, Australia). Goat anti-mouse IRDye® 680 antibody
was purchased from LI-COR Biosciences (Lincoln, NE), and
mouse anti-glial fibrillary acidic protein (GFAP), rabbit anti-
mouse (Alexa Flour® 488) and donkey anti-mouse (Alexa
Fluor® 532) antibodies were purchased from Life
Technologies™ (Mulgrave, Victoria, Australia). Anti-von
Willebrand factor (VIII) antibody, goat serum, dextran
(70 kDa) and all other chemicals and reagents were pur-
chased from Sigma-Aldrich (Castle Hill, New South Wales,
Australia). Water was obtained from a Milli-Q) water purifi-
cation system (Millipore, Bedford, MA).

Animal Model of AD

3XTG AD mice harboring three mutant genes: beta-
amyloid precursor protein (APP,.), presenilin-1 (PS-
Iniasv) and taupsgp, and the corresponding wild-type
(WT) mice were provided by Prof Frank LaFerla
(University of California, Irvine) and bred at the Monash
Animal Research Platform, Australia. Tail DNA samples
from WT and 3XTG mice were routinely genotyped to
confirm the absence or presence of APP, PS1 and tau
transgenes in WT and 3XTG mice, respectively. All animal
experiments were approved by the Monash Institute of
Pharmaceutical Sciences Animal Ethics Committee and
performed in accordance with the National Health and
Medical Research Council guidelines for the care and use
of animals for scientific purposes.

In Situ Transcardiac Perfusion
This technique is widely used for assessing the brain disposi-
tion of large molecular weight compounds and has been

validated in our laboratory and previously used by our group
(28,29). WT and 3XTG mice (n=6 mice/probe compound,
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at 18—20 months of age) were anaesthetized with an intra-
peritoneal injection of ketamine (133 mg/kg) and xylazine
(10 mg/kg). Once anaesthetized, the jugular veins were
localized and marked with thread (silk braided, non-
absorbable surgical suture). The thorax was opened and
the heart exposed. The descending artery was localized and
marked with thread directly behind the heart. Before starting
the perfusion through the left ventricle, the jugular veins
were cut and the descending artery clamped. The perfusion
was performed at a rate of 2 mL/min. Each radiolabelled
probe compound (0.5 pCi/mL) was prepared in Krebs
carbonate-buffered physiologic saline (KBR) containing
128 mM NaCl, 24 mM NaHCOs, 4.2 mM KCI, 2.4 mM
NaH,PO,, 1.5 mM CaCly, 0.9 mM MgCl,, and 9 mM D-
glucose. The solution was gassed with 95% O,/5% COy for
pH control (7.4) and warmed to 37°C prior to commencing
the perfusion. Following a 4 min perfusion, the mice were
killed by cervical dislocation and the whole brain was re-
moved. The brain was carefully dissected to obtain the
cortex and hippocampus, given that these are the main re-
gions of the brain affected in AD (30), and these brain regions
were placed into pre-weighed tubes. Cortical and hippocam-
pal samples were digested overnight in 2 mL of Solvable™ at
50°C and neutralized with 30% v/v hydrogen peroxide
before mixing with 10 mL of Ultima Gold™ scintillation
cocktail. Aliquots (10 pL) of the perfusate were also collected
to determine tracer concentrations in the perfusate (mea-
sured following the addition of 2 mL of Ultima Gold™
scintillation cocktail and vortex-mixing). [*H] or ["*C] ra-
dioactivity was then determined using a Perkin Elmer
2800TR liquid scintillation analyzer (Boston, MA).

