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Cellular/Molecular

Pten Deletion in Adult Hippocampal Neural Stem/Progenitor
Cells Causes Cellular Abnormalities and Alters Neurogenesis

Anahita Amiri,' Woosung Cho,' Jing Zhou,' Shari G. Birnbaum,? Christopher M. Sinton,’> Renée M. McKay,!

and Luis F. Parada!

Departments of 'Developmental Biology, 2Psychiatry, and *Internal Medicine, University of Texas Southwestern Medical Center, Dallas, Texas 75390-9133

Adult neurogenesis persists throughout life in restricted brain regions in mammals and is affected by various physiological and patho-
logical conditions. The tumor suppressor gene Pten is involved in adult neurogenesis and is mutated in a subset of autism patients with
macrocephaly; however, the link between the role of PTEN in adult neurogenesis and the etiology of autism has not been studied before.
Moreover, the role of hippocampus, one of the brain regions where adult neurogenesis occurs, in development of autism is not clear. Here,
we show that ablating Pfen in adult neural stem cells in the subgranular zone of hippocampal dentate gyrus results in higher proliferation
rate and accelerated differentiation of the stem/progenitor cells, leading to depletion of the neural stem cell pool and increased differen-
tiation toward the astrocytic lineage at later stages. Pten-deleted stem/progenitor cells develop into hypertrophied neurons with abnor-
mal polarity. Additionally, Pfen mutant mice have macrocephaly and exhibit impairment in social interactions and seizure activity. Our
data reveal a novel function for PTEN in adult hippocampal neurogenesis and indicate a role in the pathogenesis of abnormal social

behaviors.

Introduction

Phosphatase and tensin homolog on chromosome 10 (PTEN) is
a tumor suppressor gene that is frequently mutated in human
cancers and plays an important role in brain development (Li et
al., 1997; Endersby and Baker, 2008). Neurological features of
inherited PTEN mutations include macrocephaly, seizures, and
mental retardation (Waite and Eng, 2003; Endersby and Baker,
2008). PTEN is a negative regulator of phosphatidylinositol-3-
kinase (PI3K) signaling (Maehama and Dixon, 1998). Changes in
the activity of PI3K/AKT/mTOR/GSK3 pathway components
have been associated with diverse brain disorders such as brain
tumors, schizophrenia, and autism.

Autism spectrum disorders (ASDs) are a group of complex
neurodevelopmental conditions (Silverman et al., 2010). Pten
mutations have been identified in autistic patients with macro-
cephaly (Goffin et al., 2001; Butler et al., 2005; Buxbaum et al.,
2007; Varga et al.,, 2009). Conditional Pten KO mouse models
have been used to investigate the role of Pfen in the nervous
system (Backman et al., 2001; Groszer et al., 2001; Kwon et al.,
2001; Marino et al., 2002; Fraser et al., 2004; Yue et al., 2005).
Deletion of Pten in mature neuronal populations in the cerebral
cortex and hippocampus resulted in macrocephaly, abnormal
dendritic and axonal growth and synapse number. These mice
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also showed behavioral abnormalities resembling certain features
of human ASDs (Kwon et al., 2006; Ogawa et al., 2007). Mouse
models based on Pten deletion in the brain have also provided
information about the role of Pten in neural stem/progenitor cell
(NSC) proliferation and self-renewal (Groszer et al., 2001; Gre-
gorian et al., 2009). Mice with Pten deletion in embryonic NSCs
had enlarged brains due to increased NSC proliferation, de-
creased cell death, and enlarged cell size (Groszer et al., 2001).
Pten was also shown to play a role in adult NSC regulation in the
SVZ of the lateral ventricles (Gregorian et al., 2009). Conditional
deletion of Pfen in a subpopulation of adult NSCs in the SVZ
resulted in enhanced self-renewal in these cells. The Pten-deleted
mice had enlarged olfactory bulb (OB) and enhanced olfactory
function. In adult hippocampus, the majority of the NSC prog-
eny engender dentate granule cells. Adult hippocampal neuro-
genesis has been implicated in antidepressive responses, spatial
relational memory and spatial pattern recognition (Li et al., 2008;
Clelland et al., 2009; Jessberger et al., 2009).

Here, we use the tamoxifen-inducible Nestin-CreER™ line (Li
et al., 2008; Chen et al., 2009) to delete Pten specifically in post-
natal/young adult NSCs. We find that Pten conditional mutant
mice develop macrocephaly with an enlarged DG and a disorga-
nized granule cell layer. Additionally, these mice have altered
neurogenesis; Pten-deleted adult NSCs display an increased pro-
liferation and differentiation rate and develop into hypertro-
phied neurons. Over months, this increased differentiation rate
leads to early depletion of NSCs. Finally, we show that the Pten
mutant mice exhibit significant impairment in social interaction
tests and infrequent generalized seizures. These data reveal a
novel function for PTEN in adult hippocampal neurogenesis, and
are consistent with a possible role for PTEN and hippocampal
stem cells in the pathogenesis of autism-like behaviors.
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Pten ablation in the SGZ. PTEN immunostaining of hippocampus from control and mutant mice. A, At 4 and 7 months of age, Pten-negative (blue) cells were detected in the SGZ.

Pten-positive (brown) cells were detected in the polymorphic layer and the outer granular layer. At 7 months of age, Pten-negative cells were larger and the dentate gyrus was disorganized. Scale
bars: Left, 200 .em; right, 50 um. B, PTEN (brown) was detectable in the cortex of both control and mutant mice, and cortex size was the same. Scale bar, 500 wm. €, H&E staining of hippocampus
from 2-, 4-, and 7-month-old Pten mutant mice shows progressive enlargement and disorganization of dentate gyrus. Scale bar, 500 pm.

