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Abstract Altered activity of glycogen synthase kinase-3
(GSK-3) is associated with psychiatric diseases and neurode-
generative diseases. GSK-3 is a key regulator in multiple as-
pects of neuronal differentiation in the brain. However, little is
known about the role of GSK-3 in astrocyte development. To
examine the role of GSK-3 in astrocytes, we generated a con-
ditional knockout mouse using a glial fibrillary acidic protein
(GFAP)-cre driver, in which the GSK-3 alpha and beta genes
are deleted in astrocytes. We found that GFAP-cre-mediated
GSK-3 deletion led to a larger brain. The number and size of
astrocytes were increased in GSK-3 mutant brains. The levels
of GFAP and phospho-STAT3, indicators of astrogenesis,
were elevated in GSK-3 mutants. Furthermore, we found up-
regulation of astrocyte regulatory molecules such as phospho-
AKT, phospho-S6, and cyclin D in GSK-3 mutant brains.
Finally, GSK-3 mutant mice exhibited aberrant anxiety and
social behavior. Our results suggest that GSK-3 plays a sig-
nificant role in astrocyte development and behavioral control
in mice.
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Introduction

Astrocytes are multifunctional nonneuronal cells abundant in
the central nervous system (CNS). Recent studies have shown
that astrocytes are critically involved in a variety of essential
activities in the normal CNS, including neuronal protection
and support, neuronal migration, synaptic transmission, and
information processing [1-4]. Furthermore, astrocytes re-
spond to pathological lesions and environmental insults in
the CNS via a process called reactive astrogliosis [5—7, 2].
Thus, intrinsic regulation of astrogenesis is implicated in path-
ogenic progression of CNS diseases. A better understanding
of astrogenesis could improve therapeutic approaches to CNS
diseases.

Glycogen synthase kinase-3 (GSK-3) is a serine/threonine
kinase and has two isoforms, GSK-3x and GSK-3f3. Both
isoforms are highly expressed in the nervous system [8]. Stud-
ies have shown that GSK-3 plays a role in neuronal develop-
ment [9, 10]. For example, GSK-3 controls neural progenitor
homeostasis and neurogenesis in the developing brain [11].
Changes in local and global GSK-3 activity play a critical role
in axon/dendritic outgrowth and specification [12, 8, 13] as
well as neuronal migration [14—16]. However, whether GSK-
3 plays a role in astrocyte regulation during development and
in adults is unclear.

Members of the Janus kinase signal transducers and acti-
vators of transcription (Jak-STAT) signaling family are impli-
cated as triggers of astrogenesis [17]. The STAT3 gene plays a
major role in cellular phospho-signaling cascades to stimulate
astrocyte differentiation [18]. In addition, the mammalian tar-
get of rapamycin (mTOR) functions as a molecular regulator
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in astrocyte cell growth and motility [19]. mTOR is involved
in cross-talk with AKT for gene transcriptional expression.
Activation of AKT/mTOR signaling directly influences the
GSK-3 activity in the brain [20].

Here, we investigated the function of GSK-3 in
astrogenesis in the brain using a conditional loss of function
approach. By crossing with a glial fibrillary acidic protein
(GFAP)-cre line, we deleted GSK-3 in astrocytes in the brain.
GSK-3 deletion markedly enhanced astrocyte proliferation
and induced astrocyte hypertrophy. Phosphorylation of
STAT3, AKT, and S6 were associated with the morphological
changes induced by GSK-3 deletion in astrocytes. Further-
more, the abnormal regulation of astrocytes in GSK-3 mutant
mice was accompanied by behavioral abnormalities. Together,
our findings reveal a novel function of GSK-3 in astrocyte
development and behavioral control in mice.

Materials and Methods
Mice

Mice were handled according to our animal protocol approved
by the University Nebraska Medical Center. GSK-3 o null
[21] and GSK-3(3 floxed mice [22] were described previously.
GFAP-cre (B6.Cg-Tg(GFAP-cre)73.12Mvs/J) mice were pur-
chased from Jackson Laboratory and were used to generate
Gsk3a™™ ; Gsk33F"**F - GEAP-cre mice.

BrdU Administration

Bromodeoxyuridine (BrdU, Sigma-Aldrich) was dissolved in
0.007 N NaOH and administered into postnatal day (P) 7, 35,
and 84 mice by intraperitoneal injection. Control and GSK-3
mutant mice were injected with BrdU (100 mg/kg) for two
consecutive days before they were sacrificed. T98G human
glioblastoma cells were cultured in 24-well plates (5% 10/
well), followed by treatments of GSK3-inhibitor IX for 72 h.
The cells were then incubated with 10 uM BrdU for 6 h,
followed by fixation in 4 % paraformaldehyde.

