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associated with brain injury.

Introduction

Traumatic brain injury (TBI) is a devastating pathological condi-
tion that can lead to tissue loss and neurological dysfunction as a
result of cell damage or death. Specialized membranes, such as at
synapses, are susceptible to unique environmental changes within
the injured brain, where astrocytes in the tripartite synapse con-
tribute to synaptic transmission and function (1-3). TBI is known
to result in astrocyte reactivity, which has both beneficial and del-
eterious effects on injury progression and recovery; however, few
studies have examined the effects of astrogliosis on synaptic sta-
bility in the CNS (4-6).

In addition to direct damage to synaptic membranes, TBI
can result in acute cell loss due to excessive release of excitatory
amino acids such as glutamate (7-9). Glutamate excitotoxicity
occurs when pathological levels of extracellular glutamate lead
to enhanced extrasynaptic NMDAR activation, increased influx
of calcium, enzymatic activation, and subsequent damage to cell
structures (8, 10, 11). NMDAR activation also requires the binding
of a coagonist, such as D-serine or glycine. D-serine is considered a
more likely binding partner for NMDAR in the hippocampus, since
its expression patterns match NMDAR expression (12-16) and it
has a higher affinity for the NMDAR glycine-binding site (17).
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After traumatic brain injury (TBI), glial cells have both beneficial and deleterious roles in injury progression and recovery.
However, few studies have examined the influence of reactive astrocytes in the tripartite synapse following TBI. Here, we have
demonstrated that hippocampal synaptic damage caused by controlled cortical impact (CCI) injury in mice results in a switch
from neuronal to astrocytic p-serine release. Under nonpathological conditions, o-serine functions as a neurotransmitter
and coagonist for NMDA receptors and is involved in mediating synaptic plasticity. The phasic release of neuronal o-serine

is important in maintaining synaptic function, and deficiencies lead to reductions in synaptic function and plasticity.
Following CCl injury, hippocampal neurons downregulated p-serine levels, while astrocytes enhanced production and release
of p-serine. We further determined that this switch in the cellular source of p-serine, together with the release of basal levels
of glutamate, contributes to synaptic damage and dysfunction. Astrocyte-specific elimination of the astrocytic o-serine-
synthesizing enzyme serine racemase after CCl injury improved synaptic plasticity, brain oscillations, and learning behavior.
We conclude that the enhanced tonic release of p-serine from astrocytes after TBI underlies much of the synaptic damage

In the adult mammalian forebrain, D-serine and its synthesiz-
ing enzyme, serine racemase (SRR), are expressed by excitatory
glutamatergic neurons and subpopulations of GABAergic neu-
rons (12, 18-20). Conversely, recent studies indicate that only a
small percentage of astrocytes express a negligible amount of SRR
in rodent forebrain tissues (21). Pathological levels of D-serine,
similarly to glutamate, have been implicated in mediating acute
excitotoxic cell death during pathological conditions (22-26);
however, the effect of prolonged increases in D-serine levels on
synaptic function remains to be determined.

In the current study, we make use of a murine moderate con-
trolled cortical impact (CCI) injury paradigm in which synaptic
damage in the absence of neuronal cell death can model synaptic
damage and recovery (27). We take advantage of inducible astro-
cyte- and neuron-specific Srr-knockout mice to examine the cel-
lular contribution of D-serine on synaptic stability and function in
the tripartite synapse. Our findings demonstrate that CCI injury
results in a switch in D-serine release from neurons to astrocytes
that contributes to synaptic damage and learning dysfunction
associated with TBI.

Results

Phasic release of neuronal D-servine mediates synaptic transmission
and long-term potentiation. To begin to evaluate the role of D-ser-
ine in regulating synaptic transmission, we first examined its
expression using immunohistochemical approaches and function
using electrophysiology in the naive hippocampus. D-serine was
predominantly observed in the neuron-rich pyramidal cell (Fig-
ure 1, A and B) and granule cell layers, with low expression lev-
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Figure 1. Neuronal p-serine is important for synaptic potentiation. o-serine (B) and SRR (C) immunoreactivity was observed in the CA1 pyramidal cell layer
as outlined in a Thy-1-GFP-labeled hippocampus (A). Scale bar: 25 pm. (D) Schematic flow chart of the nSRKO mouse and the aSRKO mouse. (E) /0 curve

showed reduced fEPSP amplitude for nNSRKO mice at high intensities. Individual traces shown. (F) PPF showed no significant differences between genotypes.
(G) LTP was reduced in nSRKO mice as compared with WT and aSRKO mice. Individual traces shown. (H) Histograph of LTP early phase showed reductions in
nSRKO mice. (I) Histograph of LTP late phase showed reductions in nSRKO mice. Data represent mean + SEM. (E-I) n = 5-8/group. (E-G) Two-way RM ANOVA.