Materials and Methods

Mice and histology. Pten'™" mice (Suzuki et al., 2001) were a gift from Tak
Mak (University of Toronto, Canada). Nestin-CreER"? mouse line was
generated as previously described (Chen et al., 2009). R26 mice were
from Jackson Laboratory. All animals were maintained on C57BL/6 and
129/Sv mixed background. Tamoxifen (Sigma) was dissolved in sun-
flower oil at 20 mg/ml and delivered to 1-month-old mice by gavage at
500 ul/20 g, once a day for 2 consecutive days. For BrdU pulse/chase
assay, we injected BrdU (200 ug/g) intraperitoneally 2 h before perfu-
sion. For cell survival analysis, mice were injected with BrdU (50 ug/g)
daily for 5 d at 6 months of age and analyzed 4 weeks after the last
injection. The mice were perfused intracardially with ice-cold PBS fol-
lowed by 4% PFA in PBS. Dissected brains were postfixed in 4% PFA at
4°C overnight. For vibratome sectioning, we embedded the brain in 3%
agarose and cut 50 wm thick coronal sections. For paraffin sectioning, the
brain was embedded in paraffin and sectioned sagittally at 5 um thick-
ness. All mouse procedures used in this study were performed in accor-
dance with protocols approved by the Institutional Animal Care and
Research Advisory Committee at University of Texas Southwestern Med-
ical Center.

Neural progenitor cell culture. Dentate gyrus neural progenitor cells
(NPCs) were isolated and maintained as described previously (Li et al.,
2008). Monolayer cultures were established as described previously
(Babu et al., 2007) with some modifications. Briefly, cells were cul-
tured on plates coated with laminin (Invitrogen) in DMEM/F12 media
(Invitrogen) containing B27 (without vitamin A, Invitrogen), epidermal
growth factor (20 ng/ml, Invitrogen), and basic fibroblast growth factor
(20 ng/ml, Sigma). Monolayer cultures were treated with adenovirus
particles that expressed either the GFP or the Cre-GFP gene (Gene Trans-
fer Vector Core, University of Towa). Loss of PTEN was confirmed by
Western blot analysis. Differentiation was induced following 3 d of
growth by removing growth factors (EGF and bFGF) from the medium.

Cells were allowed to differentiate for 3 d. Cell growth rate was measured
by an ATP assay using the luminescent CellTiter-Glo assay according to
the manufacturer’s instructions (Promega). For these experiments, 3000
cells/well were plated in laminin-coated 96-well plates. Apoptosis was
measured using the Caspase-Glo 3/7 kit (Promega) according to the
manufacturer’s recommendations.

Behavioral tests. All animals used for behavioral tests were male and
littermates. Social interaction and memory, social preference, open field
activity, light/dark preference, and tail suspension tests were performed
using 4- to 5-month-old-mice. Social olfactory, startle reflex, and rotarod
tests were performed using 7-month-old mice. Locomotor activity,
open-field, dark-light, and tail suspension tests were measured as de-
scribed previously (Li et al., 2008). Social interaction and memory, and
social preference tests were measured as described previously (Kwon et
al., 2006).

EEG/EMG recording. Ten Nestin-CreER"%;Pten*?/? mice (male,
15-20 weeks old at the time of surgery) were instrumented with chroni-
cally implanted EEG/EMG electrodes according to previously published
procedures (Sinton et al., 2009). The mice were then left for 14 d to
recover from surgery and to habituate to the recording conditions. Food
and water were available ad libitum at all times and the temperature was
maintained at 24 = 1°C throughout the experiment. EEG/EMG signals
were recorded continuously during 24 h periods: 2 mice were recorded
for 5 periods of 24 h, 4 mice for 10 periods of 24 h, and 4 mice for 13
periods of 24 h for a total of ~2500 h of recording. All records were then
visually scored for seizure events. The spontaneous seizure rate in these
mice was very low, and multiple attempts to induce seizures with exog-
enous auditory or visual stimuli were unsuccessful.

Immunostaining. The following antibodies were used for immunohis-
tochemistry: PTEN, P-AKT, P-S6, P-GSK3p (Cell Signaling Technol-
ogy), Calbindin (Swant), Synapsin I (Millipore), BrdU (BD Biosciences),
Doublecortin (Santa Cruz Biotechnology), Ki67 (NeoMarker), NeuN
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Dendritic and axonal hypertrophy and ectopic axonal tracts in Pten mutants. 4, Floating sections (50 m) of brains from 4- and 7-month-old control and mutant mice were stained for

Synapsin | (red) and Calbindin (green). Elongated mossy fiber tract from the granular layer of mutant dentate gyrus is shown in both 4- and 7-month-old mutant brains (arrows). An ectopic layer of
axonal signals (arrowhead) in the inner molecular layer is observed in 7-month-old mutant brain. Scale bar, 500 wem. B, Quantification analysis shows that mutant mice have increased thickness of
mossy fiber tract, as measured by the width of Synapsin | and Calbindin double-stained axons coming out of DG. n = 3 for control and mutant for 4-month-old mice; n = 6 for controlandn = 5
for mutant for 7-month-old mice. ¢, DCXimmunostaining of 2-month-old mutant brain shows hypertrophy and arborization of dendrites. Bottom, High-magnificationimages of the boxes in the top.

