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Schizophrenia is characterized by reduced hippocampal volume,
decreased dendritic spine density, altered neuroplasticity signaling
pathways, and cognitive deficits associated with impaired hippo-
campal function. We sought to determine whether this diverse
pathology could be linked to NMDA receptor (NMDAR) hypofunc-
tion, and thus used the serine racemase-null mutant mouse (SR~"),
which has less than 10% of normal brain p-serine, an NMDAR coa-
gonist. We found that p-serine was necessary for the maintenance of
long-term potentiation in the adult hippocampal dentate gyrus and
for full NMDAR activity on granule cells. SR/~ mice had reduced
dendritic spines and hippocampal volume. These morphological
changes were paralleled by diminished BDNF/Akt/mammalian target
of rapamycin (mTOR) signaling and impaired performance on a trace-
conditioning memory task. Chronic p-serine treatment normalized
the electrophysiological, neurochemical, and cognitive deficits in
SR~ mice. These results demonstrate that NMDAR hypofunction
can reproduce the numerous hippocampal deficits associated with
schizophrenia, which can be reversed by chronic peripheral p-serine
treatment.
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S chizophrenia is a severe psychiatric disorder that affects 1% of
the population worldwide (1). There are widespread mor-
phological, neurochemical, and functional changes in the brain in
schizophrenia that have been linked to its symptomatic features
(2). For example, the hippocampus of patients with schizophrenia
exhibits reduced dendritic spine density (3), atrophy (4), and im-
paired activation while performing cognitive tasks (5). The neu-
roplasticity deficits observed in schizophrenia could be caused by
a constellation of factors.

Impaired neurotrophic signaling could be one mechanism un-
derlying these abnormalities. BDNF regulates a complex array of
processes, including neurite outgrowth and spine density, by sig-
naling through tropomyosin receptor kinase B (TrkB), its high-
affinity receptor (6). In postmortem studies, BDNF mRNA and
protein (7-9) levels, as well as TrkB mRNA (7, 10, 11) and pro-
tein (12), are reduced in subjects with schizophrenia. V-akt mu-
rine thymoma viral oncogene (Akt) is a kinase downstream of
TrkB. Not only is the Aktl isoform a putative schizophrenia risk
gene (13), its expression (14, 15) and the amount of phosphory-
lated Akt (p-Akt) (16) in the dentate gyrus (DG) are reduced
in schizophrenia.

Aberrant microRNA (miR) processing might also be contribut-
ing to the pathophysiology of schizophrenia (17). These noncoding
RNAs regulate neural plasticity by controlling the translation of
target mRNA transcripts. Expression of the neuron-enriched miR-
132 is reduced in schizophrenia (18); it regulates basal and activity-
induced neurite outgrowth (19), and is up-regulated in vivo in
response to external stimuli (20, 21). Importantly, both BDNF (22)
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and miR-132 (17) expression are increased by NMDAR receptor
(NMDAR) activation.

Pharmacologic and biochemical evidence has converged to
support NMDAR hypofunction as a key etiological component
of schizophrenia (23-26). Furthermore, meta-analysis of genetic
association studies (27) and recent large-scale, copy number var-
iants analyses (28, 29) have implicated the NMDAR and proteins
associated with the postsynaptic density in the etiology of schizo-
phrenia. NMDAR activation requires postsynaptic depolarization,
binding of glutamate, and binding of either glycine or D-serine at
the glycine modulatory site (GMS). p-serine is enriched in corti-
colimbic regions of the brain, where its localization closely paral-
lels that of NMDARs (30). Genetic and biochemical findings
suggest that serine racemase (SR), the enzyme that converts
L-serine to D-serine, and D-serine itself are reduced in schizophrenia
(31-35).

Therefore, our laboratory generated a mutant mouse in which
exon 1 of the SR gene was constitutively deleted (36). SR de-
letion produces a 90% reduction in cortical D-serine, resulting in
NMDAR hypofunction (36). In the present study, we charac-
terize how NMDAR hypofunction in SR knockout (SR™") mice
affects numerous aspects of adult hippocampal neuroplasticity
and behavior, and demonstrate that these deficits can be reversed
with chronic D-serine treatment.

Significance

We sought to determine whether the diverse hippocampal neu-
ropathology observed in schizophrenia could be recapitulated
in an animal model of NMDA receptor (NMDAR) hypofunction.
Serine racemase-deficient (SR~/~) mice, which lack one of the
NMDAR coagonists p-serine, display impaired hippocampal plas-
ticity, as well as the morphological, neurochemical, and cognitive
abnormalities consistent with what is observed in schizophrenia.
Importantly, treatment in adulthood with p-serine reversed the
electrophysiological, neurochemical, and cognitive deficits. These
results demonstrate that NMDAR hypofunction can reproduce
the hippocampal deficits associated with schizophrenia and
point to potential interventions for the currently untreatable
negative and cognitive symptoms of this disorder.
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Results

NMDAR-Mediated Miniature Excitatory Postsynaptic Current Amplitude
Is Decreased in DG Granule Cells of SR~ Mice. To evaluate the con-
tribution of endogenous D-serine to the activation of NMDARSs
in the DG, we assessed the parameters of miniature excitatory
postsynaptic currents (mEPSCs) recorded from granule cells in
control and SR™~ mice. We targeted cells located in the outer
third of the granule cell layer to avoid recording from cells at
different stages of maturity as a result of adult hippocampal
neurogenesis (37). Recorded neurons showed no differences in
their input resistance between the groups (four WT mice: 258.9 +
35.8 MQ, n = 11 cells; four SR™~ mice: 232.6 + 21.9 MQ, n = 11
cells, P = 0.27), indicating that deletion of SR had no effect on the
membrane properties of granule cells. The NMDAR-mediated
currents (NMDAR mEPSCs) were recorded at a holding potentral
of 70 mV in the external medium without added Mg**, and
measured at 10 ms after the peak of averaged mEPSCs, which was
determined by activation of AMPA receptors (AMPARs). We
found that the amplitude of NMDAR mEPSCs was significantly
smaller in slices from SR™~ mice (Flg 1B and C) (P < 0.05), but
the decay time was faster in SR™~ animals (Fig. 1 E and F) (P <
0.05). Exogenously applied p-serine (10 pM) potentiated the
amplitude and prolonged the decay time of NMDAR mEPSCs in
both WT (P < 0.05 for both amplitude and decay time) and SR™/~
mice (P = 0.006 for amplitude, P < 0.05 for decay time), con-
firming the lack of NMDAR GMS saturation under conditions of
basal synaptic transmission (38). In the presence of exogenously
applied D-serine, the difference in the amplitude and decay time of
NMDAR mEPSCs observed under control conditions was abol-
ished, indicating that the functional propertles of the NMDARs
inDG granule cells were unaffected in SR™~ mice (39, 40). WT