Real-Time PCR

Total RNA was extracted from control and GSK-3 mutant
brains using the TRIzol reagent (Invitrogen), and the con-
centration of total RNA was determined by measuring the
absorbance at 260 nm. First-strand complementary DNA
(cDNA) was prepared by subjecting total RNA (1 pg) to
reverse transcription using Verso cDNA synthesis kit (Ther-
mo Fisher Scientific). Real-time PCR was performed with
1 pl of the cDNA template added to 10 pl of 2x SYBR
Premix Ex Taq (Applied Biosystems) and specific primers
(10 pM each). The primers for cyclin D were 5-TCCTCT

CCAAAATGCCAGAG-3' (sense) and 5-GCAGGAGAGG
AAGTTGTTGG-3' (anti-sense) and glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) were 5-AAGGTCAT
CCCAGAGCTGAA-3' (sense) and 5-AGGAGACAACCT
GGTCCTCA-3' (anti-sense). Real-time PCR (Applied
Biosystems) was carried out for 40 cycles of denaturation
at 95 °C for 15 s, annealing at 58 °C for 15 s, and extension
at 72 °C for 15 s. Fluorescence intensity was measured at
the end of the extension phase of each cycle. The threshold
value for fluorescence intensity of all the samples was set
manually. The cycle at which fluorescence intensity of the
PCR products exceeded this threshold during the exponen-
tial phase of PCR amplification was identified as the thresh-
old cycle (CT).

Target gene expression was quantified relative to that of the
internal control gene (GAPDH) based on the comparison of
CTs at constant fluorescence intensity. The amount of tran-
script was inversely related to the observed CT, and the CT
was expected to increase by 1 for every 2-fold dilution of the
transcript. Relative expression (R) was calculated using the
equation R=2"[ACT sample=ACT control] “ A1 qata were normal-

ized relative to GAPDH as well as to the respective controls.
Western Blot Analysis

Western blotting was performed as described previously
[23, 24]. Brain lysates were extracted with RIPA buffer
(Invitrogen). Proteins (40 pg/lane) were separated on 4—
15 % SDS-PAGE gel and transferred to immobilon-P
membrane (Millipore) by a Trans-Blot SD semidry
transfer cell (Bio-Rad Laboratories). The resulting blot
was blocked in Tris-buffed saline (TBS) containing 5 %
BSA and 0.1 % Tween 20 for 60 min and then incu-
bated with a primary antibody rabbit anti-GFAP
(1:1000, DAKO), rabbit anti-p-STAT3 (1:600, Cell Sig-
naling Technology), rabbit anti-activated caspase 3
(1:800, Cell Signaling Technology), PTEN (1:1000, Cell
Signaling Technology), rabbit anti-p-AKT (1:1000, Cell
Signaling Technology), rabbit anti-p-S6 (1:1000, Cell
Signaling Technology), or GAPDH (1:2000, Millipore)
for overnight at 4 °C. After washing in TBS containing
0.1 % Tween 20, the membrane was incubated with an
appropriate horseradish-peroxidase-conjugated secondary
antibody (1:2500, Santa Cruz) for 1 hour at room tem-
perature. After washing, the membrane was developed
by using ECL chemiluminescence reagent (Thermo
Fisher Scientific) and imaged by the FluorChem HD?2
imaging system (ProteinSimple). Signal specificity was
ensured by omitting each primary antibody, and bands
were normalized by GAPDH-immunoreactive bands in
the same membrane after stripping. Density measure-
ments for each band were performed with NIH Image]
software. Background samples from an area near each
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lane were subtracted from each band to acquire mean
band density.

Immunostaining

Immunostaining of brain sections or dissociated cells was
performed as described previously [25, 26]. Primary anti-
bodies used were mouse anti-GFAP (DAKO), rabbit anti-
parvalbumin (Millipore), rabbit anti-olig2 (Millipore Co),
rabbit anti-Ki67 (Abcam), and mouse anti-BrdU (BD Bio-
sciences) antibodies. Appropriate secondary antibodies
conjugated with Alexa dyes (Invitrogen) were used to de-
tect primary antibodies. DAPI (Sigma-Aldrich) was used
to stain nuclei.

