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ABSTRACT: Lithium is one of the most widely used mood-stabilizing agents for the treatment of bipolar
disorder. Although the underlying mechanism(s) of this mood stabilizer remains controversial, recent
evidence linking lithium to neurotrophic/neuroprotective effects (Choi and Sung (2@0@) 225-230;
Davies et al. (2000351, 95-105) suggests novel benefits of this drug in addition to mood stabilization.
Here, we report that both lithium as well as valproic acid (VPA) inhfis&myloid peptide (4) production

in HEK293 cells stably transfected with Swedish amyloid precursor protein (APdd in the brains of

the PDAPP (APR/178) Alzheimer’s disease transgenic mouse model at clinically relevant plasma
concentrations. Both lithium and VPA are known to be glycogen synthase kinase-3 (GSK3) inhibitors.
Our studies reveal that GSK3s a potential downstream kinase, which modulates APP processing because
inhibition of GSK3 activity by either a dominant negative G@Kldnase-deficient construct or GSK3
antisense oligonucleotide mimics lithium and VPA effects. Moreover, lithium treatment abolishe@3&SK3
mediated 4 increase in the brains of GSK3ransgenics and reduced plaque burden in the brains of the
PDAPP (APR717¢) transgenic mice.

B amyloid (A8)'is a 39-43 amino acid fragment derived in reducing both the frequency and severity of recurrent
from defined proteolysis of the amyloid precursor protein affective episodes and decades of clinical use, the molecular
(APP) and is a major component of senile plaques2j. mechanism(s) underlying the therapeutic actions of lithium
Ap is secreted constitutively by normal cells, such as has not been fully elucidated). Recently, extensive studies
HEK293 cells, in culture and is circulated in plasma and in cells or in vivo have clearly documented that several of
cerebrospinal fluid (CSF) of healthy humans and other the prominent biochemical effects of lithium, such as
mammals §). APP is subjected to proteolytic processing by inhibition of the phosphorylation of the microtubule-associ-
a series of proteases known as secretases. The cleavage gfgq proteirr, increased levels g8 catenin, and protection
APP throughj- andy-secretases generateg And soluble o1y GSK3-facilitated apoptosis, are directly dependent on
APP; (SAPR), along an amyloidogenic pathwag)(1thas jiiyms inhibition of GSK3 (12—14), suggesting that
been reported that thesecretase complex contains a variety lithium is an inhibitor of GSKB (15, 16). These findings

of proteins including presenilirs¢-7), a known Alzheimer's are substantiated by a recent study of 24 kinases showing

disease (AD) causing gene, Aph-1, Pen-2, and N'Caﬁ"ﬂ ( GSK3 and closely related GSK3to be kinases substan-
Recent studies have shown that glycogen synthase kinase-

36 (GSK3) interacts with and binds presenilin in normal :\'Aakég‘:;b'}t(ezd vt\)/ir"ethgfgc]) (ilﬁ’iglt?;ub%h’"iﬁzrh PZ@;:{ ?233

human brains and cell®,(10). Although GSKS3 is known . . . S

to be involved inz phosphorylation, its role in APP potently. Further and interestingly, valproic acid (VPA),

processing is poorly understood. another commonly used mood stabilizer, has also been
Lithium remains the most widely used treatment for '€cently shown to be a GSK3nhibitor (18). Indeed, several

bipolar disorder and represents one of the most importanthypotheses have been offered to explain the action of lithium.

interventions of psychiatry. Despite demonstrated efficacy The most popular being that lithium acts through uncom-
petitive inhibition of inositol monophosphatase leading to
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EXPERIMENTAL PROCEDURES below under 4 ELISA) for A5 ELISA analysis, while cells
) o . were harvested using trypsin-EDTA and washed 1 time in
In Vivo Studies: Acute Lithium or VPA Treatment of ppg The cell pellets were lysed in cell-extraction buffer
PDAPP Mice All animal studies described in this paper were (10 mM Tris at pH 7.4: 100 mM NaCl; 1 mM EDTA; 1

carried out under the guidelines and approval of the Eli Lilly ,\ EGTA: 1 mM NaF: 20 mM NaP,0; 2 mM NaVOy:
and Company Animal Care and Use Committee. TWo-t0- 104 Triton X-100; 10% glycerol; 0.1% SDS; 0.5% deoxy-

three-month-old PDAPP (ARP.7) transgenic mice were  cpqjate; and 1 mM PMSF and protease inhibitor cocktail
used in these studies. For lithium exposure, mice Were f,m Sigma) for 30 min on ice with vortexing at 10-min
randomly divided into two groups with each group containing jntervals. The amount of cell-extraction buffer used was
10 animals. Mice received an oral dose of 300 mg/kg NaCl ¢,niingent upon the cell number. Cell extracts were then
or 300 or 600 mg/kg LICl. For the VPA study, as with the  yransferred to microcentrifuge tubes and centrifuged at 13 000
lithium treatment, mice were.randomly d|\{|ded into two rpm for 10 min at 4°C. Cleared lysate was transferred to a
groups each containing 10 animals. In the first group, mice ¢jean microfuge tube. The total protein concentration of the
received an oral dose of water as a control, while group tWo ¢g|| ysates was determined using the BCA protein assay kit
mice received an oral dose of 400 mg/kg VPA. Atotal of 3, pjerce  Rockford, IL) according to the instructions of the
12, and 15 h post dosing, mice were Cesthetized, blood  anyfacturer. Cell lysate was subjected to immunoblot
samples were taken via cardiac puncture into EDTA-treated analysis using a polyclonal anframyloid precursor protein
eppendorf tubes for [L or [VPA] plasma measurement,  ,niinody (CT695) (Zymed, San Francico, CA), derived from
and mice were decapitated. Upon brain dissection, hippo-ihe ¢ terminus of humayi-amyloid precursor protein, to

campus tissue was immediately homogenizedai5 M getect cellular APP levels, while conditioned media was
guanidine and 50 mM Tris-HCl at pH 8.0 solutic? and  gypiected to immunobot analysis using the monoclonal