Scale bar, 200 um. Data are mean == SEM; ¢ test was used for all analyses. *p << 0.05, **p << 0.01.

(BD Biosciences), S1008 (Sigma), GFP (Molecular Probes), Tujl (Cova-
nce), and Sox2 (Millipore). Microwave antigen retrieval was used for
all antibodies on paraffin sections. Sections were then treated with
biotinylated secondary antibodies followed by amplification with
peroxidase-conjugated avidin and DAB substrate (Vector Laboratories).
We counterstained DAB-stained sections with hematoxylin. Methyl
green was used for counterstaining of P-GSK3 3-stained sections. Alter-
natively, primary antibodies were visualized with Cy2- and Cy3-
conjugated antibodies (Jackson ImmunoResearch).

Measurements. We used MetaMorph and ImageJ (NIH) software for
all measurements. The thickness of mossy fiber tract and dendritic size
were measured as described previously (Zhou et al., 2009). The number
of Ki67-, doublecortin (DCX)-, and BrdU-positive cells was measured on
50 wm floating sections and presented as the average number per section.
Six sections per animal were examined. Student’s f tests were used to
determine statistical differences. A p value of <0.05 was considered sta-
tistically significant.

Western blotting. Isolated brain tissues were snap frozen in liquid
nitrogen and then homogenized in Cell Lysis Buffer (Cell Signaling
Technology) containing Phosphatase and Protease Inhibitor Cocktail
(Calbiochem). Western blotting was performed as described by Zhou
et al. (2009). Antibodies used for Western blotting were P-AKT-
Ser473, P-GSK3B, P-S6 (Ser235/236), AKT, GSK3b, and S6 (Cell Sig-
naling Technology).

Results

Pten inactivation in adult hippocampal NSCs

We have previously shown that deletion of Pten in a subset of
mature neurons in hippocampus and cortex causes abnormal
neuronal hypertrophy and ASD-like social deficits in mice. To
evaluate the role of Pten in a more restricted subset of cells and
brain regions, we used the Nestin-cre;Pten*"* mice to delete

Pten in adult hippocampal NSCs. Nestin-CreER'? mice activate
Cre recombination by tamoxifen administration (Chen et al.,
2009).Thus, administering tamoxifen at 4 weeks of age to Nestin-
CreER™ mice harboring the Rosa26-lacZ reporter locus (Soriano,
1999) allowed us to label and trace the young adult NSCs and
their recombinant progeny in the two major adult neurogenic
niches, the subgranular zone (SGZ) of the dentate gyrus and the
SVZ of the lateral ventricle (data not shown).

To ablate Pten in the SGZ, we crossed the Nestin-creER™
mouse line with Pten-flox mice and activated the Cre recombi-
nase by tamoxifen administration at 4 weeks of age. Littermate
Pten'™""°*P mice treated with tamoxifen were used as controls.
PTEN immunostaining of dentate gyrus from 4- and 7-month-
old mice showed that Pten was successfully deleted in the SGZ
(Fig. 1A). Cells born before the tamoxifen induction retained
PTEN expression. PTEN loss was confined to adult germinal
zones and was retained elsewhere, for example in the cortex
where Cre was not activated (Fig. 1 B).

Progressive hypertrophy in Nestin-creER "2;Pten'**"*<¢
mutant brain

Dentate gyrus granule neurons are born in the SGZ and migrate a
short distance into the dense granule layer. Three months after
tamoxifen induction (4 months of age), there was obvious disor-
ganization of the mutant GCL, which was accompanied by hy-
pertrophy of newly generated neurons in the inner granular layer
(Fig. 1A, C). At 7 months of age, the disorganized GCL phenotype
was more pronounced. This hippocampal phenotype is similar to
that previously observed in Nse-cre;Pten'”?”"**? mutant mice, al-
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Figure3. Ptenablation enhances proliferation of hippocampal NSCs in vitro. NSCs isolated from dentate gyrus of Pten™®"* mice were grown in monolayer culture and infected with adenovirus
(Ad) containing GFP (control) or CreGFP (to delete Pten). A, No PTEN protein was detected in Ad-CreGFP NSCs by Western blotting. B, Pten-deleted NSCs showed decreased growth factor dependency,
but still required EGF and bFGF for growth, as they did not grow in media without these growth factors. At 0.5 and 2.5 ng/ml concentration of EGF-bFGF, Pten KO had a 1.6- and 2.3-fold increase in
cell growth compared with control, respectively. However, at higher concentrations (5-10 ng/ml), no differences were observed in growth rate between Pten-deleted and control cultures. Data are
mean = SEM; t test was used for all analyses. n = 8;*p << 0.0001. C, Control and Pten KO cultures were grown in the presence of growth factors (EGF and bFGF) and double-stained with antibodies

against Nestin and Ki67, Nestin and DCX, and Nestin and GFAP. Scale bar, 50 m.

though in those mice Pten was deleted only in postmitotic granule
neurons (Kwon et al., 2006). These data suggest that following
Pten deletion, adult SGZ stem/progenitor cells are able to at least
partially differentiate and integrate into the deeper granule layers.
Unlike in the Nise-cre; Pten'™"" mice, Pten was not deleted in the
cortex in this mouse model and we did not observe any detectable
changes in the cortex (Fig. 1B).

Broad and restricted CNS deletion of Pten has been shown to
cause macrocephaly (Groszer et al., 2001; Kwon et al., 2001,
2006). Similarly, we observed macrocephaly in Nestin-creER*>;
Pten*?""**P mice, with brain weight in mutant mice ~4% heavier
than in control mice at 7 months of age (538 = 6.11 mg in control
vs 562.7 = 7 mg in mutant, mean * SEM; n = 8 for each; Stu-
dent’s ¢ test; p < 0.05). Body weight did not differ between the
two groups (data not shown).