mEPSCs, measured at the peak mEPSC amplitude in the presence
of the NMDAR antagonist p-AP5 (50 pM) (Fig. 1 D and G).

Magnitude of Long-Term Potentiation at the Medial Perforant Pathway
to DG Synapses Is Diminished in SR~ Mice. To test whether
NMDAR hypofunction detected in SR™~ mice might impact basal
neurotransmission or NMDAR-dependent synaptic plasticity, we
stimulated the medial perforant pathway (mPP) and recorded field
excitatory postsynaptic potentials (fEPSPs) in the middle molecu-
lar layer DG of the hippocampus in slices from WT and SR™~ mice
and assessed baseline neurotransmission and high-frequency
stimulation-induced long-term synaptic potentiation (LTP). Base-
line synaptic transmission, assayed with input-output curves (Fig. 2
A and B) [genotype: F(1, 133) = 0.51, P = 0.48] and paired pulse
ratio at the mPP to DG synapses (Fig. 2 C and D) [genotype: F(1,
56) = 0.0002, P = 0.99] remained unchanged in slices from SR™~
mice. However, we observed significant deficits in LTP. Whereas
the initial potentiation after the LTP-inducing high-frequency
stimulation was similar between WT and SR™~ mice and likely
reflects posttetanic potentiation or short-term potentiation, forms
of synaptic plasticity independent of NMDAR activation (41), we
found that the magnitude of LTP induced by a 1-s train of 100-Hz
stimulations was significantly reduced in slices from SR™~ mice
(Fig. 2 E and F) [genotype: F(1, 120) = 7.53, P < 0.02].

Reduced Spine Density in the Hippocampus of SR™~ Mice Is Associated
with Altered miR-132 Expression. We next examined aspects of
neuronal morphology in the SR~ mouse hrppocarnpus Similar
to observations in human schizophrenia, the SR~ mice showed a
small, but quite significant reduction in total hippocampal volume
(Fig. 34) (P = 0.01). Accompanying the reduction in hippo-

and SR™~ mice did not differ in the amplitude of AMPAR  campal volume, we also observed a significant reduction in spine
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Fig. 1. NMDAR mEPSCs in DG granule cells are smaller and faster in SR™~ mice. (4) Examples of mEPSCs recorded from a DG granule cell at =70 mV in the absence of

Mg2* (Left), in the presence of 10 pM p-serine (Center), and in the presence of 50 pM p-AP5 (Right). (B) Averaged mEPSCs (100-300 traces) recorded under control
conditions (black), in the presence of p-serine (red), and in the presence of b-AP5 (blue) in slices from WT (Left) and SR™~ mice (Right). The amplitude of NMDAR
mEPSCs were measured 10 ms after the peak (dashed line) of AMPAR currents in the presence of b-AP5. (C) Averaged amplitudes of NMDAR mEPSCs under different
conditions. Data are from four WT (n = 6 cells) and four SR~ (n = 10 cells) mice. (D) Averaged amplitudes of AMPAR mEPSCs in the presence of b-AP5 from three WT
mice (n = 5 cells) and three SR™~ mice (n = 7 cells). (E) Superimposed averaged mEPSCs recorded from WT (black trace) and SR~ mice (gray trace) under control
conditions (Left) or in the presence of p-serine (Right). To ease the comparison of decay times, mEPSCs were scaled to the same peak amplitude. (F) Averaged decay
times of mEPSCs. Data from four WT (n = 6 cells) and four SR™~ mice (n = 10 cells). (G) Averaged decay times of mEPSCs in the presence of b-AP5 from three WT (n =5
cells) and three SR~ (n = 7 cells) mice. Asterisk (*) indicates significant difference from the WT group (P < 0.05). All values represent the mean + SEM.
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fEPSPs (10 traces) evoked at the mPP-DG synapses by presynaptic stimuli of
increasing intensity in slices from WT (Left) and SR~ mice (Right). (B) Synaptic
input-output curves obtained in slices from six WT (n = 10 slices) and five SR~
(n =11 slices) mice. (C) Examples of fEPSPs at the mPP-DG synapses evoked with
paired stimuli (interstimulus intervals 50-ms) in slices from WT (Left) and SR~
mice (Right). (D) Averaged paired-pulse ratio values in slices from five WT (n =
11 slices) and five SR™™ (n = 18 slices) mice at interstimulus intervals 50, 150, and
300 ms. Paired-pulse ratio was calculated as the ratio of the rising slope of the
second fEPSP to the first fEPSP. (E and F) Summary of LTP experiments from
five WT mice (n = 8 slices) and four SR”~ mice (n = 8 slices). LTP was induced by
a 1-s train of 100 Hz stimulation. Insets in E and F are the averages of: 1, 40
fEPSPs recorded before; 2, 20 fEPSPs recorded 40 min after the induction (at
arrow) of LTP in slices from WT and SR™~ mice. Asterisk (*) indicates significant
difference from the WT group (P < 0.05). All values represent the mean + SEM.

density on dendritic arbors of DG granule neurons from SR™~
mice compared with WT mice (Fig. 3 B and C) (P = 0.03),
similar to what we have observed in the cortex (42, 43). Con-
sistent with these morphological abnormalities, the expression of
miR-132, a known positive modulator of spine plasticity, was
reduced. As shown in Fig. 3D, the expression of the primary (P <
0.05), precursor (P < 0.05), and mature (P < 0.05) transcripts of
miR-132 were significantly reduced in SR™~ mice. We also ex-
amined mature miR-212 expression because it is processed from
the same primary transcript as miR-132 (44). However, there was
no difference in the expression of the mature miR-212 transcript
in SR™~ mice (WT: 100 + 0.1%; SR™™: 103 + 0.09% P = 0.86).
Others have also found changes in miR-132 expression without
changes in miR-212 following manipulations in vivo (45).