Af levels were assessed using afi sandwich ELISA. antibody 6E10 (Signet, Dedham, MA) to detect soluble
Chronic Lithium Treatment of PDAPP MicEor chronic APPu. (sAPRy) as previously describe@7).
in vivo studies, 4-week-old PDAPP (ARR7f) mice were GSK3KK DNA Construct and GSKBAntisense Oligo-

fed with a lithium carbonate diet (2.4g/kg, product F3745) pycleotide. Using the polymerase chain reaction (PCR),
or a base diet (product F3Q28) for 7 months. Lithium |ysine 85 and 86 of human GSK3were changed to
carbonate and control base diet food pellets were preparednethionine and alanine, respectively, as described previously
by BIO-SERV (Frenchtown, NJ) as described previously (28). GSK3KK cDNA was cloned along with a C-terminal
(23). Blood samples via cardiac puncture were collected at hemagglutinin (HA) tag into a pcDNA 3.0 (Clontech, Palo
the time of harvest to determine the {lLin plasma. Again, Alto, CA) expression vector at &lhe | site. GSK$
following CO; anesthetizing, hippocampus was harvested phosphorothioate antisense oligonucleotide ISIS 117438 and
from 10 mice per diet group and subjected tg¢ ELISA random control oligonucleotide ISIS 129692, with sequences
analysis as above. In addition, whole brains representing eighttGGCTTGATATACCACACCA and ACATGGGCGCGC-
lithium carbonate fed PDAPP (ARR7r) mice and eight base  GACTAAGT, respectively, were synthesized by ISIS Phar-
diet fed PDAPP (APH]]F) mice were removed and sectioned maceutica|5, as previous'y describag)(

at 10um coronal sections for immunocytochemistrys A Transient TranfectionsStable swAPR; HEK293 cells
plague-burden analysis. were transiently tranfected with either an empty pcDNA 3.0

GSKPS*ATransgenic MiceTransgenic mice were gener-  vector, the GSK8 KK kinase-deficient construct, GSIg3
ated by pronuclear microinjection in FVB strain mice, as antisense oligonucleotide, or random control oligonucleotide
previously described2d). Human GSKBS% was overex-  from ISIS. GSK® KK construct and vector tranfections were
presssed in the CNS of transgenic mice using a PDGF carried out for 24 h at 37C using FuGene 6 (Roche,
B-chain gene promoter-constitutively active G$KIJA-Tag Indianapolis, IN) at a ratio of g of DNA to 3 uL of
transgene?b). Hippocampus tissue was harvested from 10, FuGene 6, while GSK3antisense oligo transfections were
10-month old transgenic and wild-type littermate mice and delivered using Lipotectin (Gibco, Rockville, MD) for 6, 24,
subjected to murine AELISA analysis 26). Additional 10- and 48 h, following the standard ISIS protocol. Cell media
month-old GSKBS% transgenic micer(= 10) were treated  and cell pellets were harvested and prepared as above. Media
with LiCl or NaCl at an oral dose of 300 mg/kg for 12 h. was analyzed by AELISA, while cell lysate was subjected
Upon CQ anesthesia, the hippocampus region was dissectedto immunoblot analysis using a GSK3 antibody (Upstate,
out and analyzed by AELISA. Lake Placid, NY) that recognizes bothand 3 isoforms.

Cell Culture, Treatment, and Lysi®iEK293 swAPRs; Electrophoresis and Western Immunoblottinge NuPAGE
and wtAPBs; stable clones were cultured in Dulbecco’s Bis-Tris System (Invitrogen Life Technologies, Carlsbad,
Modified Eagle Medium (DMEM-F12 3:1) (Life Technolo- CA) was utilized for all eletrophoresis and Western transfer
gies, Gaithersburg, MD) supplemented with 5% FBS, 20 mM using 12% precast Bis-Tris gels as previously descriBey (
HEPES, 50ug/mL tobramycin, and 30@g/mL G418 and All protein bands were scanned using a UMAX PowerLook
maintained at 37C and 5% CQ@ HEK293 cells were grown ~ 2100XL scanner.
under similar conditions but in media lacking G418. Each  GSK3 Kinase Actiity Assay GSK3 kinase activity was
cell line was plated to 5680% confluence 1 day prior to  carried out using a whole-cell or whole-homogenate-kinase
analysis. Stable swARR HEK293 cells were treated with  assay approach, as previously descrit#g). (
mood stabilizers, LiCl and VPA (Sigma) in six-well culture MTT Assays.MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-
dishes at six different concentrations for 24 h and then diphenyltetrazolium bromide; Thiazolyl blue) reagent (Sigma,
harvested. At the time of the cell harvest, supernatants St Louis, MO) was used in a colorimetric assay to determine
(media) were removed and diluted with Specimen buffer (see cell viability and assess cytotoxicity. MTT is converted to
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an insoluble purple formazan by active mitochondrial de-  Lithium and VPA Measurement in Plasma and Brain.
hydrogenase enzymes of living cells. The insoluble formazan Measurement of lithium and VPA in the plasma and brain
is solubilized using 2-propanol and subsequently measuredof PDAPP transgenic mice was carried out by ToxMed
spectrophotometrically yielding absorbance as a function of Reference Laboratory (MeHarry Medical College, Nashville,
the concentration of the converted dye. Assays were per-TN) using a proprietary assay method.