Morphometry

Images of brain sections at periodic distances along the
rostro-caudal axis were taken with Zeiss LSM510 and
LSM710 confocal microscopes and a Nikon Eclipse
epifluorescence microscope attached with a QImaging
CCD camera. Ten mice for each experiment (control mice,
n=5; mutant mice, n=>5) were used. Stereological analysis
of GFAP-positive cells was performed by analyzing with
confocal microscopy one-in-six series of 40-um coronal
sections (240 um apart). The total estimated number of
cells within the cortical layer I-VI and dentate gyrus
was obtained by multiplying the average number of posi-
tive cells per section by the total number of 40-um sec-
tions comprising the entire cortex and dentate gyrus as
previously described [27-30].

The area of GFAP-stained cell body was measured by
using ImagelJ software (NIH) [31-33]. GFAP-positive astro-
cytes were imaged using a confocal microscope with a x40
objective. The images were converted to 8-bit grayscale and
subjected to software-driven segmentation analysis with auto-
matic machine-set thresholding in ImageJ, thus eliminating
subjective investigator bias. Then, a particle parameter enu-
meration analysis was followed for size exclusion at minimum
of 10 pixel®.

For analyzing cultured cells, more than 20 fields scanned
horizontally and vertically were examined in each condition.
Cell numbers were described in figure legends. The images
were analyzed by using ZEN (Zeiss), LSM image browser
(Zeiss), QCapture software (QImaging), and ImageJ. The cal-
culated values were averaged, and some results were
recalculated as relative changes versus control.

Elevated Plus-Maze Test
The apparatus (EB Instrument) includes two open arms (35 x

5 cm), two enclosed arms (35x5% 15 c¢cm), and a central plat-
form (5x5 cm). The entire apparatus was elevated 45 cm
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above the floor. A mouse was placed on the central platform,
facing the same open arm, and allowed to roam freely for
5 min. The number of entries into and the time spent on open
and closed arms were recorded. Percent open-arm time was
calculated as time spent in the open arms per total time. Ad-
ditionally, rearing frequency was recorded.

Three-Chamber Test for Social Interaction and Novelty
Behavior

Social behavior was evaluated as described previously [34]. A
rectangular and transparent Plexiglas box divided by walls
into three equally sized compartments (Ugobasile) was used.
Circular holes in the Plexiglas walls provide access between
the chambers. For sociability test, the test mouse was moved
to center chamber 2 with the connecting holes blocked. A
stimulus mouse (unfamiliar mouse) designated as “stranger
1” was placed in the wire enclosure in chamber 1. Then,
chambers 1 and 3 were opened and the test mouse was
allowed to explore the entire apparatus for 10 min. For social
novelty test, stranger 1 was randomly placed in one of the
enclosures in which the test mouse had the choice of what to
investigate stranger 1 or a novel mouse. A novel mouse was
designated as “stranger 2” and was taken from a different
home cage and placed into the remaining empty enclosure.
Time spent to sniff a partner by the test mouse was recorded
for 10 min in both sociability and social novelty behavior test.
The chambers of the apparatus were cleaned with water and
dried with paper towels between each trial. At the end of each
test day, the apparatus was sprayed with 70 % ethanol and
wiped clean with paper towels.

Cell Culture

Primary cortical culture was described previously [11, 8].
Briefly, cerebral cortices were isolated from E12.5-14.5 mice.
Meninges were removed and cortical cells were dissociated
with trituration after trypsin/EDTA treatment. The cells were
plated onto poly-D-lysine/laminin-coated coverslips and cul-
tured in the medium containing Neurobasal medium
(Invitrogen), 2 mM glutamine, 2 % (v/v) B27 supplement
(Invitrogen), 1 % (v/v) N2 supplement (Invitrogen), 5 % fetal
bovine serum (Invitrogen), and 50 U/ml penicillin/streptomy-
cin (Invitrogen). The cells were exposed to GSK3-inhibitor IX
(Calbiochem). After days in vitro (DIV) 6 or DIV 9, whole
cells were fixed for immunostaining. All experiments were
performed in triplicate.

T98G cells were grown as monolayer cultures in
Dulbecco’s modified Eagle’s medium (DMEM, Gibco),
supplemented with 10 % FBS (Invitrogen), 100 IU/ml
penicillin, and 100 pg/ml streptomycin (Gibco) [35, 36].
All cells were grown at 37 °C in a humidified atmo-
sphere of 95 % O, and 5 % CO,.
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Statistical Analysis

Normal distribution was tested using a Kolmogorov-Smirnov
test and variance was compared. Unless otherwise stated, sta-
tistical significance was determined by two-tailed unpaired
Student’s ¢ test for two-population comparison or one-way
ANOVA followed by Bonferroni’s post hoc test for multiple
comparisons. Data were analyzed using the GraphPad Prism
and presented as means+=SEM.