Calculations of Brain-to-Perfusate Ratio

All calculations were carried out as described previously in
the literature (23). In brief, the apparent tissue distribution
volume of the probe compounds (V,,;,, mL/g) was calculat-
ed using Eq. (1):

Xbrain
Vbrain = bﬂl/c

" also referred as brain — to — perfusate ratio (1)
per

where X, 1s the concentration of probe compound detect-
ed in the cortical or hippocampal homogenate (ng/g) and
Cyeyis the concentration of probe compound in the perfusate
(ng/mL). The total drug mass in the cortical or hippocampal
homogenate was corrected for the amount of drug
remaining in the brain microvasculature by Eq. (2):

Kprain = Xiot™ Viase X C]mf (2)

where X, is the total quantity of probe compound in the
cortical or hippocampal homogenate (parenchyma and
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cerebrovasculature) (ng/g) and V,,, is the cerebral microvas-
cular plasma volume, which was determined by Eq. (3):

mec = X’;'m / c (3)

bef

where X;-am is the concentration of [14(]] sucrose in the
cortical or hippocampal homogenate (ng/g) and C};,f is the
concentration of ['*C] sucrose in the perfusate (ng/ml)
following perfusion of [140] sucrose. The V,,, determined
in both WT and 3XTG mice was used for all subsequent
corrections in the relevant genotype.

Collagen-IV Immunohistochemistry

Membrane thickness is one of the factors affecting the perme-
ability of molecules diffusing across a biological membrane
and given reports of a thickening of the cerebrovascular
basement membrane in AD (7,31), cerebrovascular basement
membrane thickness was measured in the AD mouse model
used in our study. The apparent thickness of the vascular
basement membrane was assessed immunohistochemically
by measuring collagen-IV deposition in WT and 3XTG mice,
as collagen-IV is one of the inherent components of the
basement membrane (6). WT and 3XTG AD mice (=3 per
group) were transcardially perfused at a rate of 2 mL/min
with 0.5% v/v heparinised saline and then 4% w/v parafor-
maldehyde in phosphate buffered saline pH 7.4 (PFA-PBS).
Brains were removed and immersed in a cryopreservative—
fixative solution (30% w/v sucrose in PFA-PBS) overnight at
4°C and stored at —80°C until sectioning. Brains were then
implanted in Tissue Tek® O.C.T. (Sakura Finetek, Torrance,
CA), cut into 30-pm coronal sections with a cryostat, thaw-
mounted onto SuperFrost Plus® slides (Menzel-Glaser,
Braunschweig, Germany), desiccated at room temperature
and stored at —80°C: until probed with antibodies.
Immunostaining of collagen-IV on brain slices was carried
as per Bourasset et al. with minor modifications (17). Briefly,
brain slices were washed in 0.1 M PBS and blocked with
10% v/v normal goat serum in 0.1 M PBS containing
0.2% v/v Triton-X 100 and the slices were then incubated in
a humidified chamber for 1 h. After washing three times with
0.1 M PBS, sections were incubated with anti-mouse collagen-
IV (1:500)in 0.1 M PBS containing 1% v/v normal goat serum
and 0.2% v/ Triton X-100 at 4°C overnight. After incubation
with the primary antibody, sections were washed three times
with 0.1 M PBS and incubated with donkey anti-rabbit Alexa
Fluor® 488 secondary antibody (1:1000) in 0.1 M PBS for 1 h
at room temperature. After a further five washes in 0.1 M PBS
(5 min each), sections were mounted with Vectashield mount-
ing media (Vector Laboratories, Burlingame, CA),
coverslipped, sealed and dried for 1-2 h at room temperature.
Immunostaining for collagen-IV was examined under an

Olympus BX61 fluorescence microscope attached to a CCD
camera (DP30BW) (Olympus Corporation, Tokyo, Japan).

The cerebrovascular basement membrane thickness (as in-
dicated by collagen-IV deposition) and the diameter of collagen
positive stained microvessels were measured on digital pictures
using Image J software (NIH, http://rsb.info.nih.gov/1j/). A
total of eight images per animal were taken at 60X magnifica-
tion and were evenly distributed between the primary motor
cortex and parieto-temporal cortex (with four different brain
sections for each cortical region). The images were first cali-
brated in Image J software against the scale obtained
from the fluorescence microscope. The basement mem-
brane thickness (collagen deposition) and diameter of 15
microvessels per animal/genotype were then measured (in
pm) on blinded images using the tool “Analyze” available in
Image J software.