(H, I) One-way ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001, compared with cSR control mice. *P < 0.05; #*P < 0.001, compared with nSRKO mice.

els observed outside this zone. A similar expression profile was
observed for the synthesizing enzyme SRR, essential for conver-
sion of L-serine to D-serine (Figure 1, A and C). This expression
profile supports previous studies showing that SRR and D-serine
are primarily localized to neurons (12, 18-20).

To examine the contributions of neuronal and astrocytic D-ser-
ine, we examined local in vivo field potentials in the CA1 stratum
radiatum in response to electrical stimulation of Schaffer collaterals
in mice deficient for neuronal SRR (nSRKOj; ThyI-CreERT2 Srrf
mice) or astrocytic SRR (aSRKOj; Gfap-CreERT2 Srv# mice, where
Gfap indicates glial fibrillary acidic protein) (Figure 1D and Supple-
mental Figure 1; supplemental material available online with this
article; https://doi.org/10.1172/JC192300DS1) as compared with
control S mice (cSR) that did not express Cre recombinase. SRR

deficiencies are known to have a direct effect on D-serine levels (12,
18). Following the delivery of an in vivo monophasic electrical pulse,
input-output (I/O) curves indicated reduced field excitatory post-
synaptic potentials (fEPSPs) in nSRKO mice, but only at high stimu-
lating intensities (Figure 1E). These reductions suggest that neurons
mainly contribute to the overall resting levels of D-serine in the hip-
pocampus, where activation of NMDAR is predominantly observed
at higher stimulating intensities (28). No significant difference was
observed in presynaptic function between genotypes using paired
pulse facilitation (PPF) (Figure 1F). Potentiation of synaptic trans-
mission following tetanic stimulation (i.e., long-term potentiation
[LTP]) was only impaired in nSRKO mice, which showed a signifi-
cant main effect for group (P = 0.0137) and time (P < 0.001) using
2-way ANOVA analysis (Figure 1G). Analysis of LTP induction and
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Figure 2. SRR is downregulated in neurons and upregulated in astrocytes after CCl injury. (A) CLARITY image of GFAP-labeled astrocytes (red) and
GFP-expressing neurons (green) in Thy1-GFP transgenic mice shows close association of astrocytes and CA1dendrites in the stratum lucidum/radiatum of
the hippocampus. High-magnification images (B) and astrocyte-neuron membrane association (yellow; arrow) in stratum lucidum/radiatum (C). Scale bar:
25 pm. (D) SRR expression using Western blot analysis at 24 hpi is not altered in the hippocampus. (E) o-serine levels using chemiluminescence analysis
show increased levels at 4 and 24 hpi. (F) Immunohistochemical expression of SRR was reduced in pyramidal cell layer at 3 (G) and 7 (H) dpi, but increased
in cells outside that region as compared with sham-treated controls (F). Scale bar: 25 pm. SRR-labeled cells outside the pyramidal cell layer (K) colabel
with the astrocytic marker (J) GFAP. No crossreactivity observed in secondary only controls (L and M). Scale bar: 25 pm. (I) SRR levels were reduced at 3 dpi
and returned to basal levels by 7 dpi using Western blot analysis. (N) Purification of hippocampal astrocytes from GFAP-GFP mice showed GFP-positive
cells were only observed in isolated GLAST* isolated cells. (0) Isolated GLAST* astrocytes express increased levels of SRR at 7 dpi using Western blot
analysis. (P) SRR was reduced in the aSRKO hippocampus at 7 dpi using Western blot analysis. (Q) SRR was increased in the nSRKO hippocampus at 7

dpi using Western blot analysis. Data represent mean + SEM. (D, E, I, 0-Q) n = 4-6/group. Student’s t test. *P < 0.05; **P < 0.01; ***P < 0.001, compared
with sham-treated controls. %P < 0.01, compared with 3 dpi. For Western blot images, lanes were run on the same gel, but lanes separated by a line were
noncontiguous (see Supplemental Figure 2).
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maintenance showed significant reduction in both early (P < 0.001)
and late-phase (P < 0.001) LTP in nSRKO mice as compared with
cSR and aSRKO sham-treated mice (Figure 1, H and I). These in vivo
observations strongly support a predominant role for phasic release
of neuronal D-serine in synaptic plasticity.