Adult NSCs lacking Pten form neurons with abnormal axons
and dendrites

In the dentate gyrus, newly formed granule cells extend their
dendrites to the molecular layer and their axons project from the
granule layer through the polymorphic layer to synapse with CA3
dendrites forming the mossy fiber tract (Amaral, 1978). PTEN is
known for its involvement in neurite outgrowth both in vitro and
in vivo (Markus et al., 2002; Kwon et al., 2006). We examined DG
axonal and dendritic projections of developing granule neurons
in mice deleted for Pten at 1 month of age and immunostained at
3 and 6 months after tamoxifen induction. IHC analysis was per-
formed with Synapsin I, a presynaptic marker, and Calbindin, to
mark both soma and granule neuron processes. We observed an
~1.3-fold increase in mossy fiber tract thickness at both 4 and 7

months of age (Fig. 24, B). In addition, the Pten mutants had
elongated dendrites, as measured by the thickness of the molec-
ular layer (ML) (Fig. 2 A, bottom, white lines) (208 * 2.46 um in
controls vs 273 = 12.1 wm in mutants; mean = SEM; n = 4;
Student’s t test; p < 0.01), with more arborization (Fig. 2C).
These data indicate that the Pten mutant neural progenitors de-
veloped into hypertrophic neurons with enlarged axons and den-
drites, similar to the results obtained previously by ablating Pten
exclusively in differentiated DG neurons (Kwon et al., 2006). In
addition, similar to our previous observation in Ne-cre; Plen®"*? mu-
tant mice, ectopic synapsin I staining was seen in the inner mo-
lecular layer of 7-month-old mutant mice (Fig. 2A, arrowhead),
suggesting that following Pten deletion in SGZ NSCs, developing
granule neurons have abnormal polarity.

Effect of Pten deletion on adult neural stem cells in vitro

In vitro and in vivo deletion of Pten in embryonic stem cells has
been shown to enhance proliferation, survival, and self-renewal
(Groszer et al., 2001, 2006). Furthermore, conditional deletion of
Pten in a subpopulation of adult NSCs in the subependymal zone
(SEZ) leads to increased self-renewal and neurogenesis (Grego-
rian et al,, 2009). To assess the role of Pten in controlling
adult hippocampal NSC neurogenesis, we examined Ptern-deleted
NSC:s for their ability to promote neurogenesis in vitro. Mono-
layer NSC cultures were generated from isolated dentate gyrus of
Pten'>?"** mice. We then applied adenoviruses (Ad) containing
GFP (as a control) or CreGFP (to delete Pten) to the culture. No
PTEN protein was detected in Ad-CreGFP NSCs culture by
Western blotting (Fig. 3A). Elevated levels of P-AKT, P-S6, and
P-GSK were detected in Pten-deleted NSCs, suggesting that
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downstream signaling pathways have
been affected (data not shown).

Using a luminescent ATP assay we
measured cell growth in Pten KO and con-
trol NSC cultures. The PI3K pathway is
activated by growth factors and is in-
volved in neural stem/progenitor cell reg-
ulation (Caldwell et al., 2001). Figure 3B
shows that deletion of Pten resulted in an
increase in cell numbers in a growth
factor-dependent manner. Pten-deleted
NSCs still required EGF and bFGF for
their growth; however, they had decreased
growth factor dependency. At 0.5 and 2.5
ng/ml concentration of EGF-bFGF, Pten
KO NSCs had a 1.6- and 2.3-fold increase
in cell growth compared with control, re-
spectively. No differences were observed
between Pten-deleted and control cul-
tures at high concentrations of EGF-bFGF
(5-10 ng/ml).

To test whether the observed increase
in the number of Pten-deleted cells was
a result of higher proliferation rate or
higher survival rate, we performed a Cas-
pase3/7 apoptosis assay. We did not detect
any differences in apoptosis activity be-
tween Pten'™"*? and Pten '~ cells at
0.5-2.5 ng/ml concentrations of EGF and
bFGF (datanot shown). These results sug-
gest that Pren-deleted NSCs have a higher
proliferation rate.

Immunostaining showed that under
normal conditions and in the presence of
growth factors EGF and bFGF, most of the
cells in control and Pten KO cultures were
Nestin positive, suggesting that they were
stem/progenitor cells (Fig. 3C). However,
consistent with the ATP assay results, we
observed more Ki67-positive cells in Pten-
deleted NSC culture compared with con-
trol (8 = 2.0 in controls vs 24.3 = 2.72 in
mutants; percentage Ki67 * cells among
Topro3 ™ cells = SEM; n = 3; Student’s ¢
test; p < 0.01). Ki67 is an endogenous
marker of proliferation. Interestingly,
under normal conditions, 7.3 * 0.33%
(SEM) of Pten™’" cells were positive for
DCX, a marker of immature neurons,
compared with 0.3 *1.45% (SEM) of
Pten'*?""**P control cells, indicating that
some of the mutant cells were able to
differentiate into immature neurons
even in the presence of EGF and bFGF
(n = 3; Student’s t test; p < 0.01). We
also observed an increase in astrocyte
differentiation, as evidenced by the in-

crease in Nestin “/GFAP * cells in Pten-deleted cells compared with
control (0.9 = 0.3 in controls vs 5.8 = 0.3 in mutants; percentage
positive cells = SEM; n = 3; Student’s ¢ test; p < 0.05).