Isolation and Characterization of Mouse Brain
Capillaries

In order to correlate the brain uptake of P-gp substrates with
the expression of cerebral microvascular P-gp, brain
microvessels were isolated from WT and 3XTG mice and
P-gp expression determined in these isolated microvessels by
Western blot. Microvessels were isolated as previously de-
scribed by Yousif et al. (32), with a few modifications, and all
steps were conducted at 4°C. Briefly, Swiss Outbred mice
(n=7-8 mice) or WT and 3XTG mice (n=7-
8 mice/1solation, n= 3 isolation/genotype) were anesthetized
by 1soflurane inhalation and decapitated. Groups of WT and
3XTg AD mice (n=7-8 mice/isolation) were referred to as
“sub-populations” of mice from each genotype. Swiss
Outbred mice were used in the development and validation
processes for isolating mouse brain capillaries. Brains were
immediately removed and placed in ice cold microvessel
buffer (MVB) (15 mM HEPES, 147 mM NaCl, 4 mM
KCl, 3 mM CaCl,, 1.2 mM MgCly, 5 mM glucose, and
0.5% w/v bovine serum albumin (BSA), pH 7.4). Cortical
shells were separated from the cerebellum, meninges, brain
stem and large superficial blood vessels and homogenized in
MVB with a dounce homogenizer (Tissue Grinder, Potter-
ELV) with 20 up-and-down manual strokes. The resulting
homogenate was centrifuged at 1,000Xg for 10 min. The
pellet obtained at this step was suspended in 17% w/v dex-
tran (70 kDa) and centrifuged for 90 min at 3,901xg. The
supernatant containing the myelin layer was carefully re-
moved and the resulting pellet was suspended in MVB.
The obtained crude vessel suspension was then passed
through a 100-um mesh nylon filter (BD Biosciences,
North Ryde, New South Wales, Australia) to remove cell
debris and larger vessels. The filtrate obtained was then
passed through a 20-um mesh nylon filter (Merck, Victoria,
Australia) and the fraction retained was washed with MVB
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without BSA and centrifuged at 1,000Xg for 40 min. The
resulting capillaries were suspended in MVB and stored at
—80°C if not immediately required for further processing.
Freshly isolated brain microvessels were transferred onto
glass slides (coated with rat tail collagen), incubated at
37°C for 1.5 h and fixed for 15 min with 4% PFA at room
temperature. After washing with PBS, microvessels were
permeabilised for 30 min with 0.5% (v/2) Triton X-100 in
PBS and subsequently blocked with 1% w/v BSA in PBS.
Microvessels were incubated overnight at 4°C with the pri-
mary antibody to either P-gp (1:50), von Willebrand factor
VIII (1:800), B-tubulin (1:800) or GFAP (1:1000). If the
microvessels were pure, they should show positive staining
for P-gp and von Willebrand factor VIII, and negative
staining for f-tubulin and GFAP. After washing with PBS,
microvessels were incubated for 1 h at room temperature
with the corresponding anti-mouse Alexa Fluor® 532 or
anti-rabbit Alexa Fluor® 488-secondary antibodies
(1:1000). After further washes in PBS, microvessels were
mounted with Vectashield mounting media (Vector labora-
tories, Burlingame, CA) and visualized using fluorescence
microscopy.