formed by adding 10 mg/mL MTT directly to culture wells, Statistics All statistical analysis was completed using the
incubating for = 4 h, and then, following removal of the Dunnett’s test or student test with a standarg value
medium, adding 1 mL of 0.05NHCI diluted in 2-propanol threshold of<0.05.

and incubating 1620 min at room temperature. After
incubation, absorbance was read at 596 nm using a BioRaaRESULTS

model 3550 96-well microplate reader. Lithium Lowers £ in the Brains of PDAPP (APR175)

AB ELISA Determination of total 8, ABy_ao, and ABx_s2 Mice. To investigate the. role of lithium in APP processjng,
was quantified by a sandwich ELISA, as described previously W& used the well-studied PDAPP (AP transgenic
(31). Briefly, cell samples as well as /A 4 and ABx_so mouse model of Alzheimer’s d|sease._ PDAPP (ARR) _
standards (81000 pg/mL) (Bachem, Torrance, CA) were MICE OVErexpress the hy_man amylo!d precursor protein
diluted in specimen buffer (0.6% BSA, 8 mM PO, containing the Indiana fam|!|al AD mutatlc_>62) and develop
7H,0, 1.5 mM NaHPO+H,O, 145 mM NaCl. 0.05% an age—dependentﬁédeposmorj and AD-like plaque pathpl—
thimerosal, and 0.05% Triton X-405), loaded onto immulon-4 ©9Y 33). PDAPP (APR7.17) mice were treated orally with
microtiter plates (CMS, Chicago, IL) coated with 4§/mL lithium (300 mg/kg_) follqwed by the measurement of_total
266 capture antibody (raised against residues 28 of Af and A6?<—42 peptides in the hippocampus of the :_Jlm_mals
human AQ) for total A8, 15 ug/mL 2G3 (raised against byasensmveﬂ ELISA. _To ensure thgt any effect ofllthlum
residues 3340 of human /) for AByx_o and 5ug/mL chloride on AB processing was not influenced by osmotic
21F12 (raised against residues—3® of human #8) for phanges, sod|u.m.chlor!de'v'vas used as a control. As shown
ApBx-a2, and incubated overnight at’€. Homogenate tissue in Figure 1A, lithium 5|_gn|f|cantly 'OW?fed both tOt‘i"ﬂ“
samples are diluted 1:10 in ice-cold casein buffer (5.5 M (21%) and 8,42 (28%) in the APRy17¢ hippocampus tissue
guanidine-HCl and 50 mM Tris at pH 8.0). Diluted samples as compared to the control group following an oral gavage

were added to Durapore 96-well filter plates (Millipore) and Lsrlf’vuﬂhmwr? con%enrtrﬁtmn (;?atlhze r%ll?ﬂsrp?mastro'(st?nia r:tM,
vacuum-filtered using a multiscreen filtration system vacuum e erapeutic range (0-61. ) for the treatme

; - of bipolar disorder, while lithium concentration in the brain
manifold. Supernatants were collected in 96-well polypro- : ’
o was determined to be 4982.67 ng/g. There was no detectable
pylene microtiter plates and 1. of sample was transferred lithium in plasma and/or brain sgalgnples of the Neeated
to 96-well immulon-4 microtiter plates coated with capture W £ d the lithium d d the durati
antibody. Plates were incubated overnight af@. The group. Ve nextincreased the fithium dose and the duration
f . , . of treatment. As shown in parts C and D of Figure 1, lithium
ollowing day, plates (with cell or tissue samples) were then 300 ma/k 600 ma/ka for 12 h duced
washed with PBS containing 0.05% Tween-20 at pH 7.4 treatment at mg/kg or mgrkg for produced a
. : . .~ plasma [Li"] at 1.1 and 5.9 mM, respectively, and lowered
followe.d.by incubation fo 1 h atroom temperatqre with both total A8 (21 and 31%, respectively) andBA .« (26
3D6 biotinylated reporter antibody (Harlan, Madison, WI) and 45%, respectively) in thé hippocampus of ARR mice
ISD[I);LZECV]\C/%Z ?6 ;‘Sa Eg”uwtgghle'jogg :?150263 e/ g C:sg\'/ne b;r:fgr)tlhe These results demonstrate that lithium regulates APP pro-
incubated f 1gh t room temperature with streptavidin- essing in vivo in a suggested dose-dependent manner. Even
hgrie?a%ishoperox%agg conj?ugg\?ei :nfershar: L?f?a gciencesthough brain levels of lithium were not determined for the
Arlington Heights, IL) diluted 1:1000 in 0.25% casein buffer. later experiment, preliminary data demonstrates that, although

. . ; lithium plasma concentrations are significantly divergent
gfterkfadflr:zil ser|esd(§)fdv¥asq(;s, TMItB-subst;ate (P|(§rce, depending on the dose administered, lithium brain concentra-
ockford, IL) was added for min at room temperature. ;4,5 remain fairly constant (data not shown). This would