Results

GSK-3 Deletion Using GFAP-cre Driver Increases Brain
Size and Astrocyte Number

To examine the role of GSK-3 in astrocyte development,
we deleted GSK-3 in astroglial lineage cells using a
GFAP-cre mouse line. The GFAP-cre driver expresses
Cre recombinase under the promoter of the regulatory se-
quence of GFAP gene [37, 38]. GSK-3« null and GSK-
33 floxed mice were crossed with the GFAP-cre driver to
generate Gsk3a™”"; Gsk3(3 loxP/loxP .- GEAP-cre mice. The
GSK-3 mutant brain exhibited gross morphological abnor-
malities. Compared to control littermate mice (Gsk3« + *
Gsk33 *"";GFAP-cre), Gsk3oa~'~; Gsk33 "P1P. GEAP-
cre mice had larger brains (Fig. la). The brain weight
was not different at P7. However, Gsk3a " ; Gsk33
loxP/loxP . GFAP-cre brains weighed significantly more than
controls at P35, P70, and P84 (Fig. 1b). The difference in
brain/body weight ratio was also noticeable after the age
of P35. Gsk3a™; Gsk30 loxP/loxP . GFAP-cre brains
weighed 17, 46, and 58 % more than control brains at
P35, P70, and P84, respectively (Fig. 1c). Western blotting
showed that the GSK-3f3 level in GSK-3 mutant astro-
cytes was markedly reduced (Supplemental Fig. 1).

To explore the basis of the enlarged brain, we exam-
ined if there is a change in the number of astrocytes in
Gsk3a™"~; Gsk33 "*F"<P. GFEAP-cre brains. We assessed
astrocyte numbers by using immunostaining of control and
GSK-3 mutant brain tissues with an antibody to an astro-
cyte marker, GFAP. We observed no changes in astrocyte
numbers in the cerebral cortex and the hippocampus of
control and Gsk3a ", Gsk33 '"*F"F. GF4P-cre mice at
P7 (Fig. 2a, b). At P35, however, GSK-3 mutant brains
showed 104 % increase in astrocyte number in the cere-
bral cortex compared with controls. The number of GFAP-
positive cells was further increased by approximately
220 % in the cerebral cortex of GSK-3 mutants at P84.
In the hippocampus, the increased number of astrocytes
became obvious at P84 (Fig. 2a, b). Additionally, we
assessed the numbers of oligodendrocytes and interneurons
in control and Gsk3a™ ", Gsk33 '"*'F. GFAP-cre
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Fig. 1 GSK-3 deletion results in a larger brain: a representative brains of
Gsk3a™"" ;Gsk3 5" :GFAP-cre (wild type; leff), Gsk3a™"™; Gsk33"
loxP . GFAP-cre (heterozygous; middle), and Gsk3a™ '™ ;Gsk33/**"
loxP . GFAP-cre (homozygous; right) mice. Compared to wild-type
control, Gsk3a~™'™ ;Gsk33'**P1%*F . GFAP-cre brains were noticeably
larger at P84. Gsk3a'™ ;Gsk33""°*F: GEAP-cre mice did not show
different brain size to control mice. Scale bar=2.5 mm. b Brain weight
of wild-type control and Gsk3a™” 7,‘Gsk3ﬁ] oxP/1oxP . GEAP-cre mice was
measured at P7, P35, P70, and P84. ¢ Quantification of the brain/body
weight ratio. Weight of the brain per total body weight was mea-
sured and presented as relative changes versus control. WT:
Gsk3o'™* ;Gsk33"" ;:GFAP-cre. KO: Gsk3a "~ ;Gsk3 3P . GFAP-cre
mice. Data shown are mean+SEM. N=5 mice for each condition.
Statistical significance was determined by a two-tailed Student’s t test.
*Indicates a significant difference when compared with WT controls at
p<0.05, **p<0.01