Western Blot for P-gp

Isolated mouse brain capillaries were lysed for 45 min at 4°C
in lysis buffer containing 150 mM NaCl, 50 mM Tris—HCI
pH 7.4, 0.5% v/v Triton X-100, 0.5% w/v sodium
deoxycholate and the protease inhibitor cocktail Complete
(Roche Diagnostics, Castle Hill, New South Wales,
Australia). The lysates were centrifuged at 15,000xg for
15 min and the supernatant containing membrane proteins
was stored at —80°C until further use. The total protein
concentration was determined with a Pierce® BCA protein
assay (Thermo Scientific, Rockford, IL) using BSA as a stan-
dard. Protein samples were prepared in Laemmli buffer by
heating at 70°C for 10 min. A mass of 3.5 pg of total protein
was loaded onto 8% w/v polyacrylamide gels and resolved at
125 V by SDS gel electrophoresis (Mini-protean Tetra
System, Bio-Rad Laboratories, Gladesville, New South
Wales, Australia). Resolved proteins on the gel were
electroblotted onto a nitrocellulose membrane (0.2 pm,
Protran™, GE Healthcare, Rydalmere, New South Wales,
Australia) for 2 h using a semi-dry transfer cell (Trans-blot®
SD, Bio-Rad Laboratories, Gladesville, New South Wales,
Australia). Non-specific binding sites were blocked with 5%
(w/v) non-fat dried milk in TBS-T buffer containing 10 mM
Tris—-HCI pH 7.5, 200 mM NaCl and 0.1% (v/v) Tween 20.
Membranes were then incubated overnight at 4°C with
mouse monoclonal C219 P-gp (1:100) and mouse P-actin
(1:1000) antibody in TBS-T buffer containing 1% (w/v) non-
fat dried milk. After washing with TBS-T buffer, membranes
were incubated in goat anti-mouse IRDye® 680 secondary
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antibody (1:15000) for 2 h at room temperature and washed
with TBS-T buffer before the P-gp and f-actin protein bands
were visualized using the Odyssey® Infrared Imaging system
(LI-COR Biosciences, Lincoln, NE).

Statistical Analysis

All data are presented as mean*standard error of the mean
(SEM) unless otherwise stated. For comparison of brain-to-
perfusate concentration ratios or comparison of basement
membrane thickness, microvessel diameter and P-gp expres-
sion between WT and 3XTG mice, Student’s unpaired t tests
were applied using SPSS for Windows (SPSS statistics 19,
IBM) with a p value<0.05 considered significant.

RESULTS
Determination of BBB Paracellular Integrity

Following transcardiac perfusion of ['*C] sucrose, no signif-
icant difference was observed in the hippocampus to perfus-
ate (H:P) or cortex to perfusate (C:P) ratio between WT and
3XTG mice. The H:P and C:P ratios of ['*C] sucrose in WT
and 3XTG mice (Fig. 1) were in agreement with the normal
distribution volume of ['*C]] sucrose in mouse brain reported
in ours and other laboratories (29,33).

Brain Uptake of Passively Diffusing Transcellular
Markers

In contrast to our observations for paracellular transport, we
observed altered brain uptake of transcellular passive
markers in 3XTg AD mice. A substantial and significant
reduction of 57% and 54% in the hippocampal and cortical
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Brain-to-perfusate ratio
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0.000

Cortex Hippocampus

Brain region

Fig. | Brain-to-perfusate ratio of [' *C] sucrose in cortex and hippocampus
following transcardiac perfusion of WT (m) and 3XTG (o) mice. Data are
presented as mean = SEM (n = 6—7 mice).
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uptake, respectively, of [’H] diazepam was obscrved in
3XTG mice (relative to WT mice) (Fig. 2a). Similarly, a
47% reduction in the hippocampal uptake of [’H] propran-
olol and a significant 62% reduction in the cortical uptake of
[’H] propranolol was observed in 3XTG mice, relative to
WT mice (Fig. 2b).

Measurement of Cerebrovascular Basement
Membrane Thickness

To determine whether the reduction in [*H] diazepam and
[*H] propranolol brain uptake in AD mice may have been due
to cerebrovascular basement membrane thickening (and there-
fore, reduced passive diffusion), the thickness of the vascular
basement membrane was assessed immunohistochemically by
measuring collagen-IV deposition. As shown qualitatively

[H] diazepam
0.6

0.5 1

0.4 1

0.3 9

0.2 4

Brain-to-perfusate ratio

0.14

0.0

Cortex Hippocampus

Brain region

[3H] propranolol
0.4

0.3 4

0.2 A

Brain-to-perfusate ratio

0.1+

0.0

Cortex Hippocampus

Brain region

Fig. 2 Brain-to-perfusate ratio of transcellular passive markers (a) [*H]
diazepam and (b) [°H] propranolol in cortex and hippocampus following
transcardiac perfusion of WT (m) and 3X TG (o) mice. Data are presented
as mean = SEM (n=6-7 mice). * Indicates a significantly (P <0.05) lower
brain-to-perfusate ratio in 3xTG AD mice relative to WT mice using an
independent samples t-test.