The enzymatic _reaction was stopped Wi?h the addition qf 2 explain why we see similar, almost identical, effects gh A
N H,SO,. Reaction products were quantified by measuring lowering, and yet there is a doubling of the plasma

the absorbance difference at 450 and 650 nm. concentration in the 600 mg/kg dose compared to the 300
AB Plaque-Burden Quantitate AnalysisCoronal sections  mg/kg dose (Figure 1C). VPA, another commonly used mood
(10 um) of PDAPP (APR177) mouse brain from control  stabilizer with a distinct molecular structure from lithium,
diet and lithium carbonate fed mice were fixed &Clwith is also known to inhibit GSK3, although through a divergent
4% paraformaldehyde in phosphate-buffered saline (PBS).yet unknown and perhaps indirect mechanism. Therefore,
Immunocytochemistry was carried out using a DAKO to determine if A8 lowering is a common effect elicited by
Autostainer (serial no. DC-3400-6369-02). Briefly, sections these mood stabilizers, we orally dosed PDAPP (&2
were incubated with 3D6 (Harlan) antibodyr fb h at 4°C. mice with VPA, at 400 mg/kg for 3 and 15 h. As shown in
After the PBS wash, sections were further incubated with Figure 1E, VPA also significantly lowered both totgB422
Alexa Flour 488 goat anti-mouse 1gG (Molecular Probes and 31%, respectively) andfi 4, (28 and 33%, respec-
A-11029) for 60 min and mounted with a cover slip using tively) in the hippocampus, while VPA plasma concentration
Dako Fluorescent Mounting medium S3023 (DAKO Cor- measured following 3-h gavages was in the therapeutic dose
poration, Carpintena, CA). Plaque pathology was capturedrange for the treatment of bipolar disorder (0.553 mM)
with a Leica DMRB microscope. Quantitative evaluations (Figure 1F). Plasma VPA levels at 15 h and brain VPA levels
were carried out on hippocampus and cortex using Imageat 3 and 15 h were not determined. The effect of lithium
Pro Plus. and VPA on APP processing is strikingly similar, both
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Ficure 1: Lithium and VPA significantly reduce BAota and ABx—42 levels in PDAPP (AP#17) mouse hippocampus as compared to the
control groups. (A) PDAPP (ARR:7p) 3-month-old mice were administered 300 mg/kg Li@l=€ 10) or NaCl ¢ = 10), to control for
osmotic variability, via gastric gavages. A totdl®h following LiCl or NaCl exposure, Bt and ASx—4; levels in the hippocampus of

the mice were quantified by Asandwich ELISA. Data shows that 300 mg/kg lithium orally administere@ fo significantly lowers both

total AS (21%) and AS«—42 (28%). The lithium concentration was measured in the plasma (B) and brain (data not shown) following the 3-h
300 mg/kg oral dose in the PDAPP (AP mice depicted in A. Lithium orally dosed at 300 mg/kg showed a plasmg fifi 0.685

mM, well within the therapeutic range of 6-4.2 mM, and a brain level of 4982.67 ng/g. (C) Additionally, 3-month-old PDAPP (AR

mice were further orally treated with 300 and 600 mg/kg Li@l= 10) or NaCl o = 10) as a control. A total of 12 h following the
treatment, B and ABx—4 levels in the hippocampus of the mice were quantified by sandwich ELISA. The data demonstrates a
significant dose-dependent lowering ofi Apercent inhibition noted on chart). Lithium orally delivered to PDAPP (M4 mice in C
produced a plasma [t] of 1.1 mM at the 300 mg/kg dose (D) and 5.9 mM at the 600 mg/kg dose. Brain levels of lithium were not
determined. (E) In addition, 3-month-old PDAPP (ARRPq) mice were treated with VPAn(= 10) or water vehicler(= 10) by gastric
gavages at 400 mg/kg. At 3 and 15 h following the treatmefitaihand ABy—42 levels in the hippocampus of the mice were quantified by

Ap sandwich ELISA. As revealed by the data, VPA at 400 mg/kg gastric gavages significantly reduced bot|$ tmtal AS,— 4, (percent
inhibition noted on chart). VPA plasma concentration in the PDAPP (ARB mice treated fo3 h in E wasfound to be 0.553 mM (F),

again well within the therapeutic range. Plasma VPA levels at 15 h and brain levels of VPA were not determined. Error bars represent the
standard deviation. The asterisks indicate a significant differendetdst and the Dunnet’s teg, < 0.05.

significantly lowering in vivo total & and ASx 4 to a was not altered by lithium or VPA (parts C and F of Figure
comparable extent at exposure levels mimicking clinical 2), suggesting an effect on APP processing grstability.
relevant concentrations for the treatment of bipolar disorder. In addition, the relative concentrations of total sARP
No obvious behavior abnormalities were observed in any of representing the N-terminal fragment of APP aftesleav-

the mice following lithium or VPA treatment. These studies age, in media were assessed by immunoblotting using
suggest that these two drugs for bipolar disorder treatmentantibody 6E10 (Signet, Dedham, MA). After lithium and
may act on a common signaling pathway that modulates APPVPA treatment of swAPR; cells, immunoblot analysis of
processing in the brains of PDAPP (ARBg transgenic SAPRy revealed no change (parts C and F of Figure 2).
mice. Lithium demonstrates a significant dose-dependent inhibitory

Regulation of & Production in Cell Cultures by Lithium  €ffect on AG peptides at 36 mM, which is consistent with
and VPA We next compared the effect of lithium and VPA  the reported effects of lithium on GSK3 signaling in several
on APP processing in HEK293 cells that harbor human cultured cells §4, 35) as well as on APP processing in COS7
APP5; containing a Swedish mutation, a well-studied cellular Cells 86) andz phosphorylation in SYSY cells (data not
system that produces a significant amount ¢ peptides, ~ Shown). VPA (parts B-F of Figure 2) also shows a dose-
including ABx_s0 and AB«_s», in the media. The cells were dependent inhibitory effect on APP processing, lowering
treated with lithium or VPA at varying concentrations3:4s AP (10 and 14%, respectively), A-s0 (10 and 15%,
ABx-—a0, and A4, from the media were then measured and "eSpectively) and A (13 and 22%, respectively) in the
quantified by A8 ELISA. As shown in Figure 2, both lithium ~ Cell cultures with a significant effective dose at 2 mM. It is
and VPA significantly lowered B, ABx_a0, and ABy 42 apparent that higher concentrations of lithium and VPA are
without causing significant cell death as measured by réquired in cultured cells compared to the plasma to
methylthiazoletetrazolium (MTT) analysis (parts A, B, D and €ffectively inhibit APP processing.