cerebral cortex. We found no changes in the total number
of either olig2-positive oligodendrocytes or parvalbumin-
positive neurons in the cerebral cortex and the hippocam-
pus (Supplemental Fig. 2), suggesting that GFAP-cre-
mediated GSK-3 deletion is specific in the astrocyte pop-
ulation. However, the densities of these cells were de-
creased by 60 and 44 %, respectively, indicating the in-
crease in brain volume in GSK-3 mutant mice. Together,
these results show that GSK-3 deletion in astrocytes in-
creases brain size and astrocyte numbers in mice.
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Fig. 2 The number of astrocytes is increased in Gsk3a'~; Gsk3 3"
loxP. GEAP-cre brains. a Changes in astrocyte numbers in GSK-3 mutant
brains. Sections of the cerebral cortex and dentate gyrus from wild-type
control and Gsk3a.™” ; Gsk33°*F"**F ; GFAP-cre mice at P7, P35, and P84
were immunostained with an antibody to GFAP. Top panels: cerebral
cortex samples. Bottom panels: hippocampus samples. GFAP-positive
cells were increased in Gsk3(f/7;Gsk3[7’["xp/1”xp;GFAP—cre mice
compared to controls. WT: Gsk3a*"* :Gsk35""* ;GFAP-cre. KO:
Gsk3a~™ " ;Gsk3 3P . GFAP-cre mice. Scale bar=100 pum. b
Quantification of GFAP-positive astrocytes. The numbers of GFAP-
positive astrocytes to the DAPI-stained cells per field were counted.

Increased Proliferation of Astrocyte in the GSK-3 Mutant
Brain

The increased number of astrocytes suggests changes in

cell proliferation in GSK-3 mutant brains. To test this
possibility, we assessed the number of proliferating cells
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Data were presented as percent versus Wild-type controls. The number
of astrocytes in the cerebral cortex was elevated in P35 and P84 in GSK-3
mutants, while the number was not different at P7. Astrocyte number was
also significantly increased by 57 % around the dentate gyrus of P84
GSK-3 mutants (leff). Histogram shows the number of GFAP-positive
astrocytes per 0.04-mm? area, one section or total sections at P84
(right). WT: Gsk3a™" :Gsk35™" :GFAP-cre. KO: Gsk3oa™" : Gsk3 3
loxP . GFAP-cre mice. N=5 mice for each condition; cell counts=6382
cells for control and 8207 cells for KO. Statistical significance was
determined by a two-tailed Student’s ¢ test. *p<0.05, ***p<0.001

around the hippocampus after BrdU injection in control
and Gsk3a™; Gsk3( loxP/loxP . GEAP-cre mice. The
number of BrdU-positive cells was increased by approx-
imately 50 % in GSK-3 mutant mice at P35 compared
to control mice, while there was no change at P7
(Fig. 3a, b). The relative change in BrdU-positive cells
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Fig. 3 Loss of GSK-3 activity increases astrocyte proliferation in the
developing brain. a BrdU labeling of brain tissues shows that astrocyte
proliferation is promoted in the absence of GSK-3 in vivo. Control and
GSK-3 mutant mice at P7, P35, and P84 were injected with BrdU. After
2 days, BrdU immunostaining was performed in the hippocampus from
wild type and Gsk3a™” 7;Gsk3/3["xp /oxP . GFAP-cre mice. Scale bar=
100 um. b Quantification of a. Histogram shows that the number of
BrdU-positive cells in GSK-3 mutant brains is increased at P35 or P84.
WT: Gsk3a™/";Gsk33"" ;GFAP-cre. KO: Gsk3a™ ' ;Gsk33°*
loxP . GFAP-cre mice. N=5 mice for each condition; cell counts=1476
cells for control and 2604 cells for KO. Statistical significance was
determined by a two-tailed Student’s ¢ test. *p<0.05. ¢ Suppression of
GSK-3 activity using a GSK-3 inhibitor increases astrocyte proliferation
in vitro. Cortical cultures were made from E14.5 mouse brain in the
absence (control) or presence of a GSK-3 inhibitor (10 or 50 nM). At

was further elevated in P84 control and GSK-3 mutant
samples. We confirmed the effect of GSK-3 in astrocyte
proliferation by examining astrocyte numbers in primary

DIV 6 or DIV 9, cultures were fixed and immunostained with a GFAP
antibody. Scale bar=50 pm. d Quantification of GFAP-positive
astrocytes. The treatment of GSK-3 inhibitor increased astrocyte
numbers by approximately 60 % at either concentration. Statistical
significance was determined by one-way ANOVA with a Bonferroni
correction test. *p<0.05. e Double immunostaining using GFAP and
BrdU antibodies shows the increase in newly generated astrocytes in
the dentate gyrus from wild type and Gsk3a™" ;Gsk3 3" . GF4P-
cre mice at P84. Higher magnification images of white-boxed regions
(middle panels) were shown in right panels. Scale bar=40 yum. f
Quantification of e. Histogram shows that the number of both GFAP
and BrdU-positive cells in GSK-3 mutants was increased at P84. WT:
Gsk3a'"";Gsk33"" ;GEAP-cre. KO: Gsk3a™ ' ;Gsk33""*"; GFAP-cre
mice. Statistical significance was determined by a two-tailed Student’s ¢
test. ¥*p<0.05