(Fig. 3a—d), the cerebral microvessels in 3XT'G mice appeared
to exhibit more intense collagen-IV staining and were more
irregular in shape relative to the microvessels in WT mice.
When quantifying the deposition of collagen IV using Image
J, there was a 33.515.5% increase in collagen-IV deposition in
3XTG mice, concordant with an increased thickness of the
cerebrovascular basement membrane (Iig. 3g) and an in-
creased path length necessary for the passively-diffusing mole-
cules to enter the brain parenchyma. Furthermore, there was
no difference in the measured internal diameter of the
microvessels between WT and 3XTG mice (Fig. 3h).

Brain Uptake of P-gp Substrates

To determine the impact of potential changes of P-gp expres-
sion in AD, the brain uptake of well-known P-gp substrates
was evaluated in WT and $xTG mice. Though [*H] digoxin
showed an increasing trend in its brain uptake in 3XTG mice
in comparison to WT mice, the increment was not substantial
enough to be significant (Fig. 4a). Furthermore when P-gp
functional activity was measured with two other well-known
P-gp substrates, a similar observation was noted. There was
no significant difference in the cortical or hippocampal uptake
of [*H] loperamide and [*H] verapamil between WT and
3XTG mice (Fig. 4b,c).

Expression of P-gp in Isolated Cerebral Microvessels

Given that there was no difference in the brain uptake of P-gp
substrates in 3XT'G mice, it was essential to investigate wheth-
er P-gp expression was indeed reduced in this mouse model of
AD. We firstly validated the brain microvessel isolation pro-
cedure by characterizing the molecular expression profile of
cerebral microvessels isolated from Swiss Outbred mice (6—
8 weeks of age). The isolated microvessels were pure without
any gross contamination from neuronal or glial cells as seen in
phase contrast images of isolated microvessels (Fig. 5a). Upon
immunostaining of these isolated microvessels, positive expres-
sion of von Willebrand factor, a marker for all endothelial
cells, and P-gp, a specific marker for BBB endothelial cells,
was observed, while there was no staining for neuronal and
glial cell markers, confirming the lack of neuronal cells and
astrocytes (Fig. 5b—d). Once we had characterized the isolated
microvessels from Swiss Outbred mice, microvessels were
isolated from a group of WT and 3XTG mice (n=7-8 mice
for each genotype) followed by Western blotting for P-gp. P-
gp expression was reduced by 42.4+0.7% (n=3) in 3XTG
mice relative to WT mice (Fig. 6a). Although we had con-
firmed reduced expression of P-gp in this set of 7-8 mice (one
sub-population), we repeated the determination of P-gp ex-
pression from two more sub-populations of 3XTG and WT
mice (n=7-8 mice for each sub-population/genotype). Here
we observed a 17% decrease in 3XTG mice from one group
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Fig. 3 Cerebrovascular basement membrane thickening depicted by collagen-IV deposition in cortical brain sections of WTand 3 X TG mice. Microvessels
from the cerebral cortex of 3X TG mice (b and d) displayed more intense immunolabeling of collagen-IV when compared to WT mice (a and c). Note that
collagen-IV staining is absent in negative control brain sections from WTand 3 X TG mice where no primary antibody was included (e and f). The basement
membrane thickness is significantly (p <0.05) increased in microvessels from 3 X TG mice (g) with no significant difference in the capillary diameter detected
between WTand 3X TG mice (h). Data are represented as mean == SEM of 3 mice per genotype. * Indicates a significant (p < 0.05) increase in the basement
membrane thickness in 3XTG mice relative to WT mice, using an independent samples t-test.

while no reduction in P-gp expression was observed in 3XTG
mice from a third sub-population (Fig. 6b,c). Thus it was
observed that the expression of P-gp was significantly reduced
in 3XTG mice relative to WT mice, though there was vari-
ability in its expression amongst the different populations of
3XTG mice.