E of Figure 2). To determine whether lithium or VPA elicit Inhibition of A3 Production by a GSKBKinase-Deficient
their respective & lowering effects through altering cellular  Construct and Antisense Oligonucleotitléhium is a well-
APP, cellular APP levels were analyzed by Western analysis known GSK3 inhibitor in vitro {3, 17) and in vivo (4, 15).
using antibody CT695 (Zymed, San Fracisco, CA) derived It is also known to inhibit the Akt/GSK3 signaling pathway
from the C terminus of the humafi-amyloid precursor by modulating Akt activity 16). In addition, VPA is known
protein. We found that holo-APP levels in swARBPcells to inhibit GSK3 kinase 18). To ascertain the involvement
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Ficure 2: Lithium and VPA inhibit ABiota, ABx—40, and ABx—4» production in the media of cultured cells. Subconfluent swAPREK293

cells were treated with varying concentrations of LiCl, as indicated for 2480 ABx—40, and ABx—42 in the conditioned media were
quantified by A3 sandwich ELISA. In addition, media was subjected to Western analysis using antibody 6E10, which detects sAPP
Further, the total cell lysates were subjected to immunoblot analysis using-ami#oid precursor protein C-terminal antibody (CT695)

to assess APP expression.{&) Representative data from three independent experiments. The results show that lithium significantly
lowers ABwtar Abx-40, and ABx—42 in these cells without effecting the total or soluble APP or causing significant cell death as measured
through MTT analysis. (BF) Representative data of three independent experiments, where syyAFK293 cells were treated with

VPA and analyzed as with lithium. Like lithium, VPA also demonstrates a dose-dependent inhibitory effect on APP processing, lowering
APBrota ABx—a0, and ABy_4, in the cell cultures with a significant effective dose at 2 mM without effecting the total APP levelsosAPP

cell viability as measured through MTT analysis. Error bars represent the standard deviation. The asterisks indicate a significant difference
by t test and the Dunnet’s tegt,< 0.05. mMAPP, mature amyloid precursor protein; imAPP, immature amyloid precursor protein; and sAPP,
soluble AP

of GSKS signaling in the observed APP processing, we response on APP processing, the GBKEO significantly
employed the use of a dominant negative G8K&ase- inhibited A3 production, including total & (31%) and
deficient construct and specific antisense oligonucleotide AfSx-42 (22%) (Figure 4D). These data are consistent with
(ASO) technology, developed by the ISIS corporation, to the effect of lithium or VPA on APP processing, suggesting
knock down the GSK@3 activity or protein. SWAPR; the involvement of GSK3 in APP processing. As noted,
HEK293 cells were transiently transfected with a HA-tagged GSK3u protein was not significantly affected by the specific
GSK33 kinase-deficient construct (GSKBK) for 24 h GSK33 ASO (Figure 4A), and a compensatory effect of
followed by A3 ELISA analysis. GSKB construct expres-  GSK3u for the loss of GSKB could explain the only-30%
sion is readily observed by anti-HA immunoblot analysis A lowering effect even though GSI83was reduced by
(Figure 3A), while GSK3 activity is deficient as compared ~60% following ASO treatment.

to transfected wild-type (Wt) or constitutive active (S9A) Lithium Blocks GSK@Mediated Increase in A Ac-
constructs (Figure 3B). GSKKK functional activity has  cumulation in the Hippocampus of GSKBransgenic Mice
been demonstrated in the stability @f catenin and E  while Reducing Plaque Pathology in the Brains of PDAPP
cadherin, as previously describe80f and represented in  (APR,;:79 Mice. We further investigated whether GSK3
Figure 3C. Also shown in Figure 3, the GSBISK kinase-  regulates APP processing in vivo by overexpressing an active
deficient construct significantly lowered/ya and ABx-a2 form of human GSKB (GSK335%) tagged with HA under

as compared to the vector alone (71 and 49%, respectively)the control of a PDGF promoter in the mouse brain (parts A
or untransfected controls (Figure 3D) without affecting cell and B of Figure 5). Immunocytochemistry with the HA-tag
viability (Figure 3E). The ASO, however, was designed to antibody shows that human GSK3s preferentially ex-

be GSK3-specific and in fact selectively reduced GFK3  pressed in the neurons (Figure 5C). GBKRtivity was also
protein expression, without affecting GSi®rotein, in the moderately increased in brain tissue samples of GBK3
SWAPPs; cells (Figure 4A), as compared to the random transgenic (parts D and E of Figure 5), consistent with
negative control oligonucleotide. Knock down of the GBK3  previous finding that a robust increase in GPKactivity
protein was quantified by densitometry analysis as shown causes lethality in the GSig3ransgenic24—26, 28). Next,

in Figure 4B demonstrating that GSK®rotein was reduced  we measured the A content derived from the mouse

in a time-dependent manner, wit60% reduction of GSK3 hippocampus using a mousegALISA and found that &
protein at 48 h following ASO treatment. Media representing levels were significantly increased (19%,< 0.05) in the

the 48-h ASO treatment was subjected [ELISA analysis. hippocampus of 10-month-old transgenic mice as compared
Although the untreated control and the random negative to the age-matched wild-type littermates. As shown in the
control oligonucleotide for GSKB ASO facilitated no Figure 5G, treatment of the GSKg3ransgenic mice for 12
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Ficure 3: GSK3 kinase-deficient construct significantly lowers
AProta and ABx—42 as compared to the vector alone or untransfected
controls in swAPR; HEK 293 cells. Subconfluent swARR HEK