cortical cultures. We cultured cortical progenitors from
E13.5 mice for 6 and 9 days with the treatment of a
GSK-3 inhibitor and then immunostained with a GFAP
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antibody. The treatment with a GSK-3 inhibitor marked-
ly increased GFAP-positive cells (Fig. 3c, d). In addi-
tion to mouse cells, we examined the GSK-3 effect on
human astrocytes. T98G astroglioma cells were cultured
and treated with a GSK-3 inhibitor. The treatment with
a GSK-3 inhibitor showed a significant increase in the
number of GFAP and BrdU-double-positive cells (Sup-
plemental Fig. 3).

Next, we investigated whether the increased number of
GFAP-positive cells in mutant brains results from newly gen-
erated astrocytes or from an elevation of GFAP expression in
other cells. We double-labeled brain tissues with antibodies to
BrdU and GFAP antibodies to trace and identify newly gen-
erated cells. We found that the number of overall BrdU and
GFAP-double-positive cells in mutant brains was increased by
78 % compared with controls, while GFAP-negative and
BrdU-positive cells were not significantly different (Fig. 3e,
f). Interestingly, most BrdU-positive cells in the mutant brain
were GFAP positive, suggesting that the increase in GFAP-
positive cells in GSK-3 mutant brain resulted from astrocyte
proliferation.

The increase in astrocyte number is not associated with cell
death because there was no change in the level of activated
caspase-3 in mutant brain tissues (Fig. 4). Together, these data
show that inhibition of GSK-3 activity leads to the increase in
astrocyte proliferation in the brain.

GSK-3 Deletion Induces Astrocyte Hypertrophy

Changes in cell size can contribute to the larger brain in GSK-
3 mutants. Thus, we examined the size of GFAP-labeled as-
trocytes in control and Gsk3a™"; Gsk3 I6} loxP/IoxP . GEAP_cre

Fig. 4 The level of activated A

caspase-3 in GSK-3 mutant P7

brains. a There is no change in the

activation of caspase-3 in GSK-3 WT KO
mutant brains. Western blotting
with an antibody to activated
caspase-3 was performed using
cortical lysates from P7, P35, and
P84 wild type and GSK-3 mutant
mice. b Histograms show

SRS S GADPH

-~
S B Act-casp-3 .

cerebral cortex. GFAP-positive cells were enlarged in the ce-
rebral cortex and the dentate gyrus of GSK-3 mutant mice
(Fig. 5a). There was a 3.6-fold increase in the size of GSK-3
mutant astrocytes compared to control (Fig. 5b). These results
suggest that elimination of GSK-3 using the GFAP-cre line
leads to the enlargement of the brain via astrocyte hypertrophy
as well as the increase in astrocyte numbers.

Signaling Molecules Associated with GSK-3-Mediated
Regulation of Astrocyte

Studies have shown that STAT3 and AKT/mTOR signaling
are associated with astrocyte proliferation and size determina-
tion [39]. Thus, we first examined the expression level of
phospho-STAT?3 in control and GSK-3 mutant brains. Western
blots showed that the phosphorylation of STAT3 was not al-
tered in P7 brain tissues of GSK-3 mutants compared to con-
trol (Fig. 6a). The level of astrocyte marker GFAP was also
not changed at this age. No changes in the levels of phospho-
STAT3 and GFAP appear to be consistent with no morpho-
logical alterations shown in Figs. 1, 2, and 3 at P7. However,
the levels of phospho-STAT3 and GFAP were increased by 57
and 45 %, respectively, at P35 (Fig. 6a). At P84, we found
more increases in their levels.