DISCUSSION

AD is associated with multiple pathophysiological and neuro-
chemical changes that lead to functional alterations and phys-
ical changes in the BBB (5). As drug disposition to the CNS is
primarily limited by the function of the BBB, any changes to
this barrier will potentially affect the CNS disposition of
systemically-administered drugs. Given that the status of the
BBB in AD appears controversial (4), and there is even less
known about how this impacts on CNS exposure of drugs, this
study assessed the brain uptake of various probe molecules in
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the 3XTG AD mouse model. Radiolabelled probe compounds
were selected based on their mechanism of transport across the
BBB. ['*C] sucrose was chosen as a marker of paracellular
transport (23), with the hypothesis that if the inter-endothelial
tight junctions are indeed disturbed then there will be in-
creased brain uptake of ["*C] sucrose, a compound whose
entry is normally restricted in the vascular space. [*H] diaze-
pam and [*H] propranolol exhibit high brain uptake and
passively diffuse across the BBB under healthy conditions
(21,24), and are therefore suited as relevant markers to deter-
mine disease-related changes in the BBB transcellular path-
way. [’H] digoxin, [’H] loperamide and [*H] verapamil are
substrates of P-gp and were therefore chosen as markers of the
P-gp efflux mechanism (22), to determine the impact of alter-
ations in P-gp expression in AD on brain uptake.

One of the major controversies in AD 1is related to the
status of the BBB paracellular route (and indeed BBB integ-
rity). In vitro studies using human brain endothelial cells have
shown reduced expression of tight junction proteins and
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Fig. 4 Brain-to-perfusate ratio of P-gp substrates: (a) [°H] digoxin, (b) [*H]
loperamide and (c) [°H] verapamil in cortex and hippocampus following
transcardiac perfusion of WT (m) and 3XTG (o) mice. Data are presented
as mean = SEM (n = 6-7 mice).

increased permeability of high molecular weight compounds
upon treatment with A (9,34). However the concentrations
of AP used in these studies (UM) far exceed the pathophysi-
ological concentrations of AP} observed in AD patients (pM-

nM range) (35). Therefore, these studies may lead to results
that are not a true representation of the status of the BBB in
AD mice and patients. [r vivo studies using animal models of
AD (expressing human APP and/or presenilin transgenes)
have depicted increased BBB permeability (with uptake of
high molecular weight endogenous or exogenously adminis-
tered proteins) (14,16). In contrast, in another mouse model
of AD, reduced hippocampal and cortical BBB permeability
of sucrose and inulin was found, which argues against a
massive increase in BBB permeability in AD (17). In addi-
tion, clinical studies (using neuroimaging approaches) have
suggested no obvious alteration to the functional integrity of
the BBB in AD patients (36,37). Thus it can be seen that the
integrity of the BBB in AD and its effect on the permeability
of compounds remains controversial. Our i viwo uptake
studies did not demonstrate significant differences in the
cortical and hippocampal vascular volume between WT
and 3XTG mice. The transcardiac perfusion technique
employed in this study is capable of detecting alterations to
the BBB paracellular route, as we have observed significant
increases in ['*C] sucrose uptake in the brain when inten-
tionally disrupting the BBB with lipopolysaccharide (29).
The results from this current study suggest that the
paracellular route is intact in the 3XTG AD mouse model,
consistent with previous clinical studies and an additional
in vivo mouse study (where no difference in the BBB penetra-
tion of ['*'T] albumin was observed in an alternative model
of AD) (15,36,37).