293 cells were transiently transfected with a vector (pcDNA3.1)
or a GSK® kinase-deficient construct (GSKBK, tagged with
HA) cDNA using FuGene 6. Overexpression of transfected GEK3
constructs are readily observed by Western blot (A) in the swAPP
HEK293 cells 24 h following transfection using an anti-HA specific
antibody. GSK3 kinase activity (B) was also readily detected in
the GSK$ transfected swAPP751 HEK293 cells following a
whole-cell lysate kinase assay (Wt, wild type; S9A, constiuative
active; and KK, deficient construct). (C) Representative functional
GSK33KK activity eliciting stability of 5 catenin and E cadherin
as previously describe®(@). A total of 24 h following GSKZKK
transient transfection, Aoa and ABx—42 in the conditioned media
were measured by/AELISA analysis. (D) GSKBKK significantly
lowered the concentration of both3Rw. (71%) and A8y—42 (49%)
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Ficure 4: GSK3 antisense oligonucleotide (ASO) elicits select
reduction of GSKB protein expression and significantly inhibits
APBrotas and ABy—42 production in swAPR,; HEK293 cell media.
(A) swAPPs; HEK293 cells were treated with GSK3antisense
(ASO, 50 nM) or random control oligonuleotide (RO, 50 nM) for
48 h followed by Western blot analysis for GSKand GSK3
protein expression (lane 1, untreated; lane 2, GEK$O; and
lane 3, random oligonucleotide). GSKantisense elicited a select
reduction of GSKB protein without effecting GSK® in the
sWAPPR5; HEK293 cells as compared to the random negative
control oligonucleotide. (B) Protein knock down of GSK%as
quantified by densitometry analysis normalized to random control
oligonucleotide. GSKB protein was reduced in a time-dependent
manner with~60% reduction of the GSKBprotein following 48

h of ASO treatment with no significant cell death as measured by
MTT (C) and with no change in the GSk3protein levels.
Conditioned media were collected from the swARIPIEK293 cells
following GSK33 ASO treatment in A for B and ABx-42
sandwich ELISA analysis. The GSERASO significantly reduced

as compared to the vector alone or untransfected controls withoutthe Aot (31%) and A8y—4. (22%) production (D). Error bars

effecting cellular viability (E) as measured through MTT. All data

represent the standard deviation. The asterisks indicate a significant

are representative of three or more independent experiments. Errodifference byt test and the Dunnet's tegt, < 0.05.
bars represent the standard deviation. The asterisks indicate a

significant difference by test and the Dunnet’s teqi, < 0.05.

h with lithium (300 mg/kg) abolished the GSK3nediated
increase in the A levels, demonstrating an in vivo role for
GSK35 in APP processing and the ability of lithium to
attenuate the GSK®Bmediated /8 production in vivo.
Considering the moderate increase in GBKativity in the
GSK3 transgenic mice, it is well expected that the induced
level of A3 by overexpressing GSKRin the FVB mouse

plasma was measured ang fevels in the hippocampus of
the mice were quantified following Asandwich ELISA as
shown in Figure 6D. Consistent with the acute treatment of
lithium (3—24 h), chronic treatment with a lithium carbonate
diet significantly lowered A& levels, including At and
ApBx-42, In hippocampus tissues as compared to the control
animals not on the lithium diet, while plasma flliwas
maintained at 0.9 mM (Figure 6E) and brain lithium
concentration was maintained at 8000 ng/g (data not shown).

brains is also moderate, particularly when we measure theng lithium could be detected in the plasma or brain in

endogenous mouse fAlevel, which is notably lower as
compared to the PDAPP (ARR-F mice.

Finally, we tested whether modulation of APP processing
by lithium could ultimately lead to a reduction of plaque
deposition in the PDAPP (ARP7) mice. Homozygous
PDAPP (APR717 mice show an early but age-dependent
plague pathology beginning at-3 months of age. Therefore,
we began lithium treatment of mice at 1 month of age by
introducing a food pellet diet containing lithium carbonate
(37) and continued treatment for a period of 7 months. A

animals fed with control diets. In concert with this biochemi-
cal analysis, whole brain tissue of mice following chronic
treatment was subjected to immunostaining analysis with A
antibody. Although & immunostaining was robust in the
hippocampus of mice from the control group, the deposits

in the hippocampus of the lithium-treated group were
significantly reduced (parts A and B of Figure 6). Thg A
deposits were subsequently quantified following image
analysis using Image Pro Plus as shown in Figure 6C. Our
data clearly demonstrates that lithium, while at a clinically

group of control animals were fed a base diet of food pellets relevant plasma concentration, not only modulates APP

containing no lithium carbonate. After 7 months on control
or lithium carbonate feed diets, lithium concentration in

processing, but also significantly reduces plaques in the
brains of PDAPP (APE179) mice.
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. : N FiGure 6: Chronic lithium treatment reduces plague pathology in
TG~ WT TG+LiCl the brains of PDAPP (ARR7g) mice. One-month-old PDAPP
FiGURE 5: Lithium blocks GSKB-mediated 48 peptide accumula- ~ (APR/717¢) transgenic mice were fed either a control diet or a food
tion in the hippocampus of GSKSAHA transgenic mice. pellet diet containing lithium carbonate (2.4 g/kg) for a period of