CClIinjury leadsto a cellular switch in SRR expression in the hippo-
campus. Astrocytosis is known to result in a spectrum of morpho-
logical and molecular changes that can influence tissue pathology;
however, the effects of reactive astrocytes on synapse function
after TBIremain poorly resolved. In the hippocampal tripartite syn-
apse, CLARITY imaging showed close interactions of astrocytes
with synaptic membranes originating from CA1 pyramidal neurons
(CA1) (Figure 2, A-C), CA3 pyramidal neurons (CA3), and dentate
granule (DG) cells. To examine the role of D-serine in the traumatic
injured brain, we had recently developed a CCI injury model that
resulted in synaptic damage in the absence of hippocampal neuron
cell death (27). This model enables us to examine the mechanisms
of synaptic damage independently of neuronal loss.

In the CCl-injured hippocampus, Western blot analysis showed
little change in total SRR levels at 24 hours post CCI injury (hpi)
as compared with those in the sham-treated controls (Figure 2D
and Supplemental Figure 2), but chemiluminescence analysis of
total D-serine levels showed a significant increase at 4 and 24 hpi
(Figure 2E). This increase in D-serine likely represents an acute
injury-induced conversion of L- to D-serine in neurons. At 3 and
7 days post-CCI injury (dpi), SRR expression patterns and levels
changed dramatically (Figure 2, F-H). SRR expression was visi-
bly decreased, by more than 50%, in the hippocampal pyrami-
dal cell layer (Figure 2, G and H; arrowheads) as compared with
sham-treated controls (Figure 2F). Western blot analysis showed
an approximately 25% decrease (P < 0.01) in total SRR levels
at 3 dpi (Figure 2I). This discrepancy most likely is the result of
increased SRR expression in astrocytes outside the pyramidal
cell layer, including regions of the stratum oriens and lucidum/
radiatum (Figure 2G; arrows). At 7 dpi, expression in the pyra-

midal cell layer remained low (Figure 2H; arrowheads), while
greater numbers of glial cells expressed SRR (Figure 2H; arrows).
Western blot analysis showed that SRR expression returned
to preinjury levels by 7 dpi, representing a significant increase
(P <0.01) from 3 dpi (Figure 2I). Confocal imaging demonstrated
that the majority of SRR-positive cells outside the pyramidal cell
layer colocalized with GFAP-positive astrocytes (Figure 2, ] and
K), which was not observed in controls using only the secondary
antibody (Figure 2, L and M).

To confirm that SRR protein levels were increased specifical-
ly in astrocytes after CCI injury, we column purified (>98% pure)
astrocytes using glutamate-aspartate transporter (GLAST) anti-
bodies (Figure 2N and Supplemental Figure 4) followed by West-
ern blot analysis for SRR. We observed a 21% increase (P < 0.001)
in SRR levels at 7 dpi in astrocytes isolated from the CCI-injured
hippocampus as compared with sham-treated controls (Figure
20). SRR levels at 7 dpi in the aSRKO whole hippocampus were
reduced (P < 0.001) compared with those in sham-treated con-
trols (Figure 2P), lending greater support for switch in the cellular
expression pattern of SRR after CCI injury. In whole hippocampal
tissues isolated from nSRKO mice (Figure 2Q), where SRR levels
had been shown to be reduced in neurons at 7 dpi (Figure 2H), we
observed an increase similar to that observed in WT mice (Figure
20). Taken together, these findings support our conclusion that
TBIresults in a downregulation of neuronal SRR and upregulation
of astrocytic SRR levels within the first week after injury.