BDNF Expression and TrkB Activation Are Reduced in the Hippocampus
of SR~ Mice. We next examined BDNF signaling in SR™~ mice
because of its neurotrophic properties and link to NMDAR
function. Using quantitative PCR (qPCR), we found that hippo-
campal BDNF mRNA was reduced in SR™~ mice (Fig. 44) (P <
0.05). Cyclic AMP-responsive element binding protein (CREB) is
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a well-known transcriptional regulator of BDNF. The ability of
CREB to regulate transcription is dependent, upon other things,
its phosphorylation state at residue Serine 133 (pCREB Ser133).
We found that nuclear pCREB Ser133 was reduced in the hip-
pocampus of SR~ mice (Fig. 4B) (P < 0.05), without a change in
the total amount of nuclear CREB. Methyl CpG binding protein 2
(MeCP2) is a transcriptional repressor that negatively regulates
BDNF expression (46). We found that although the mRNA ex-
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Fig. 3. Reduced dendritic spine density in the hippocampus of SR™~ mice is
accompanied by altered miR-132 expression. (A) Hippocampal volume was
estimated by the Cavaleri method on Nissl-stained coronal brain sections
(n = 13-15/genotype). (B) Apical dendritic spines on a Golgi-stained granule
(100x) cell in a WT (Left) and a SR~ mouse (Right) (Magnification: 100x). (C)
Spine density was compared between WT (n = 5) and SR~ (n = 5) animals.
Spine density on dentate granule neurons (three to six neurons per animal)
was reduced on apical dendrites in SR~ mice. Spine density is expressed as
the number of spines per 10 um of dendrite. (D) Relative expression of the
primary (pri), precursor (pre), and mature miR-132 in WT (n =7-11) and SR~
(n = 7-11) mice were measured by qPCR. Data are expressed as geometric
means + SEM of individual expression values normalized to the appropriate
reference gene (pri: GAPDH; pre: miR-16; mature miR-132/212: snoRNA-202)
using the comparative 2724t method. Asterisk (*) indicates significant dif-
ference from the WT group (P < 0.05). All values represent the mean + SEM.
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Fig. 4. BDNF expression and TrkB activation are reduced in the hippocampus of SR~ mice. (A) Relative mRNA expression of BDNF obtained from the hip-
pocampus of WT (n = 6; black bars) and SR™~ (n = 5; white bars) mice was measured by qPCR. Data are expressed as geometric means + SEM of individual
expression values normalized to the housekeeping gene GAPDH using the comparative 2724t method. (B) Nuclear protein levels of CREB and p-CREB (Ser133)
were measured by Western blot in the hippocampus of WT (n = 5-7) and SR~ (n = 6-9) mice. (C) Nuclear protein levels of MeCP2 were measured by Western blot
in the hippocampus of WT (n = 12) and SR~ (n = 10) mice. (D) BNDF protein levels were measured in WT (n=7) and SR~ (n = 6) mice using ELISA. (E) TrkB protein
levels were measured by Western blot from WT (n = 13) and SR~ (n = 14) mice. (F) Hippocampal lysates from WT (n = 10) and SR~ (n = 10) were subjected to
immunoprecipitation with rabbit anti-TrkB antibody and immunoblotted with pY99 antibody. Immunoprecipitation of total TrkB was confirmed by immuno-
blotting with mouse-antiTrkB antibodies. Densitometric analyses are shown for p-TrkB receptor relative to the total TrkB obtained from immunoprecipitation.
Asterisk (*) indicates significant differences from the WT group (P < 0.05). All values represent the mean + SEM.

pression level of MeCP2 was unaltered in the hippocampus of
SR™~ mice (WT: 100 + 0.9%; SR™™: 103 + 0.1%; P = 0.85), the
amount of protein was significantly increased in the nucleus (Fig.
4C) (P < 0.05). Interestingly, MeCP2 mRNA is a known target for
miR-132 degradation (47).

We next determined whether reduced BDNF mRNA was as-
sociated with reduced protein. We indeed found that SR™~ mice
had significantly reduced levels of free, mature BDNF protein in
the hippocampus (Fig. 4D) (P = 0.01). Although the total pro-
tein amount of TrkB was unchanged (Fig. 4F), the amount of
phosphorylated (active) TrkB was reduced (Fig. 4F) (P < 0.05) in
the hippocampus of SR~ mice.

Akt/Mammalian Target of Rapamycin Signaling Is Reduced in the
Hippocampus of SR~'~ Mice. Given that SR~ mice had reduced
levels of BDNF and p-TrkB (activated), we examined the activity of
signaling pathways downstream of TrkB. We found that although
the total amount of Akt protein did not differ between genotypes,
the amount of p-Akt (activated) was reduced in SR™~ mice (Fig.
5A4) (Ser473: P < 0.05; Thr308: P < 0.05). In addition, the amount of
p- mammalian target of rapamycin (p-mTOR) (Ser2448), which is
phosphorylated by Akt, was reduced in SR™~ mice (Fig. 5B) (P <
0.005). The reduced levels of Akt (Ser473: P < 0.01; Thr308: P <
0.05) and mTOR phosphorylation (P < 0.05) were also found in the
synaptoneurosomal fraction (Fig. 5 F and G). Because SR™~ mice
have reduced spine density in the hippocampus, we examined
downstream targets of mTOR signaling involved in protein syn-
thesis. Although we did not find any changes in the protein levels or
phosphorylation states of molecules downstream of mTOR in the
whole-cell lysate (Fig. 5 C-E), we did find that SR~ mice had
significantly reduced phosphorylation of numerous proteins that
regulate protein synthesis (Fig. 5 H-J) [p-p70S6 kinase: P < 0.01;
p-4E-BP1 (eukaryotic translation initiation factor 4E-binding pro-
tein 1): P < 0.05; p-eEF2 (eukaryotic elongation factor 2): P < 0.01].
In contrast to Akt and mTOR signaling, MAPK and ERK (Table 1)
signaling were not altered in the hippocampus of SR~ mice.