To further explore the role of Pten in hippocampal NSC dif-
ferentiation, we allowed cells to differentiate by removing EGF
and bFGF for 3 d and then stained with antibodies against the cell
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Figure4. Pten ablation accelerates NSC differentiation in vitro. Deletion of Pten leads to a faster differentiation rate in cultured
NSCs. NSCs harvested from dentate gyrus were infected with adenovirus (Ad)-GFP (control) or AD-CreGFP (mutant), induced to
differentiate by removal of EGF and bFGF for 3 d, and stained with antibodies against cell lineage-specific markers. While the
number of DCX ™ cells (a marker of immature neurons) was the same between control and mutant, we observed 37.8% more
Tuj1 ™ (a neuronal marker) cells and 42% more GFAP ™ cells in Pten ™~ mutant cells compared with Pten"** control. Scale
bar, 50 m.
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Figure 5.  Pten ablation in NSCs enhances proliferation in vivo. A, Coronal floating sections of brains from 4- and 7-month-old
mice were stained for Ki67 (red) and NeuN (green). Scale bars: Top, 200 m; bottom, 500 wm. B, Quantification analysis showed
anincrease of Ki67 ™ cells in mutant animals. n = 4 for control and n = 5 for mutant for 4-month-old mice; n = 6 for control and
mutant for 7-month-old mice. *p << 0.05, **p << 0.01. Data are mean == SEM; Student’s t test was used for all analyses.

lineage-specific markers Tujl (a neuronal marker) and GFAP
(Fig. 4). While the number of DCX * cells was unchanged (19 +
1.2 in controls vs 16 * 2.1 in mutants; percentage DCX " cells
among Topro3 ™ cells = SEM; n = 3; Student’s t test; p = 0.29),
we observed 37.8% more Tujl " cells (16.1 * 1.4 in controls vs
22.2 + 1.8 in mutants; percentage of Tujl * cellsamong Topro3 ™
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Loss of PTEN alters the differentiation of NSC/NPCs in vivo. A, Coronal floating sections of brain from 2-, 4-, and 7-month-old mice were stained for DCX (green) and NeuN (red). Confocal

images show DCX-positive cells with elongated dendrites and more branches in 2-month-old Pten-deleted DG. By 4 months of age, there are more DCX-positive cells in Pten mutant than in control.
Representative sections of brains from 7-month-old Pten mutant and control mice show lack of DCX-positive cells in mutant DG. B, Number of DCX-positive cells in DG of control and mutant mice at
2,4,and 7 months of age. (n = 3 for 2-month-old control and mutant mice.n = 4for4-month-old controland n = 5 for mutant mice.n = >10for WT and cKO 7-month-old mice. Data are mean =
SEM; Student’s t test was used for all analyses. *p << 0.05, ***p << 0.001.). €, Brain sections from 7-month-old Nestin-creFR™:Pten'™"**? :Rosa-stop-YFP were stained for DCX (green) and YFP (using
GFP antibody-red). Confocal images show the presence of GFP-positive cells, but no detectable DCX-positive cells in Pten-deleted DG. D, E, confocal images showing presence of Tuj1-positive cells
among GFP-positive cells (D) and Pten-negative cells (E). Inset in mutant panel is a higher magnification of the boxed area (D). F, Presence of Calbindin-positive cells among Pten-negative cells. G,
Experimental scheme for assessing the long-term survival and differentiation in Pten-deleted NSCs. H, Confocal images showing Pten-deleted DG stained for BrdU (green) and NeuN (red) (top), and

BrdU and $1003 (bottom). Scale bars: 4, ¢, D, E, 1, 50 um; F, 200 um.

cells = SEM; n = 4; Student’s f test; p < 0.05) and 42% more
GFAP ™ cells in Pten™ "~ cells compared with Pten'™""*** control
cells (33.6 = 3.4 in controls vs 48 * 2 in mutants; percentage of
GFAP ™ cells among Topro3 * cells £ SEM; n = 3; Student’s ¢
test; p < 0.05). Therefore, in culture, Pten deletion accelerates
differentiation.

In vivo Pten deletion in adult neural stem cells

To assess the role of Pten in controlling adult hippocampal NSC
neurogenesis in vivo, Nestin-creER"%;Pten'™*"* mice and litter-
mate Pten'™"°* mice were treated with tamoxifen at 1 month of
age and examined 3 or 6 months later to measure levels of prolif-
eration and differentiation. In agreement with our in vitro results,
staining with the mitotic cell marker Ki67 showed that mutant
mice have a 1.9- and 1.4-fold increase in Ki67 * cells at 4 and 7

months, respectively (Fig. 5A,B). To confirm that Ki67 " cells
represent proliferating stem/progenitor cells, we injected 7-month-old
mice with BrdU, an S-phase marker, 2 h before perfusion and
double-stained brain sections from mutant and control mice
with anti-BrdU and anti-Sox2 antibodies. Sox2 is a progenitor
cell marker. We observed no difference between control and mu-
tant mice in percentage of BrdU * cells that were also Sox2 ",
suggesting that the majority of proliferating cells in both groups
represent stem/progenitor cells (73.2 = 11.9 in controls vs 71.2 =
13.8 in mutants; n = 5 for control; n = 4 for mutant; Student’s ¢
test; p = 0.3).