CClI injury increases astrocyte-derived D-serine levels. To demon-
strate that increased astrocytic SRR expression leads to an increase
in D-serine synthesis, we examined hippocampal D-serine in the
presence and absence of astrocyte-derived SRR (Figure 3). Sim-
ilarly to what occurred with SRR levels, we observed a significant
reduction in D-serine levels at 3 dpi in WT mice using HPLC (0.108
* 0.018 pmol/g tissue; P < 0.05) as compared with sham-treated
controls (0.184 + 0.025 umol/g tissue) (Figure 3A). Chemilumines-
cent assay of D-serine supported our HPLC observations at 3 dpi,
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and by 7 dpi, D-serine levels were significantly increased (P < 0.001)
as compared with those at 3 dpi (Figure 3B). Examination of isolat-
ed astrocytes from WT mice showed a 20% increase (P < 0.05) in
D-serine levels at 7 dpi (Figure 3C), which was similar to whole hip-
pocampal D-serine levels (P < 0.01) observed in CCI-injured nSRKO
mice compared with sham-treated controls (Figure 3D). We next
compared aSRKO mice with cSR control mice (Figure 2B), where
both received tamoxifen (TAM) treatment 2 weeks prior to injury. In
¢SR mice, HPLC analysis showed a 2-fold increase (0.363 + 0.015
pumol/g tissue; P < 0.001) in hippocampal D-serine levels at 7 dpi
as compared with cSR sham-treated (0.176 * 0.011 pmol/g tissue)
mice (Figure 3E). In aSRKO mice, no significant differences were
observed between sham-treated (0.206 + 0.026 pmol/g tissue)
and CCl-injured (0.253 + 0.026 pmol/g tissue) mice, whereas CCI-
injured aSRKO mouse D-serine levels were significantly (P < 0.01)
less than levels of CCI-injured cSR mice (Figure 3E). This was fur-
ther supported by examination of Sr¥ mRNA in aSRKO tissues,
where Srr mRNA levels were similar between sham-treated and
CCl-injured mice in 7 dpi WT tissues, but reduced in CCI-injured
aSRKO mice (Supplemental Figure 3). No significant changes were
observed in amino acid oxidase mRNA levels, such as D-amino acid
oxidase (DAO) and amine oxidase, copper-containing 1 (AOC1)
enzymes, between WT and aSRKO sham-treated mice and 7 dpi
tissues (Supplemental Figure 3), suggesting that changes in SRR
and not large reductions in D-serine-metabolizing enzymes under-
lie CCI injury-induced increases in D-serine. Taken together, our
observations confirm that CCI injury results in a switch in SRR (Fig-
ure 2) and D-serine (Figure 3) expression in the hippocampus from
neurons to astrocytes over the first week after injury.

Since glutamate serves as the NMDAR agonist, glutamate
levels were examined in CCI-injured mice to determine wheth-
er its expression was altered in aSRKO mice. HPLC analysis
showed no significant differences in glutamate levels between
groups or after CCI injury (cSR sham, 10.96 * 0.31 umol/g tissue;
¢SR CCI, 13.42 *+ 0.71 pmol/g tissue; aSRKO sham, 11.41 + 0.67
pmol/g tissue; aSRKO CCI, 12.87 *+ 0.93 umol/g tissue) (Figure
3F), which is similar to what we have previously reported for WT
mice at periods between 4 hpi and 7 dpi (27). Although our find-
ings suggest that CCI injury or alterations in D-serine expression
do not change total glutamate levels, we cannot exclude the pos-
sibility that glutamate homeostasis may be affected during the
first week after injury.

Reducing astrocytic D-serine spares the hippocampus from CCI
injury-induced dysfunction. We next determined whether inhibit-
ing astrocytes from producing D-serine (i.e., aSRKO mice) altered
synaptic transmission and plasticity after CCI injury when reac-
tive astrocytes appeared. Consistent with our observations using
WT mice (27), CCI injury in cSR control mice led to a significant
downward shift in fEPSP amplitude (P < 0.01) at higher stim-
ulus intensities (40-60 pA) as compared with ¢SR and aSRKO
sham-treated controls (Figure 4A). These previous studies had
shown that synaptic damage and losses and not neuronal loss
from CCI injury underlie the observed deficits in synaptic trans-
mission and plasticity (27). Similar trends were also observed
in PPF between groups, where the PPF ratio was attenuated in
CCl-injured cSR mice at shorter interstimulus intervals as com-
pared with cSR and aSRKO controls (Figure 4B). Interestingly, we
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did not observe a significant reduction in the I/O curve or PPF in
CCl-injured aSRKO mice, although there was a downward shift in
PPF ratio curve compared with sham-treated controls.