Chronic Peripheral p-Serine Treatment Restores Brain p-Serine Levels

in SR~ Mice. We next wanted to determine whether the neu-
roplasticity deficits could be rescued in SR™~ mice following
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chronic D-serine treatment. We first measured D-serine content in
the serum and in several brain regions to assess the effectiveness
of our p-serine dosing regimen (Fig. 6 4 and B). Vehicle-treated
SR~ mice had 30% less D-serine in the serum compared with
vehicle-treated WT mice. Chronic D-serine treatment produced
a fivefold elevation in serum p-serine levels in SR™~ mice (Fig.
6C) [F(2,9) = 29.5, P < 0.0001]. SR™~ mice treated with D-serine
also had sixfold higher cortical Dp-serine content than vehicle-
treated SR™~ mice and 30% less D-serine than WT mice (Fig.
6D) [F(2,10) = 90.6, P < 0.0001]. However, in the hippocampus,
p-serine-treated SR~ mice had their p-serine levels completely
restored to WT levels [F(2, 6) = 13.3, P < 0.01]. We also ex-
amined the kidneys of these mice because a single dose of D-
serine (400 mg/kg) leads to transient nephrotoxicity in rats due to
high levels of p-amino acid oxidase in the proximal tubules (48).
We found that our chronic p-serine dosing regimen had no del-
eterious effects on the kidneys (Fig. 6 E-G), as evidenced by
intact glomeruli.

Chronic p-Serine Treatment Reverses Neuroplasticity and Cognitive
Deficits in SR~ Mice. Chronic D-serine treatment completely
rescued the LTP deficit at mPP-DG synapses in SR™~ mice (Fig.
7A4-C)) [F(2,20) = 43.8, P < 0.0001]. LTP-induction in b-serine—
treated SR~ mice were also greater than that obtained in WT
mice. Chronic injection stress did not affect the ability to induce
LTP at the studied synapses [injected WT mice: noninjected WT
mice; one-way repeated measures ANOVA, last 10 min of re-
cording: F(1, 170) = 0.7, P = 0.20]. We next determined whether
D-serine treatment could reverse the neurochemical abnormali-
ties in SR™~ mice. Indeed, p-serine restored p-CREB [F(2, 20) =
5.4 P < 0.02] and MeCP2 [F(2, 20) = 3.4, P < 0.05] protein ex-
pression back to WT levels in SR™~ mice (Fig. 7D), which was
paralleled by an increase in BDNF protein expression (Fig. 7E)
[F(2, 21) = 4.1, P < 0.05]. This increase in BDNF was accom-
panied by a normalization of p-Akt (Fig. 7F) [Serd73: F(2,21) =
4.9, P < 0.02; Thr308: F(2, 21) = 5.0, P < 0.02], and in particular
p-Aktl (Fig. 7G) [F(2, 20) = 4.2, P < 0.05], the isoform linked
to schizophrenia. Activation of signaling molecules downstream
of Akt, including p-mTOR (Fig. 7H) [Ser2448: F(2, 21) = 4.3,
P < 0.03] and p-glycogen synthase kinase 3 (GSK3a) (Fig. 7I)
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Fig. 5. Akt/mTOR signaling is reduced in the hippocampus of SR™~ mice.
Protein levels of Akt/p-Akt (Ser473, Thr308), mTOR/p-mTOR (Ser2448), p70 S6
kinase/p-p70 S6K (Thr389), eEF2/p-eEF2 (Thr56), and 4-E-BP1/p-4E-BP1 (Thr37/
46) were measured in the total homogenate (A-E) and synaptoneurosomal
fractions (F-J) from the hippocampus of WT (n = 8-12; black bars) and SR~
(n = 8-12; white bars) mice. Asterisk (*) indicates significant differences from
the WT group (P < 0.05). All values represent the mean + SEM.

[GSK3a: F(2, 21) = 4.3, P < 0.05; GSK3p: F(2, 21) = 3.9, P <
0.05] were also normalized in SR™~ mice following D-serine
administration.

SR™/~ mice have cognitive deficits likely caused by reduced
D-serine levels in the brain. As such, we tested whether chronic
D-serine administration could reverse the cognitive deficits ob-
served in SR™~ mice. To this end, we chronically administered

vehicle or p-serine to WT and SR™~ mice and tested them in
a trace fear-conditioning paradigm (Fig. 7J) during the final 3 d
of drug treatment to assess memory function. Unlike delay
conditioning where the tone (conditioned stimulus, CS) and
shock (unconditioned stimulus, US) coterminate (49), trace fear
conditioning, which places a time interval between the CS and
US, makes both the contextual and auditory memories hippo-
campal-dependent (50-53). Moreover, NMDARs in the hippo-
campus are also required for auditory (CS) memory following
trace fear conditioning (51, 52). There was no difference in the
amount of freezing at baseline or at the end of fear conditioning
across groups on day 1 (Fig. S1 A and B). On day 2, SR™~ mice
froze significantly less than WT mice when placed in the same
context as day 1, a deficit that was completely reversed by
p-serine (Fig. 7K) [F(2,18) = 5.15, P < 0.03]. When memory for
the tone was assessed in a novel context on day 3, SR™~ mice
exhibited reduced freezing compared with WT mice, which was
again restored to WT levels by p-serine (Fig. 7L) [F(2, 9) = 8.5,
P < 0.01]. p-serine also reversed the freezing deficit in SR™~ mice
during the trace intervals on day 3 (Fig. S1C). The hot-plate assay
revealed no difference in pain sensitivity between WT and SR™~
mice (Fig. S1 D and E).