Next, we examined if there are changes in expression and
phosphorylation levels of AKT/mTOR signaling components
associated with astrocyte proliferation in GSK-3 mutant brain.
We measured the levels of phospho-AKT and phospho-S6 in
control and GSK-3 mutant brains. Phosphorylation levels of
AKT and S6 were significantly elevated by 34 and 120 %,
respectively, in GSK-3 mutant brains at P84 (Fig. 6b). How-
ever, the level of PTEN was not changed. These results

P35 P84

WT KO WT KO
g —
“ Act-casp-3 -— Act-casp-3

s s GADPH - esssme GADPH

quantification of blots. The band B T
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three mice for each condition o
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K
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Fig. 5 Altered size of astrocytes in GSK-3 mutant brains. a The area of
GFAP-positive cell body is increased in GSK-3 mutant brains.
GFAP immunostaining was performed on wild-type control
(Gsk3a™ ;Gsk38"" ;GFAP-cre) and GSK-3 mutant (Gsk3a~’
~:Gsk3 ﬂ’ oxP/loxP . GFAP-cre) brain sections at P84. Mutant brain samples
showed larger GFAP-positive astrocytes than control cells. Scale bar=

suggest that mTOR-mediated proliferation signaling is acti-
vated in GSK-3 mutant brains. Accordingly, when measured
by real-time RT-PCR, the level of cyclin D mRNA in GSK-3
mutants was increased in several regions of the central ner-
vous system including the cerebral cortex, the cerebellum, the
olfactory bulb, and the ventral telencephalon at P84 age com-
pared to control (Fig. 6¢). Together, our data suggest that
STAT3 and AKT/mTOR signaling pathways are associated
with the GSK-3 regulation of astrocytes in the brain.

Abnormal Behavior in GSK-3 Mutant Mice

Global elimination of GSK-3 gene causes behavioral
abnormalities [40—42]. We investigated if selective elim-
ination of GSK-3o and GSK-3f in the astrocyte popu-
lation leads to behavioral alteration. We first assessed
anxiety in P70 control and Gsk3a™"; Gsk33 loxP/loxP .
GFAP-cre mice using the elevated plus-maze test. Con-
trol mice stayed most of their time in the closed arms.
However, GSK-3 mutant mice spent markedly longer
time in the open arms and were more likely to enter
into open arms than control mice (Fig. 7a). Next, we
assessed the social behavior of GSK-3 mutant mice in-
cluding general sociability and social novelty using the
three-chamber test. In a sociability test, control mice
preferred a chamber containing an unfamiliar stranger
1 mouse to an empty chamber (Fig. 7b). Similarly,

5 um. b Quantification of a. The area of cell body was increased by
264 % in GSK-3 mutant brains compared to wild-type samples. WT:
Gsk3a™" ;Gsk38"" ;GEAP-cre. KO: Gsk3a™” ;Gsk3 31T - GFAP-cre
mice. N=5 mice for each condition; cell counts=200 cells for control and
200 cells for KO. Statistical significance was determined by a two-tailed
Student’s ¢ test. ***p<0.001

GSK-3 mutant mice stayed longer in the chamber with
stranger 1 than in the empty chamber. In a social nov-
elty test, stranger 2 mouse was newly introduced in the
other chamber. Control mice preferred to enter into a
chamber containing stranger 2 than a chamber contain-
ing a familiar stranger 1 (Fig. 7b). Importantly, GSK-3
mutant mice did not show statistical preference for
stranger 2 mouse in favor of a familiarized stranger 1
in the social novelty test. Additionally, time spent
sniffing a partner was markedly reduced in GSK-3 mu-
tant mice (Fig. 7c). These results suggest that GSK-3 in
astrocytes plays an important role in normal anxiety and
social behavior.

Discussion

GSK-3 is a critical regulator of neuronal development such as
neurogenesis and neuronal differentiation in the brain [9, 10].
However, the function of GSK-3 in astrocyte development has
been poorly understood. Furthermore, there is no in vivo ev-
idence about selective loss of GSK-3 function in astrocytes.
To study the function of GSK-3 in astrocyte development, we
generated GSK-3x and GSK-33 double-knockout mice using
a GFAP-cre driver, in which both GSK-3 genes are eliminated
in the astrocyte population. Using in vivo BrdU proliferation
assay and in vitro culture experiments, we found that
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elimination of GSK-3 increases proliferation of astrocytes in
the brain. Our data suggest that overproliferation of astrocytes
causes an enlarged brain in GSK-3 mutant mice. Our results
are consistent with previous studies that have shown the role
of GSK-3 in proliferation of multiple cell types including neu-
ral progenitors [11], hematopoietic stem cells [43], pancreatic
mesenchymal stem cells [44], fibroblast [45], skin cancer cells
[46], and mammary cancer cells [47]. Pharmacological inhi-
bition or genetic elimination of GSK-3 promotes proliferation
of these cells. Particularly, genetic inhibition of GSK-3 using
small interfering RNA promotes proliferation of astrocyte
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lineage glioblastoma cells in culture [48]. Furthermore, over-
expression of wild type or constitutively active GSK-3 inhibits
the progression of skin cancer cells in mice [46]. Thus, down-
regulation of GSK-3 activity appears to positively contribute
to the proliferation of cells. However, some studies have
shown a contrary role of GSK-3. Inhibition of GSK-3 activity
suppresses ovary cancer cells [49], colon cancer cells [50],
and prostate cancer cells [51]. While GSK-3 plays opposing
roles as a suppressor or a promoter of cell proliferation de-
pending on cell types and cellular contexts, our current and
previous studies [11] show an inhibitory function of GSK-3 in
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proliferation of neural cells such as astrocytes and neural
progenitors.