For the first time, this study reports an alteration to the
BBB transcellular route in AD, as observed with the decreased
uptake of [*H] diazepam and [*H] propranolol in AD-
affected regions of 3XT'G mice. It is interesting to note that
such observations were not made in 3XTg AD mice at a
younger age group (l12—-14 months of age) (data not
presented), suggesting age-dependent effects on the brain
uptake of passively-diffusing molecules in the 3XTg AD mice.
Given that the brain uptake of diazepam (and likely propran-
olol) is blood flow dependent (21,24), and there are reports of
reduced cerebral blood flow in AD (6), it could be suggested
that the reduction in [3H] diazepam and [BH] propranolol
uptake in the 3XT'g AD mice could be a result of reduced
cerebral blood flow. However, given that we maintained the
perfusion flow at a steady rate throughout the perfusion time,
this mechanism is unlikely to be contributing to the reduced
uptake of the passively-diffusing markers. According to
Fickian diffusion theory, a major factor affecting diffusion
across a biological membrane is the membrane thickness,
and an increase in membrane thickness is expected to result
in reduced permeability (31). The basic element of the healthy
basement membrane is collagen type IV, along with other
molecular constituents such as heparin sulfate proteoglycans
and laminin (6). A thickening of the microvascular basement
membrane has been observed in post mortem clinical reports
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Fig. 5 Characterization of brain
microvessels isolated from Swiss
outbred mice. (a) Phase contrast
image of isolated microvessels.
Isolated microvessels showing
positive staining for P-gp (b)

and Von-Willebrand factor (c)
and negative staining for neurons
and astrocytes (with inset
showing capillary without
fluorescence setting) (d).

and in an animal model of AD (17,38), which is related to the
formation of collagen fibrils forming fiber bundles, with an
increased content of collagen type IV in these fibrils (7). We
also confirmed in our laboratory (using collagen-IV immuno-
histochemistry) that there was a significantly thickened base-
ment membrane in the microvessels of 3XT'G mice, which is a
likely reason for the reduced brain uptake of [*H] diazepam
and [*H] propranolol. Furthermore, the thickening of the
basement membrane appeared to be in the brain parenchy-
mal direction as a narrowing of the vascular luminal area was
not observed. This indeed correlated with our i viwe function-
al studies, as no alteration in the vascular space marker ['*C)
sucrose was observed between WT and 3XTG mice. The
exact reason for the increased content of collagen-IV and
subsequent thickening of the basement membrane in AD is
not yet fully characterized, however, it does appear to be
region-specific with thickening more closely associated with
microvessels in AD affected regions than in the microvessels of
healthy regions such as the cerebellum (39). Whether this
thickening is mediated by the amyloid or tau component of
the disease remains unclear. Interestingly though, in a tau-
only mouse model, an increase in the area of the capillary wall
was observed without any massive distortion in the BBB
paracellular permeability, an observation similar to our find-
ings (40). In addition to basement membrane thickening, there
have been reports of a reduction in capillary density and
abnormalities in microvascular ultrastructure in AD (such as
atrophic thin vessels, glomerular loop formations, fragmented
vessels and twisted or tortuous vessels) (6,41), which may also
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potentially impact on the transport of transcellular com-
pounds across the BBB.

In addition to the above explanation, there may be other
reasons for the reduced brain uptake of [’H] diazepam and
[’H] propranolol in 3xTG AD mice. In vitro studies in brain
samples obtained from AD and control subjects demonstrates
selective changes in the sub units of beta adrenergic and
gamma amino butyric acid (GABA) receptors in AD brain
with some regions exhibiting lower total concentrations of
these receptors in AD patients relative to controls (42—44).
This may theoretically reduce the receptor binding of our
probe compounds (diazepam and propranolol), thus leading
to the observed reduction in their brain uptake in the 3XTg
AD mice. However a small and selective reduction in these
receptors in some regions of the brain is unlikely to cause a
massive (more than 50%) decrease in the brain uptake of these
transcellular marker compounds, as observed in our brain
uptake studies. It is possible, however, that both of the
above-mentioned hypotheses could contribute, to varying ex-
tents, to the observed reduction in the brain uptake of [*H]
diazepam and [*H] propranolol.