Discussion

Our results demonstrate that the coagonist, D-serine, is crucial
for proper NMDAR function and the maintenance of LTP in the
adult DG. Morphological analysis of the SR™~ mouse hippo-
campus revealed reduced dendritic spine density and reduced
hippocampal volume. These changes in the SR™'~ mice were
paralleled by decreased levels of miR-132 and BDNF, which are
positive regulators of dendritic spine expression. Consistent with
the reduction in BDNF protein levels, SR™~ mice had reduced
TrkB phosphorylation, diminished Akt/mTOR signaling, and
reduced activation of protein synthesis pathways, particularly in
the synaptoneurosome fraction. Finally, the electrophysiological,
biochemical, and cognitive deficits of SR™~ mice were amelio-
rated by chronic, peripheral administration of D-serine.
NMDAR mEPSCs in DG granule cells were significantly
smaller and exhibited faster decay times in SR™~ mice. Exoge-
nously applied p-serine increased NMDAR mEPSCs in SR™~
mice twofold, indicating that under basal conditions of synaptic
transmission the endogenous concentration of D-serine is de-
creased in the DG of SR™~ mice. D-serine has recently been
shown to be responsible for regulating synaptic NMDARSs in
CA1 of the hippocampus through GluN2A-containing NMDARs
(54). The partial deficit in NMDAR mEPSCs observed here in
the DG and previously in the amygdala (55) from SR~ mice
suggests that the relative contribution of D-serine might vary
depending on the synapse. This finding could be because of a
number of factors, including differential NMDAR subunit com-
position, as the DG has a greater expression of GluN2B com-
pared with CA1 (56). Consistent with the role of NMDARSs in
mPP-DG LTP (57), we found that LTP in the mPP-DG was di-
minished in slices from SR™~ mice. These observations provide
further evidence for the role of endogenous p-serine in the

Table 1. MEK and ERK signaling is unaltered in the hippocampus of SR~/~ mice

MEK p-MEK ERK-42 p-ERK-42 ERK-44 p-ERK-44
WT or SR % WT P % WT P % WT P % WT P % WT P % WT P
WT 100+5 09 100+12 04 100+4 05 100+8 0.7 100+8 05 100+15 0.8
SR - 101 + 6 88+9 97 +4 95 +6 94 +7 92 +19

Protein levels of MAP kinase kinase (MEK-1/2), p-MEK (Ser218/Ser222), p44/42 MAPK (ERK-1/2), and phospho-
ERK-1/2 (pERK; Thr202/Tyr204) were measured in the total hippocampal homogenate from WT (n = 6) and SR~
(n = 6) mice. Values are expressed as the optical density (OD) normalized to WT values (% WT). All values

represent the mean + SEM.
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Fig. 6. Chronic peripheral administration of p-serine elevates serum and normalizes brain p-serine levels in SR~ mice. WT and SR™~ mice received 21 d of
either vehicle or p-serine (300 mg/kg day 1, 150 mg/kg days 2-21; s.c.) and were killed 24 h after the last injection. HPLC (HPLC) was used to quantify p-serine
levels with representative chromatographs for WT and SR~ serum and cortex samples shown. (A) (Left) Amino acid peaks and retention times of a WT serum
sample. Glutamate (9 min), L-HCA (9.5 min), L-serine (18 min), and p-serine (19 min) are indicated. (Right) A slight reduction in p-serine in a SR~ serum sample
compared with WT. (B) (Left) Amino acid peaks and retention times of a WT cortical sample. Glutamate (16.5 min), .-HCA (16 min), L-serine (24 min), and
p-serine (27 min) are indicated. (Right) A marked reduction in p-serine in a SR~ cortical sample compared with WT. (C and D) p-serine was measured in the
serum, hippocampus, and cortex of WT (vehicle; n = 4-5; black bars), SR~ mice (vehicle; n = 3-4; white bars), and SR~ mice treated with p-serine (n = 2-4;
gray bars). Significant one-way ANOVA results were followed up by Newman-Keuls Multiple comparison test. Asterisk (*) indicates significant difference from
the WT group (P < 0.05) and a pound sign (#) indicates significant difference from the SR™~ vehicle group. All values represent the mean + SEM. (E-G)
H&E-stained kidneys (40x) from WT (E; vehicle), SR™~ (F; vehicle), and SR~ mice treated with p-serine (G). Glomeruli (arrows) from p-serine treated mice do

not show signs of necrosis. (Scale bars, 50 pm.)

mechanisms of long-term synaptic plasticity in hippocampal cir-
cuits (36, 54). The observed modulatory actions of D-serine on
LTP were not because of an overall impairment in glutamatergic
neurotransmission, as the functional properties of AMPARs
were unaffected in SR™~ mice. Future studies will need to ex-
amine the molecular mechanisms underlying the LTP deficits.

Dendritic spine plasticity is regulated by many factors. We
found that two known regulators of dendritic spines, miR-132
and BDNF, were perturbed in the hippocampus of SR™~ mice.
BDNF and miR-132, the expression of which are regulated by
NMDAR activity, were reduced in the hippocampus of SR™/~
mice. The directionality of these changes is consistent with their
roles as positive modulators of spine density and neuroplasticity,
as well as with the schizophrenia postmortem findings. The ex-
pression of BDNF mRNA and protein is reduced in the dorso-
lateral prefrontal cortex (PFC) of subjects with schizophrenia
(8); another study demonstrated a positive correlation between
reduced BDNF mRNA levels and reduced spine density in the
same subjects with schizophrenia (58). miR-132 expression is
reduced in the PFC from subjects with schizophrenia and in the
PFC of adult mice chronically treated during postnatal devel-
opment with the noncompetitive NMDAR antagonist MK-801
(18). Further experiments will be needed to directly test whether
the spine deficits in SR™~ mice are caused by abnormalities in
BDNF or miR-132 expression.