To assess the in vivo role of Pten in hippocampal NSC differ-
entiation, we analyzed mice deleted for Pten in NSCs at 1 month
of age using neurogenic markers at subsequent times. We used
anti-DCX and anti-NeuN antibodies to label immature and ma-
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ture neurons, respectively. At 2 months of age, both control and
mutant SGZ had a similar number of DCX * cells; however, more
dendritic arborization was observed in DCX ¥ cells in the mu-
tants (Fig. 6A). By 4 months of age, the Pten mutant mice dis-
played a 1.3-fold increase in DCX ™ cells compared with controls,
but the number of DCX * cells was sharply decreased by 7 months
of age in Pten KO mice, and in the majority of cases, few or no
DCX ™ cells were detectable (Fig. 6 A, B).

To better follow the fate of Pten-deleted NSCs in SGZ at 7
months, we crossed Nestin-creER";Pten'®?"® mice to Rosa-Stop-
YFP reporter mice. The resulting Nestin-creER"%;Pten™*/"*;
Rosa-stop-YFP mice were induced with tamoxifen at 1 month of
age and examined at 7 months. Double staining with DCX and
GFP antibodies labeled SGZ cells that were born after induction
and confirmed the loss of DCX ™ cells in Pten-deleted SGZ cells.
In contrast, Pten'*®?’ l""";Rosa—stop— YFP control mice had visible
DCX ™ cells in the SGZ at this age (Fig. 6C). To examine whether
the reduction in DCX ™ cells in the SGZ of Pten mutants was an
indication of fewer neurons in mutant mice, we stained brain
sections from Pfen mutants and controls with markers of imma-
ture and mature neurons. We observed that some of the YFP *
cells were also Tujl ", suggesting that some of the mutant granule
cells had become immature neurons (Fig. 6 D). Similarly, staining
with PTEN and Tuj1 antibodies confirmed that some of the Pten-
deleted granule cells were Tuj1 ™ (Fig. 6 E). Furthermore, double-
staining with PTEN and Calbindin antibodies showed that some
of the Pten-deleted cells had become mature neurons (Fig. 6 F).
Therefore, while SGZ of 7-month-old control mice contained
newly generated neurons, most of the Pren-null cells had pro-
gressed to resemble mature neurons. These results are consistent
with our in vitro results and demonstrate accelerated differentia-
tion of Pten mutant SGZ progenitors in vivo.

To assess the long-term survival and differentiation of Pten-
deleted NSCs, we gave mutant and control mice five doses of
BrdU by injection 5-6 months after tamoxifen induction and
analyzed them 4 weeks after the last injection (Fig. 6G). We de-
tected a 4.5-fold increase in the number of BrdU™ cells in Pten
mutants compared with controls, confirming the continuous in-
crease of proliferation in Pten-deleted DG (Fig. 6H; 6 = 1.7 in
controls vs 27.3 * 3.4 in mutants; number of BrdU " cells +
SEM; n = 5 for control and n = 6 for mutant; Student’s t test; p <
0.01). Next, we performed fluorescence immunostaining using
antibodies for mature neurons (NeuN) or mature astrocytes

(S100B) to determine the fate of the BrdU-labeled cells 4 weeks
after they were born. We found that the majority of BrdU * cells
in mutant DG colocalized with S100B * (30 = 7.8 in controls vs
87.2 = 6; percentage of S100B * cells among BrdU ™ cells = SEM;
n = 10 for controls and n = 8 for mutants; Student’s ¢ test; p <
0.001) rather than NeuN " cells (59.8 = 12.45 in controls vs 12 +
2.5 in mutants; percentage of NeuN ™ cells among BrdU ™ cells;
n = 7; Student’s f test; p < 0.01). Together, these results indicate
that Pten deletion in the NSCs of 1-month-old mice results in a
surge in neurogenesis that results in relative depletion of the neu-
ronal stem cell pool by 7 months of age.

Pten deletion affects downstream AKT/mTOR/GSK3f3
signaling pathways

Previously, it was shown that Pten-deleted neurons have in-
creased levels of P-AKT, P-S6, and P-GSK3 3, markers for activa-
tion of AKT and mTOR, and inactivation of GSK3p signaling
pathways, respectively (Kwon et al., 2003, 2006). Furthermore,
rapamycin, a specific inhibitor of mammalian target of rapa-
mycin complex 1 (mTORC1), ameliorated PTEN-associated
abnormal neuronal phenotypes (Zhou et al., 2009). Using immu-
nohistochemistry, we observed that deletion of Pfen in young
adult SGZ NSCs caused an increased level of P-AKT in both SGZ
and ML of dentate gyrus (Fig. 7A), suggesting that AKT signaling
was increased in both soma and dendrites of granule neurons.
GSK3 has been shown to be a key regulator in multiple neurode-
velopmental processes, such as neurogenesis and axonal growth
and polarization (Hur and Zhou, 2010). AKT is known to phos-
phorylate GSK3 at Ser9 leading to inactivation of GSK3 (Cross
et al., 1995). Our mutant mice also showed elevated levels of
P-GSK3B compared with controls (Fig. 7A). In contrast, in-
creased P-S6 level is only seen in the soma of granule neurons in
the SGZ layer (Fig. 7A). Western blot analysis on lysates from
isolated dentate gyrus confirmed these results and demonstrated
that only phosphorylated AKT, S6 and GSK3B protein levels were
elevated, while the total level of these proteins remained the same
(Fig. 7B). Therefore, following Pten deletion in young adult
NSCs, important downstream signaling pathways are affected.