Transgenic mice expressing the human G8®8transgene tagged 7 months and then sacrificed forfAanalysis. After the 7 month
with HA were generated by pronuclear microinjection in FVB mice lithium diet and upon perfusion withxd PBS followed by fixative
under a PDGF promoter following standard methods. Brains of (4% paraformadehyde), mice brains were cut into coronal sections
GSK?335%A FVB transgenic mice (A) and aged matched littermate at 10um. Sections were incubated withBAantibody (3D6) diluents
controls (B) were prepared as sagittal sections (6 um) and in 1:250 goat serum in PBS for 1 h. Images were captured by a
immunostained with an anti-HA antibody because the human Leica DMRB microscope. The plaque pathology (A and B) in the
GSK355% transgene was tagged with HA. Strong immunostaining hippocampus of the lithium-diet group was significantly reduced
was detected in the brains of the GFK3" transgenic mice but ~ compared to the control base-diet group. Quantitative plaque burden
not in the wild-type littermate controls (25magnification). (C) analysis (C) was carried out on hippocampus using Image Pro Plus
Human GSK@ protein is highly localized in the cell body and providing data further showing significantly lowered plaque burden
dendrites of neurons as seen under higher magnificatiosx (10 in the hippocampus. (D) Aot and ABx—4> accumulations in the
magnification). (D) Human GSK#9A transgene expression in the hippocampus of the PDAPP mice chronically treated with lithium
hippocampus of these mice. Immunoblotting of hippocampal were significantly lowered. Chronic lithium treatment (7 month)
homogenate with an anti-HA antibody reveals human transgene Of the PDAPP transgenic mice maintained a therapeutic plasma
expression, while immunoblottong with an anti-G$Kantibody [Li*] of 0.9 mM (E), while brain [Li'] was maintained at 8000
alone shows moderately elevated GBKBotein expression inthe ~ Nng/g (data not shown). Error bars represent the standard deviation.
transgenic mice, as compared to the wild-type littermates. The blot The asterisks indicate a significant difference by the Dunnet's test,
was also probed with an ERK1/2 antibody to show equal protein p < 0.05.

loading. GSK® activity (E) is elevated in the hippocampus of the

GSK3359" transgenic as measured in a whole hippocampal homo- effect of lithium on APP processing in cells and in the brains

genate kinase assay using a CREB substrate peptide. ExpressioBf PDAPP (APRs17) and GSKJ transgenic mice. Our

of the human GSK@9 transgene significantly accumulates the . . o .
AB levels (G) (19%) in the hippocampus as compared to the aged- INdings demonstrate that lithium regulateg processing

matched wild-type micen(= 10, 10-month-old GSK35% trans- through inhibition of GSKB, a central component in many
genic or wild-type littermates), while lithium treatment at 300 mg/  critical intracellular signaling mechanisms.
kg for 12 h significantly lowers the GSi@Bmediated 4§ increase A previous report demonstrated that lithium regulates APP

to wild-type levels. Error bars represent the standard deviation. The
asterisks indicate a significant difference by the Dunnet’s pest,
0.05. WT = wild type and TG= transgenic mice.

processing in association with GSK3nhibition in COS7

cells transiently transfected with APP C100, a truncated APP

fragment. Although our data supports these findings, there

DISCUSSION was little direct evidence provided that this occurs in vivo
and that GSK3 is directly involved in the effec8g).

For decades, lithium has been the drug of choice for the Interestingly, our observations in the HEK293 cell stably
treatment of bipolar disorder. However, the mechanism(s) expressing swAPR; further compliment these data by
of the action of lithium has not been clearly understood. demonstrating consistency in the need for a higher concen-
Several of the prominent effects of lithium have suggested tration of lithium above the clinically relevant dose admin-
that this mood stabilizer is a selective inhibitor of GgK3 istered for the treatment of bipolar disease to exhibit an
(13, 15, 16), as evidenced by mounting in vitro and in vivo inhibitory effect on A3 production in mammalian cells. This
studies. The negative regulation of lithium on GIKB3 apparent discrepancy in the lithium concentrations needed
likely to affect APP processing because G@hKiteracts with in vitro versus in vivo for lowering £ may be due to the
the known criticaly-secretase component, presenilin. Using fact that the plasma concentration may not accurately reflect
lithium along with VPA, another commonly used mood lithium or VPA concentration in the brain compartment
stabilizer, as well as a GSKE3antisense oligonucleotide and  during treatment. Indeed, the brain exhibits a much higher
GSK35-deficient construct expression, we investigated the lithium exposure, as compared to plasma, during the first
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hour following lithium dosing (data not shown). In addition, GSK33 may antagonize APP processing. Our results in the
preliminary data from our lab demonstrates that, although HEK293 cell do not support this suggestion. On the contrary,
lithium plasma concentrations are significantly divergent we demonstrate significant reduction of3Aeptides fol-
depending on the dose administered, lithium brain concentra-lowing the introduction of a specific GSIg3antisense
tions remain fairly constant (data not shown). This helps oligonucleotide or a GSK3kinase-deficient construct sug-
explain why our in vivo lithium data show similar effects gesting a differing mechanism through GSK3 for APP
on AS lowering despite increased plasma levels with processing in CHO and HEK293 cells or in APP processing
increasing lithium dosage (Figure 1C). Further, the stably associated with AP&gs and APPs. However, GSK8,
transfected swAPRB, cells produce large amounts @  although not specifically scrutinized in our paper, could
peptides, represented predominantly by thgAsoform. contribute to the lithium as well as to the VPA effect that
This rapid production rate of the isoform may not be  we observe because lithium and VPA are known to inhibit
as sensitive to the inhibitory effect of lithium or VPA as the both GSK3x and GSK® (15, 18). One may also surmise
in vivo AB, which is produced in a much slower rate in brain  that the GSKB kinase-deficient construct may aberrantly
tissues from PDAPP (ARP.7¢) transgenic mice. When taken  affect GSK® as well. Further, as noted in the presentation
together, these factors could potentially contribute to the of the GSK3 antisense oligonucleotide studies, although
variation in the effect of lithium or VPA on APP processing specific knock down of GSKB3 protein does trigger a
observed in cells and in vivo. reduction in A3 production, GSK& may have a compensa-
The major purpose of using mutant APP is to obtain tory effect as suggested when comparing the potency of the
measurable A levels either in the media or in the brains, GSK33 kinase-deficient construct to the GSKantisense
bec;usfe the A]evels,llespecr:]iallg Paz, a;re Ver){l('jOW inthe  oligonucleotide in the ability to reducefApeptide.
media from nave cetis or the brains rom wi “type mice. Expression of the human GSK3ransgene in our GSKB
Clearly, the increases of theffAgeneration caused by the transgenic mice elicits only a modest increase in overall