The regulation of gene expression is a complex process that is
achieved through balancing transcriptional activation and repres-
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sion. NMDAR activity regulates BDNF and miR-132 expression,
in part through affecting signaling cascades that ultimately mod-
ulate CREB-dependent and MeCP2-dependent transcriptional
activation and suppression, respectively (22). The reduced ex-
pression of BDNF levels and the primary, precurser, and mature
miR-132 transcripts in SR™~ mice were accompanied by reduced
nuclear p-CREB-Ser133. Calcium influx following NMDAR acti-
vation triggers CREB phosphorylation at Ser residues, thereby
facilitating transcription (22). In particular, pCREB-Ser133 is
important for inducing BDNF transcription following physiolog-
ical stimulation (59). Although miR-132 was initially identified in
a genome-wide screen for CREB-binding sites that are tightly as-
sociated with miRs (60), it is unknown if phosphorylation at Ser133
is important for its transcriptional activation. In opposition to
CREB, MeCP2 represses gene transcription by binding to meth-
ylated DNA and recruiting enzymes that modify histones (22).
MeCP2 is a well-known repressor of BDNF expression (22) and has
also recently been shown to reduce the expression of miR-132 in
vitro and in vivo (61). Because the MeCP2 mRNA transcript is
a target for miR-132, the reduced miR-132 levels in SR™~ mice
could be contributing to the elevated MeCP2 protein via trans-
lational inhibition, as we found no change in MeCP2 mRNA ex-
pression. Therefore, the reduced miR-132 expression in SR~
mice could also be indirectly reducing BDNF expression by, in part,
increasing the amount of MeCP2. Given the complex feedback
nature of this signaling network, future experiments will be needed
to elucidate which are the upstream regulatory elements.
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Fig. 7. Chronic p-serine treatment reverses the electrophysiological, biochemical, and cognitive deficits found in SR™~ mice. WT and SR™~ mice received 21d
of either vehicle or p-serine (300 mg/kg day 1, 150 mg/kg days 2-21; s.c.) and were killed 24 h after the last injection. (A-C) Summary of LTP experiments at the
mPP-DG synapses from five WT (n = 10 slices; black circles) mice receiving vehicle injections, four SR~ mice (n = 9 slices; white circles) receiving vehicle
injections, and four SR~ (n = 8 slices; gray circles) mice receiving chronic p-serine injections. Insets are the averages of: 1, 40 fEPSPs recorded before; and 2, 20
fEPSPs recorded 40 min after the induction of LTP (at arrow). Significant one-way repeated measures ANOVA during the last 10 min of recording was fol-
lowed up by Bonferroni’s multiple comparison test. Protein levels of (D) p-CREB and MeCP2, (E) BDNF, (F) Akt/p-Akt (Ser473, Thr308), (G) Akt1/p-Akt1 (Ser4d73),
(H) mTOR/p-mTOR (Ser2448), and (/) GSK3« Ser21/p Ser9 were measured in the hippocampus of WT (n = 12; black bars), SR™~ (n = 5-6; white bars), and SR™~
mice treated with p-serine (n = 5-6; gray bars). BDNF values are expressed as pg of BDNF/mg of protein. Significant one-way ANOVA results were followed up
by Newman-Keuls Multiple comparison test. (J) Diagram illustrating the trace fear-conditioning paradigm. WT (n = 11), SR~ (n = 5), and SR™~ mice treated
with p-serine (n = 5) were subjected to the paradigm during the last 3 d of treatment. Injections were given 3 h before behavioral testing. (K) Representation
of the average time animals froze during the first 3 min of being placed in the chamber on day 2. (L) Represents the average freezing of each mouse during
the seven, 20-s tone presentations on day 3. Asterisk (*) indicates significant difference from the WT group (P < 0.05) and pound symbol (#) indicates sig-
nificant difference from the SR~ vehicle group. All values represent the mean + SEM.

Local protein synthesis is necessary for dendritic plasticity —ated mTOR signaling in SR™~ mice could be in part, responsible
(62), as activation of the Akt/mTOR/p70S6K pathway increases  for the reduced dendritic spine density in the DG. NMDAR
dendritic arborization and spine density (63, 64). Thus, attenu-  activity also modulates the elongation step of protein synthesis
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through regulation of eEF2, a GTP-binding protein that controls
mRNA trafficking through the ribosome. Although phosphory-
lation of eEF2 on Thr56 usually inhibits eEF2-ribosome binding
and arrests peptide chain elongation (65), it also increases the
translation of some mRNAs localized to dendrites (66, 67).
Reducing the amount of p-eEF2 decreases hippocampal spine
density and stability, as well as dendritic BDNF protein expres-
sion (68). Hence, impaired eEF2 signaling in the hippocampal
synaptoneurosome fraction of SR™~ mice could be another
contributing factor to not only the reduced spine density, but also
the reduced BDNF protein levels.

The mTORCI pathway described above can be activated by
NMDAR activity and by neurotrophins, such as BDNF. NMDAR
and TrkB activation lead to increases in both PI3K/Akt and
MAPK/ERK signaling. Activation of these two pathways relieves
the constitutive inhibition placed on the mTORC1 complex and
increases protein synthesis. Akt signaling, but not MAPK/ERK
signaling, was reduced in the hippocampus of SR™~ mice. This
finding suggests that attenuated Akt activity is contributing to the
reduced levels of p-mTOR and subsequent impaired mTORC1
signaling. Interestingly, AK71 has been associated with an in-
creased risk for schizophrenia (13). Furthermore, reduced Akt
signaling likely contributes to the pathophysiology of the disorder,
as the brains of patients with schizophrenia have reduced Akt and
p-Akt levels (16, 69). Evidence from genetic animal models also
implicates Aktl in processes that are altered in patients with
schizophrenia, including hippocampal plasticity (i.e., LTP) and
cognitive tasks (16, 70). We demonstrate here that SR™~ mice
have reduced hippocampal p-Akt1, which fully accounts for the
reduction in total p-Akt (Fig. 7) and highlights the importance of
this particular isoform of Akt in the brain. Thus, impaired Aktl
signaling in the hippocampus of SR™~ mice potentially contributes
to the reductions in spine density and neuroplasticity via mTORCI.