Behavioral defects

Germline mutations in Pten have been reported in ASD families
with macrocephaly (Butler et al., 2005; Varga et al., 2009). Previ-
ously, we showed that Nse-cre;Pten'**"*? mutant mice in which
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Figure9.  Deletion of Pten results in intermittent seizures. EEG/EMG recordings from 2 mutant mice showing the duration and form of

typicalictal events. A, The seizure begins during normal wakefulness as evidenced by the low-amplitude, mixed-frequency EEG combined
with elevated EMG activity. Note that the amplitude of the seizure gradually increases while the dominant frequency remains constant at
810 Hz. After 11.4 s, the ictal event terminates with a single spike/wave discharge followed by post-ictal EEG slowing and reduced
amplitude, which continues for ~200 s (data not shown) before the EEG signal normalizes. B, The seizure begins during REM sleep as
evidenced by the continuing low-amplitude, mixed-frequency EEG combined with EMG atonia. Note that the heart rate signal can be
observed on the EMG lead during muscle atonia. In this example, the seizure amplitude increases while the dominant frequency decreases
from 8—10 Hz to 5—6 Hz. After 11.2's, the ictal event is terminated by a single spike/wave discharge followed by post-ictal slowing that

continues for ~180 s (data not shown). Scale bars for time and amplitude as indicated.

Pten was deleted in a subset of postmitotic neurons in the cortex
and hippocampus have deficits in social activity, learning, reac-
tion to sensory stimuli, anxiety-like behaviors, and sporadic sei-
zures, which are all features associated with human ASDs (Kwon
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et al.,, 2006; Ogawa et al., 2007). Therefore, we were interested to
see whether deleting Pten specifically in SGZ and SVZ adult
NSCs, without cortical or CA3 involvement, would result in sim-
ilar defects. The Nestin-creER"%;Pten'”*"*? mice induced at 4
weeks of age appeared normal until ~4-5 months of age, when
they began displaying hyperactive behaviors and resistance to
handling. In standard juvenile social interaction tests, mutant
mice showed significantly less interaction with juveniles com-
pared with controls at day 1 (Fig. 8 A). When reexposed to the
same juvenile 3 d later, control mice had decreased interactions,
suggesting recognition of the familiar juveniles. Mutant mice,
however, did not show less interaction, suggesting lack of recog-
nition of the same juvenile.

In a second social interaction test, we measured the amount of
time mutant and control mice spent interacting with an inani-
mate object compared with a social target. While both groups
spent a similar amount of time interacting with the inanimate
object, mutant mice spent significantly less time interacting with
the social target (Fig. 8 B). Overall, motor activities were the same
between both groups, suggesting that the difference between mu-
tant and control mice is not due to a deficiency in locomotor
activity (data not shown).

Tamoxifen induction of Nestin-creER'?;Pten'*/"*P mice in-
duces PTEN loss in both SGZ and SVZ neurons. The SVZ pri-
marily generates new neurons in the olfactory bulb and therefore
deficits in olfaction could contribute to behavioral changes. We per-
formed social olfactory tests on the mutant
mice and did not detect any differences
in olfaction between mutant and con-
trol mice (Fig. 8C). This finding is in
agreement with recent results from Wei
etal. who found that blocking adult neu-
rogenesis did not cause gross olfactory defi-
cits (Wei et al., 2011). These results suggest
that Nestin-creER™;Pten’™"* mice, while
still capable of social recognition, have
indications of impaired ability in social
interaction.

2sec

Pten deletion causes infrequent
generalized seizures

We also monitored 10 adult Nestin-cre-
ER";Pten'”?”"**? male mice for seizures
using chronically implanted EEG/EMG
electrodes. Six of these mice demonstrated
no evidence of seizures during prolonged
recording periods. Seizures were also rare
events in the remaining 4 mice and only 14
seizures were observed from these records,
indicating an inter-ictal interval of ~74 h.
Each seizure event took the form of a gen-
eralized discharge with a high-amplitude,
high-frequency burst of activity of varying
frequency, followed by a post-ictal period
of low-frequency, low voltage activity.
The ictal event had a duration of ~10 s
(range 9.5-11.6 s) and the post-ictal slow-
ing of the EEG signal occurred during the
subsequent period of between 50 and
200 s. Motor activity was unremarkable during the seizures with
normal muscle tonus evident throughout the ictal and post-ictal
periods. However, seizures were very similar in duration and
formed across the mice and, interestingly, they could be initiated
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during normal wakefulness and rapid eye movement (REM)
sleep. Figure 9 shows ictal events beginning in both wakefulness
(Fig. 9A) and REM sleep (Fig. 9B); these examples were recorded
from different mice and show the similarity of the duration and
form of the seizure events across animals. In addition to these
seizures, the EEG recordings of these mice occasionally showed
single spikes of relatively high amplitude but these were also rare
events and were not associated with subsequent slowing of the
EEG or changes to EMG activity. They have therefore not been
included in this analysis.