Cellular hypertrophy increases in organ volume. The
PI3K/AKT/mTOR signaling pathway plays a critical role in
the determination of cell size and cell number in the mamma-
lian brain [52, 26]. For example, there are macrocephaly and
neural hypertrophy in PTEN knockout mice [53, 54]. TSC1, a
negative regulator of mTOR, contributes to mTOR signaling
downstream of PI3K/AKT [55, 52]. TSC1 knockout mice
show astrocyte hypertrophy [56]. In contrast, conditional
mTOR deletion using a nestin-cre line results in a smaller
brain with hypotrophic neural cells [26]. Changes in AKT
activity modify phosphorylation of mTOR, TSC2, S6, and
STAT3 but not caspase-3 in human glioblastomas [57]. Our
results show that GSK-3 deletion leads to astrocyte hypertro-
phy. GSK-3 could mediate PI3K/AKT/mTOR signaling in the
determination of astrocyte size and number in the brain. Im-
portantly, GSK-3 is a downstream mediator of PI3K/AKT
signaling and regulates mTOR activity in neural cells [58,

59, 26, 60]. GSK-3 is negatively regulated by PI3K-
mediated activation of AKT. GSK-3 directly phosphorylates
TSC proteins and modulates mTOR activity in neural progen-
itors, fibroblast cells, and lung and renal cancer cells [61, 59,
26]. Furthermore, GSK-3 controls homeostasis of neural pro-
genitors in the brain by PI3K/AKT signaling [11]. Consistent-
ly, our results have shown that GSK-3 regulates activity of
AKT/mTOR signaling components. Phosphorylation of
AKT, S6, and STAT3 is increased in GSK-3 mutant brain
tissues. These results support the idea that GSK-3 interacts
with PI3K/AKT/mTOR signaling in proliferation and size
control of astrocytes.

GSK-3 mull mice display abnormal behavior [42]. For ex-
ample, GSK-3« null mice show increased anxiety and de-
creased aggression and locomotion [42]. Similarly, GSK-3f3
heterozygous mice exhibit reduced exploratory behavior [62],
increased anxiety [63], and reduced aggressiveness [64].
There is no known behavioral phenotype of GSK-33 homo-
zygous null mice because these mice die during
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embryogenesis due to liver degeneration [65, 66]. We exam-
ined anxiety and social behavior of GSK-3 double mutants
(Gsk3o~"~ ;Gsk35°F"°F . GFAP-cre). Gsk3a~~ ;Gsk3 3
loxP . GF4P-cre mutant mice showed a reduction in anxiety-
related behavior in the elevated plus-maze test. This result is
similar to the finding of anxiety-like behavior of amyloid pre-
cursor protein mutant mice, in which astrogliosis is active [67,
68]. However, reduced anxiety in GSK-3 double mutants ap-
pears to be opposite to the behavior in GSK-3 single mutants.
It remains to be elucidated whether the difference is caused by
elimination of single versus double GSK-3 isoforms.
Astrocyte-specific GSK-3 deletion could also lead to the dif-
ferent anxiety phenotypes. Additionally, we have found that
Gsk3a™™Gsk3 ﬂl"xp /oxP . GFAP-cre mice revealed a decreased
social interaction with novel partners. GSK-3 o null mice also
exhibit weak interaction with a new mouse in both sociability
and social novelty tests [42]. Our data suggest that by regulat-
ing astrocyte number and size, GSK-3 contributes to the trans-
mission of the astrocytic input into cortical circuits that control
social behavior in mice.

In summary, GSK-3 deficiency in astrocytes results in an
enlarged brain and astrocyte overproliferation and hypertro-
phy. Altered AKT/mTOR signaling is associated with the ab-
normal phenotype. Finally, there are changes in anxiety and
social interaction behaviors in GSK-3 mutant mice. Our study
provides important insights into the function of GSK-3 in
astrocyte development and behavior.
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