Swedish mutation and the Indiana mutation are through - : :
. . . . . GSK3 activity (~20%) and in neuronal expression of the
different mechanisms. While the Swedish mutation enhanceshuman GSKB transgene in the hippocampus and cortex

BACE activity and provides more substrate fosecretase, o ing analysis of multiple lines. This is most likely due

f:'gv\llr;?/';nab?tl;t?nuggedllsrescr:guﬁzcgzateféif;itfzfugjiggt'gp '.[he to the fact that increased GSK3 activity induces apoptotic
' : ) S cell death that may have resulted in the natural selection of
y-secretase-associated generation 8f @ur data indicates . : .
- - . S a low—moderate-expressing transgenic during development.
that both lithium and VPA interfere with-secretase activity . ) 4 ; 4 !
Our data is consistent with observations in previously

by inhibiting GSK3, a kinase interacting directly with : . .
o . . . . reported GSKB transgenics demonstrating that high expres-
presenilin. Therefore, using different mutations for our in sion of GSK3 is linked to lethality during the embryo

vitro and in vivo studies does not confound the explanation development. Indeed. surviving lines usually express rather
of our results but rather helps to clarify that the effect of low le F()als of'GSK3 e,lct' it 99_42 Theref(})/re pt ‘s not
lithium or VPA is not specific to the respective certain W eV o Ivity § ). , 1t
: surprising but significant that we detected only a modest

mutation. increase{20%) in endogenous mousgAevels in the brain

Although APRgs is the major isoform in the CNS, the ;o "¢ theoGS%tragns enic (Figure 5). Interesting|
use of the AP isoform should not significantly alter our lithium can completely abol?sh the elgvateﬂ J'Qevel inducegdy’
results. In fact, there has been no major difference reportedby the overexpression of active human GBKES9A).

between the two isoforms (AR& and APRsy) in terms of
Ap production in response to insults. In our understanding, Because of the extremely low abundance of endogengius A

GSK3 inhibitors should exert similar effects on both App " Mouse prains, Paz s be'OW detectat_;le limits. T_hese data,
mutation isoforms. This notion is somewhat supported by SPUPled with our GSKB antisense oligonucleotide results
our data, which show that the involvement of GSK3 in App 1N the HEK293 cells, strongly suggest that G$i3lays a

processing appears to be conserved in brain tissue an&ignifigant role _in APP.processing resulting irg fbeptide
HEK?293 cells in the presence of different mutations (Indiana reduct!on N VIVO. This dloles not,. hpwever, exclude a
or Swedish), suggesting a fundamental role of GSK3 in the Potentially similar effect elicited by lithium on GSK3
process. In addition, the HEK293 cell system is well-  Although the mechanism by which GSK3 regulates APP
established for APR; processing. processing awaits further investigation, recent studies dem-
As authors were preparing this paper, Phiel et al. showedonstrate that GSK8binds to presenilin 1, which is thought
(38), as with our findings, that lithium regulates3feptide to constitute catalytic subunits of thesecretase complex
production in Chinese hamster ovary (CHO) cells and in human brains and mammalian cel.(Mutations in PS1
primary mouse neurons transfected with the pathogenicthat are known to cause early onset Alzheimer's disease
APP-Swedish mutation (KM670/671NL) of ARR In increase the ability of PS1 to bind to GSK3Therefore, it
addition, this paper showed that a daily oral dose of lithium is conceivable that GSK3 regulates APP processing by
in an AD mouse model heterozygous for the APRvedish deregulation of presenilin-1-dependent signaling. Indeed,
transgene (Tg2576) and the P&1-for 3 weeks elicited a  lithium, a GSKS3 inhibitor, has been reported to exert a
reduction in A3 production to which our acute and chronic positive effect on Wnt/GSK3 signaling @3), which is
lithium studies in the PDAPP (ARR79) AD mouse model deregulated in both Alzheimer’s disease and bipolar disorder.
concur. However, somewhat divergent from our results, this Our findings provide insights into a potential mechanism
latter work suggested that#production is mainly regulated  through GSK® that underlies the clinical effect of lithium
by GSK3. and not GSKB based on RNA interference and suggest that therapeutic agents that directly or indirectly
studies in CHOswAPPsgs cells. In fact, the authors state that inhibit GSK3 might be effective as therapeutic interventions
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in Alzheimer’s disease as well as other related neurodegen- 18.

erative diseases.
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