Although the current medications for schizophrenia, which
mainly block dopamine D2 receptors, are relatively effective in
managing the psychosis, they are ineffective in treating the cog-
nitive deficits and negative symptoms (71). These deficits are the
most enduring and correlate with the degree of cortical atrophy.
A recent meta-analysis found that GMS agonists, including D-serine,
exert significant therapeutic effects on multiple symptom domains
in schizophrenia in patients receiving antipsychotic medications,
especially negative and cognitive symptoms (72). We found that
chronic, peripherally administered D-serine to SR™~ mice nor-
malized the LTP deficit at the mPP-DG synapse, MeCP2, pCREB,
and BDNF protein expression, as well as downstream Akt/mTOR/
GS3K signaling. Our previous research has demonstrated that
SR~ mice have impairments in spatial and contextual memory
(36, 73). We demonstrate here that SR™~ mice also have impair-
ments in fear-conditioned learning that can be rescued by D-serine
treatment. Specifically, SR~ mice have impairments in contextual
and cue-dependent memory following trace fear conditioning. The
introduction of the trace interval during conditioning makes both
the contextual and auditory memories hippocampal-dependent, as
determined by lesion (50, 53) and NMDAR antagonist infusion
(51, 52) studies. Thus, normalizing NMDAR activity in SR~ mice
with D-serine treatment was able to rescue deficits in both con-
textual and auditory trace fear conditioning. Future studies will
need to determine the duration of treatment needed for the re-
storative effects of D-serine, as well as which signaling pathways
downstream of NMDAR activation and which brain regions are
critical for the cognitive enhancing effects.

In conclusion, SR™~ mice display significant impairments in
hippocampal neuroplasticity, both at the electrophysiological and
neurochemical level. Importantly, NMDAR hypofunction alters
numerous pathways, including BDNF/TrkB, Akt/mTOR/GS3K,
and miR-132 that not are not only potent regulators of plasticity
and spine dynamics, but have been found to be genetically asso-
ciated with or perturbed in schizophrenia (13). Furthermore, a
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recent study of de novo copy number variants implicated in
schizophrenia demonstrated a highly significant enrichment of
gene products that are localized to the postsynaptic density and
are associated with the NMDAR (28). Thus, morphological, neu-
rochemical, functional and cognitive deficits of the hippocampus
and cortex demonstrated in schizophrenia can be recapitulated in
the mouse by reduced availability of D-serine, one of the two coa-
gonists at the NMDAR, resulting in NMDAR hypofunction (Table
S1). Finally, these findings demonstrate that neuroplasticity and
behavioral deficits resulting from a constitutive genetic lesion can
be reversed with interventions that occur in adulthood and high-
light the GMS on the NMDAR as a potential therapeutic target
for schizophrenia.

Materials and Methods

Further details on subcellular fractionation, Western blot analysis, HPLC,
kidney staining, trace fear conditioning, and hot-plate test can be found
in the SI Materials and Methods.

Animals. SR~ mice (36) were generated as previously described. SR*~ sires
and dams were bred to produce WT and SR™~ offspring. Adult male mice
(3-5 mo old) were used for all of the experiments, except where noted.
Animals were housed in groups of four in polycarbonate cages and main-
tained on a 12:12-h light/dark cycle in a temperature (22 °C) and humidity
controlled vivarium. Animals were given access to food and water ad libi-
tum. All animal procedures were approved by the McLean Hospital In-
stitutional Animal Care and Use Committee.

Electrophysiology. Hippocampal slices (400 pm) were prepared from adult SR™
~or WT mice (littermates) with a vibratome. Slices were continuously perfused
in solution containing: 119 mM NacCl, 2.5 mM KcCl, 2.5 mM CaCl,, 1.0 mM
MgSO,, 1.25 mM NaH,PO,4, 26.0 mM NaHCOs, 10 mM glucose, and 0.05 mM
picrotoxin, and equilibrated with 95% (vol/vol) O, and 5% CO, (pH 7.3-7.4) at
22 °C. fEPSPs were recorded in the middle molecular layer of the DG of the
hippocampus with a glass pipette filled with the extracellular solution. Syn-
aptic responses were evoked at 0.033 Hz by stimulation of the mPP (74, 75)
with a concentric stimulation electrode (76, 77). In LTP experiments, the ba-
seline stimulation intensity was adjusted to produce fEPSPs with an amplitude
that was ~30% of maximum amplitude fEPSP. LTP was induced by a 1-s train
of presynaptic stimulation at 100 Hz. The initial slope of the fEPSP's rising
phase was used to measure the changes in synaptic strength. Summary LTP
graphs were constructed by normalizing data in 60-s epochs to the mean
value of the baseline fEPSPs slope. The magnitude of LTP was estimated in
a 10-min time window 40 min after the induction. Whole-cell recordings (2- to
7-mo-old male and female mice; groups were counterbalanced for age and
sex) of spontaneous mEPSCs were obtained from granule cells of the DG at
physiological temperature (36 + 1°) in the presence of 1 uM tetrodotoxin (TTX)
to block action potential-induced neurotransmitter release. The NMDAR-me-
diated currents were recorded under voltage-clamp conditions at -70 mV
without Mg2* in the external medium. The patch electrodes (3-4 MQ re-
sistance) in voltage-clamp experiments contained: 120 mM Cs-methanesulfo-
nate, 5 mM NacCl, 1 mM MgCl,, 10 mM BAPTA, 10 mM Hepes, 2 mM Mg-ATP,
and 0.1 mM Na-GTP (adjusted to pH 7.2 with CsOH). Spontaneous synaptic
currents were filtered at 1 kHz and digitized at 5 kHz. The mEPSCs were
recorded first in control external solution, then in the presence of 10 pM b-
serine, and, finally, in the presence of the NMDA receptor antagonist b-AP5
(50 pM). Series resistance was monitored throughout the experiment and was
in the range of 15-25 MQ. The parameters of mEPSCs were analyzed with the
Mini Analysis Program (Synaptosoft).