While passive diffusion appears to be decreased in this
mouse model of AD, we were also interested to determine
what impact AD had on the transport of P-gp substrates.
Clinical studies in non-demented elderly humans have shown
an inverse correlation between vascular P-gp expression and
AP positive plaques, implicating decreased P-gp activity at the
BBB in AD (8). Furthermore, P-gp expression in the
microvessels of AD mice (harbouring the APP gene) was found
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Fig. 6 Western blots depicting P-gp expression in cerebral microvessels
isolated from WTand 3 X TG mice from three different sub-populations. (a)
Group |, where P-gp expression was significantly reduced by 42.4 +0.7%
(n=3)in 3XTG mice relative to WT (depicted quantitatively in the graph in
terms of P-gp expression relative to B-actin in WT and 3XTG mice); (b)
Group 2, where P-gp expression was reduced by 17% in 3XTG mice
compared to WT mice. (c) Group 3, where no apparent difference in the
expression of P-gp was observed between WTand 3 X TG mice. In all three
groups, the percentage expression of P-gp was calculated relative to 3-actin
used as a loading control and analyzed using Image | software. * Indicates a
significant (p <0.05) decrease in P-gp expression in 3 X TG mice relative to
WT mice, using an independent samples t-test.

to be reduced to 40% of that observed in WT mice (45). The
reduced expression of P-gp observed in AD is hypothesized to
lead to an enhanced uptake of P-gp substrates into the brain

and undesired neurotoxicity. Therefore it was essential to
assess the uptake of P-gp substrates in AD mice. When the P-
gp substrates [*H] verapamil, [*H] loperamide and [*H] di-
goxin were perfused in 3XT'G AD mice, we did not observe any
significant increase in the uptake of these compounds. To
further elucidate our i viwo functional results, P-gp expression
i the AD mice was measured. Our results clearly demon-
strated that P-gp expression was significantly decreased in
AD mice, however, there appeared to be one population of
AD mice where this reduction was not evident, hinting
towards variable alterations in P-gp down-regulation in
AD mice. Any expected increase in the brain levels of P-
gp substrates (as a result of the decreased P-gp expression)
may be counteracted by a thickening of the basement
membrane observed in these 3XTG mice, however, further
studies would be required to fully elucidate if this indeed is
the mechanism responsible for these observations.

It was interesting to observe that, while in two sub-
populations of 3xTg AD mice, the brain microvascular
expression of P-gp was significantly reduced, no change
in P-gp expression was observed in the third sub-
population. This may result from differences in the levels
of mediators contributing to P-gp down-regulation within
these three sub-populations. While the mechanism by
which P-gp expression is lowered in AD is not fully
characterized, there are reports that AP may directly
decrease P-gp expression via inhibition of Wnt/f-catenin
signaling (46). Besides AP, ncuroinflammatory mediators
may regulate P-gp expression at the BBB by various
mechanisms, leading to both an increase and decrease
in P-gp expression (47,48). The reason for our observations
of the variable reduction in P-gp expression amongst the three
sub-populations of 3XT'G mice is not fully known, but it may
be related to sub-population specific differences in the levels of
the above-mentioned factors that regulate P-gp expression.
However, without measuring the levels of AP and inflamma-
tory mediators in these three different sub-populations of
3XTG mice, this rationale only remains speculative.

CONCLUSION

In the 3XTG mouse model of AD, the BBB paracellular route
of transport appeared unaffected. Rather, our studies imply
that the transcellular mechanism of transport across the BBB
is reduced in AD, warranting further investigation in the
clinical setting with a larger number of lipophilic drug mole-
cules (which traverse the BBB via a transcellular mechanism).
These studies are the first to systematically assess the impact of
AD on different transport mechanisms across the BBB,
suggesting that disposition of therapeutics into the brain may
be significantly altered in AD, potentially impacting on clinical
outcomes in AD patients.
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