Discussion

In this study we demonstrate that Pten-deleted adult NSCs are
able to develop into mature granule neurons and integrate into
the existing granule layer. However, Pten-deleted granule neu-
rons displayed hypertrophy of soma, enlarged mossy fiber axons,
elongated dendrites with increased dendritic arborization, and
abnormal polarity. As a result of this granule neuron hypertro-
phy, the dentate gyrus was enlarged and disorganized. These phe-
notypes closely resemble the neuronal abnormalities observed in
Nse-cre;Pten™""°*? mutant mice in which Pten was deleted in
differentiated neurons (Kwon et al., 2006). The PI3K/AKT/
mTOR/GSK3 3 pathway has been suggested to be pivotal in con-
trolling neuronal growth and polarity (Backman et al., 2001;
Kwon et al., 2001, 2006; Jiang et al., 2005; Yoshimura et al., 2005;
Hur and Zhou, 2010). In fact, rapamycin reversed neuronal hy-
pertrophy and polarity in Nse-cre;Pten'”*"*? mutant mice, pro-
viding evidence that the mTORCI pathway is critical for the
phenotype of Pten-deleted neurons (Zhou et al., 2009). In this
study, we observed that upon Pten deletion in adult NSCs, mo-
lecular markers of downstream PI3K pathway activity such as
P-AKT, P-S6 and P-GSK3p were also increased. These results
further confirm the role of PI3K/AKT/mTOR/GSK3p in the ax-
onal and dendritic growth and establishment of polarity in gran-
ule neurons.

PTEN/AKT/GSK3p signaling pathways have also been sug-
gested to be essential for coordinating neurogenesis (Qu and
Shi, 2009; Hur and Zhou, 2010). Here we find that loss of Pten
in adult NSCs in the SGZ leads to increased proliferation and
differentiation both in vitro and in vivo. Under the temporal
conditions of Pten ablation in vivo used in this study, enhanced
proliferation of Ptren-deleted adult NSCs is followed by an
apparent subsequent depletion of neuronal stem cells in hip-
pocampus. Stem cell self-renewal is regulated by a variety of
signaling pathways. The Hedgehog, Wnt, FGF, and Notch
pathways are known to promote stem cell self-renewal (Tai-
pale and Beachy, 2001; Molofsky et al., 2005), while tumor
suppressors such as p53, p16™%** and p19**" inhibit this
process (Molofsky et al., 2005). The effect of these pathways
may depend on the lineage of the stem cells or the microenvi-
ronment in which stem cells reside. For example, conditional
deletion of Pten in adult NSCs in the SEZ leads to enhanced
stem cell self-renewal and expansion of NSCs (Gregorian et al.,
2009). However, similar to our observation, PTEN deletion or
mTORCI activation in the stem cell compartment of several
tissues, including hematopoietic stem cells, causes an increase
in proliferation, but subsequent depletion of the stem cells, a
phenomenon known as stem cell “exhaustion” (Yilmaz et al.,
2006; Zhang et al., 2006; Castilho et al., 2009; Gan and
DePinho, 2009). One possible explanation for the different
consequences of deleting Pten in SGZ versus SVZ might be the
fact that these two regions produce different neuronal sub-
types. In addition, the role of adult neurogenesis in the hip-
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pocampus versus OB is not the same. In the OB, postnatal/
adult neurogenesis is responsible for replacing the majority of
granule neurons and therefore it is critical for OB mainte-
nance as well as function (Goldman, 1998). In the hippocam-
pus, adult neurogenesis serves to add new neurons (rather
than replacing them) and is responsible for DG growth (rather
than DG maintenance) (Imayoshi et al., 2008; Meeks and
Holy, 2008). Therefore, it might be crucial to have a more
abundant pool of stem cells in OB than in hippocampus.

Our findings are in agreement with a recent in vivo clonal
analysis study that showed Pten deletion in quiescent Nestin-
GFAP-expressing radial glia-like (RGL) precursor cells in the
adult SGZ results in depletion of the RGL pool by increasing
astrocytic terminal differentiation within a 1 month period
(Bonaguidi et al., 2011). Similarly, we observed that new BrdU-
labeled cells preferentially differentiate into astrocytes rather
than neurons 4 months after PTEN deletion.

Although the precise role of hippocampal adult neurogen-
esis is still under debate, a number of studies have pointed to
its importance in the response to antidepressants, accumula-
tion of new memories, and learning throughout life (Saxe et
al., 2006; Dupret et al., 2008; Li et al., 2008; Zhang et al., 2008).
Hippocampus is also one of the regions that has been impli-
cated in autism. Recent data suggest that autism may be caused
by multiple genetic risk factors that interrupt the development
and function of brain circuits important for social cognition
and language (Abrahams and Geschwind, 2010). Diverse ana-
tomical and cellular abnormalities have been reported in
brains from idiopathic ASD individuals. In addition to hip-
pocampus, reports have implicated multiple structures of the
brain including: cerebral cortex, cerebellum, and amygdala in
forebrain (Bauman and Kemper, 2005).

In our previous study, we used Nse-Cre to delete PTEN in
mature neurons of cerebral cortex as well as the dentate gyrus and
CA3 region of the hippocampus (Kwon et al., 2006; Ogawa et al.,
2007). The Pten-deficient mice displayed deficiencies in classic
social interaction paradigms designed to test autism-like behav-
ior in mice (Crawley, 2004). In addition, mutant mice had an
exaggerated reaction to sensory stimuli, anxiety-like behaviors,
seizures, and decreased learning, which are all features associated
with ASDs. In the present study, PTEN was deleted only in adult
NSCs of SVZ and DG. By comparing our current Nestin-cre;
Pten/™?"* phenotype with our previous model, Nse-cre;Pten'™?"*?, we
sought to investigate the role of hippocampal DG in development
of the traits previously observed. Interestingly, while the mutant
mice showed deficiencies in social interaction tests and infre-
quent seizures, we did not detect significant differences in the
reaction to sensory stimuli or anxiety-like behaviors. These re-
sults further narrow down the role of hippocampal DG in the
development of a subset of autism features. Furthermore, our
results provide some evidence of the requirement for adult stem
cells in the function of hippocampus, and a potential role in the
disruption of social behaviors.
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