Golgi Staining and Quantification of Dendritic Spine Density. Golgi staining
was performed using the FD Rapid GolgiStain Kit (FD NeuroTechnologies) as
previously described (42, 43, 78). Neurons were located between approxi-
mately —1.46 mm to —2.20 mm posterior to bregma (79) and within the
middle third of the section. Spines were counted on two unobscured apical
dendritic branches (minimum second order) per neuron, with the average
spine density used as the value for that neuron. Spines were counted on
three to six neurons per animal. Only neurons in the outer two-thirds of the
granule cell layer of the DG were chosen for spine density analysis. Neurons
in the outer layers of the granule cell layer are not derived from the actively
dividing cells of the subgranular zone associated with adult neurogenesis.
The average dendritic length analyzed for spine density did not significantly
differ between genotypes (WT = 28.9 + 0.8 ym, SR~ = 32.0 + 1.9 um).
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Dendrites were visualized at 100x (oil-immersion) on a Zeiss Axioskop40
microscope and the number of spines was quantified using Neurolucida
(MBF Bioscience). The experimenter was blind to genotype during tracing.

Nissl Staining and Hippocampal Volume Estimation. Brains from WT and SR™~
were fixed, sectioned, and stained using cresyl echt violet solution (pH 3.5) as
previously described (78). Hippocampal volume was estimated at 4x on
a Zeiss Axioskop40 by the Cavalieri method (600-um grid size; 7-9 sections
per brain) using Stereo Investigator software (MBF Bioscience). The grid size
chosen estimated volumes with high precision (coefficient of error: 0.009;
average total points per hippocampus: 177).

qPCR. RNA was isolated from the hippocampi of WT and SR™~ mice (n =
6/genotype) as previously described (78). RNA was isolated from the tissue
samples using the miRvana miRNA isolation kit (Ambion). cDNA for each
RNA sample (2-pg input) was generated using the High Capacity cDNA Re-
verse Transcription kit (Applied Biosystems). Mature miR-132 and sno-202
cDNA (10-ng input) was generated using the TagMan MicroRNA Reverse
Transcription kit (Applied Biosystems). premiR-132 (10-um primer) and miR-
16 (10-pm primer) cDNA (500-ng input) were generated using the Super-
Script Il First-Strand Synthesis System (Invitrogen). An initial step of 80 °C for
1 min was added to the SuperScript Il protocol to denature the hairpin
structures in premiR-132 transcripts. The primers and protocol were based
on a previous study (80). gPCR for GAPDH, BDNF, and pri-miR-132 were
performed using TagMan gene expression assays (Applied Biosystems). Data
were collected using a 48-well MJ Minioption Personal thermal cycler (Bio-
Rad). gPCR for mature miR-132 and snoRNA202 was performed using the
TagMan MicroRNA expression assays (Applied Biosystems). qPCR for premiR-
132 and miR-16 was performed using the Platinum SYBR Green gPCR
SuperMix UDG (Invitrogen), which was followed by a thermal denaturation
protocol to ensure amplification of a single product. For relative quantifi-
cation of mRNA expression (BDNF, MeCP2, pri-miR132), geometric means
were calculated using the comparative 2722 method, with the housekeeping
gene GAPDH used as the endogenous reference. miR-16 and snoRNA202
were used as the endogenous reference genes for premiR-132 and mature
miR-132, respectively. Each sample was assayed in triplicate. All primers are
listed in Table S2.

BDNF ELISA. BDNF levels from the hippocampi of WT and SR~ mice were
measured using a commercially available ELISA kit (Promega) as previously
described (78)

Subcellular Fractionation. The fractionation procedure was modified from a
previously published protocol (81). Protein concentrations were measured
using the Bradford protein assay (Bio-Rad).

Western Blot Analysis. Inmunoblotting was performed as previously de-
scribed (81). Primary antibodies are listed in Table S3. Chemiluminescent
values of the protein of interest were divided by its corresponding p-actin
chemiluminescent values. The ratio of each WT sample was divided by the
average of all of the WT sample values in each gel and multiplied by 100.
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The average of the normalized WT values from each gel was 100% + SEM.
The mutant values were normalized to WT values (percent of WT) collected
in parallel from the same gel. The normalized values were then averaged
and used for statistical analysis.

Immunoprecipitation. A separate cohort of mice from the ELISA and Western
blot analyses was used for immunoprecipitation. Hippocampal tissue lysate
was immunoprecipitated with a TrkB antibody. TrkB phosphorylation was
measured by immunoblotting for phosphotyrosine, stripping the membrane,
and then reprobing for TrkB.

Chronic p-Serine Treatment. Mice received once daily, subcutaneous injections
of vehicle or p-serine for 20 d at a volume of 5 ml/kg. WT mice received
vehicle (0.9% sodium chloride) and SR™~ mice received either vehicle or
p-serine (Sigma-Aldrich). p-serine was given at an initial dose of 300 mg/kg
on day 1, followed by 150 mg/kg for the remaining 20 d. Mice were killed on
day 21 without receiving an injection. One hippocampal lobe was used for
electrophysiology and the other lobe was used for neurochemistry. Left and
right hemispheres were counterbalanced for analysis.

HPLC Analysis of p-Serine. Brain tissue and trunk blood were obtained from
the same chronically treated mice that were used in the LTP experiments.
Blood was collected, allowed to clot for 10 min, and spun at 2,000 x g for
15 min at room temperature. Brain tissue and serum content of p-serine
were analyzed as previously described (36, 82).

Trace Fear Conditioning. Mice were subjected to a trace fear conditioning
protocol adapted from ref. 50. Mice were trained in context A on day 1.
Memory for context A was measured on day 2 and memory for the CS (tone)
in context B was measured on day 3. All testing was performed using the The
Near Infrared Fear Conditioning System (Med Associates). Freezing behavior
was quantified using VideoFreeze software.

Statistical Analyses. Dendritic spine density, Western blot, gPCR, and BDNF
ELISA results were compared using unpaired Student t test. Repeated
measures one-way ANOVA was used to analyze LTP results, and one-way
ANOVA was used to analyze BDNF, Western blot, and fear conditioning
results following chronic p-serine treatment. Significant F values were sub-
ject to post hoc analyses as indicated. Values of P < 0.05 were considered
statistically significant.
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