We next evaluated synaptic plasticity in the presence and
absence of astrocytic D-serine. Two-way repeated measures
(RM) ANOVA of normalized fEPSP after high-frequency stimu-
lation (HFS) showed significant interaction (P < 0.001) as well as
a significant main effect for animal groups (P = 0.0203) and time
(P < 0.001). In vivo HFS of sham-treated ¢SR mice resulted in
LTP that was not observed in CCI-injured cSR mice (Figure 4C).
Conversely, aSRKO sham-treated and CCI-injured mice both
had a significant synaptic potentiation following in vivo tetanic
stimulation (Figure 4C), where CCI-injured aSRKO mice had
significantly greater potentiation (P < 0.05) than CCl-injured
cSR mice. Our results suggest that astrocyte-derived D-serine
plays a substantial role in the synaptic dysfunction observed fol-
lowing CCI injury. Analysis of LTP induction and maintenance
in CCI-injured cSR mice showed a large reduction in both ear-
ly (P < 0.001) and late-phase (P < 0.001) LTP as compared with
sham-treated cSR mice (Figure 4, D and E). A smaller reduction
in early phase LTP was observed in sham-treated and CCl-in-
jured aSRKO mice; however, this was not maintained in the late
LTP phase. Comparison of late-phase LTP between CCI-injured
cSR and aSRKO mice showed significantly higher potentiation
(P < 0.001) in mice deficient in astrocyte-derived SRR. Togeth-
er, these findings demonstrate that the release of D-serine from
astrocytes underlies TBI-induced synaptic dysfunction and that
blocking this D-serine source is neuroprotective.

Examination of hippocampal field potential oscillations in
vivo in CClI-injured mice showed a significant interaction between
frequencies and experimental groups using 2-way ANOVA anal-
ysis (P = 0.002). Examination of 0 oscillations at the 4- to 5-Hz
frequency range showed significantly greater (P < 0.001) power
in CCl-injured cSR mice as compared with that in all the other
groups (Figure 4F). Additionally, power at the 4- to 5-Hz range in
CCl-injured aSRKO mice was substantially reduced as compared
with that in CClI-injured cSR mice at 7 dpi. Our results suggest that
CCI injury leads to an enhancement in 0 rhythms, which likely
involves D-serine release and activation of NMDARs.

To verify whether our observed physiological effects trans-
late into behavioral responses, we examined hippocampal-asso-
ciated learning and memory using a fear-conditioning paradigm
(Figure 4, G and H). Following CCI injury, all groups were habit-
uated at 5 dpi, trained at 6 dpi, and tested at 7 dpi. No significant
differences were observed in freezing behavior during the train-
ing periods, while significant interactions and main effects were
observed among groups (P = 0.0084) and on test days compared
with training days (P < 0.001). CCI injury resulted in an approxi-
mately 50% reduction in contextual (Figure 4G) and cue (Figure
4H) freezing behavior in CCI-injured cSR mice as compared with
in sham-treated cSR mice. Contextual freezing behavior was sig-
nificantly increased (P < 0.05) in sham-treated aSRKO mice as
compared with that in sham-treated cSR mice, and although the
basis for this enhanced freezing response is unclear, it may result
from other limbic structures not examined in our analysis. What
is clear is that CCI-injured aSRKO mice were not significantly dif-
ferent from sham-treated aSRKO mice (Figure 4G). Comparison
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Figure 4. Synaptic dysfunction and learning deficits are not observed in aSRKO CCl-injured mice at 7 dpi. (A) I/0 curve showed reduced fEPSP ampli-
tude at high intensities for cSR CCl-injured mice as compared with sham-treated and CCl-injured aSRKO mice. Individual traces shown. (B) PPF showed a
reduced ratio for cSR CCl-injured mice as compared with sham-treated and CCl-injured aSRKO mice. (C) LTP was reduced in CCl-injured cSR control mice,
but not sham-treated cSR, sham-treated aSRKO, or CCl-injured aSRKO mice. Individual traces shown. (D) Histograph of LTP early phase showed great-
est reductions in CCl-injured cSR mice and reductions to a lesser extent in aSRKO mice. (E) Histograph of LTP late phase showed greatest reductions in
CCl-injured cSR mice and reductions to a lesser extent in aSRKO mice. Early and late phase slopes of CCl-injured aSRKO mice were significantly greater
than CCl-injured cSR mice at 7 dpi. (F) 6 rhythm frequency was increased in CCl-injured cSR mice and was increased to a lesser extent in sham-treated
and CCl-injured aSRKO mice at frequencies between 4 and 5 Hz as compared to sham-treated cSR mice. 6 rhythm frequency of CCl-injured aSRKO mice
were significantly less than CCl-injured cSR mice. 6 rhythm traces were shown for amplitude versus time. Fear-conditioning tests showed significantly
decreased freezing behavior in CCl-injured cSR mice for contextual (G) and cued (H) learning that was not observed in sham-treated or CCl-injured aSRKO
mice. Data represent mean + SEM. (A-F) n = 7-10/group. (G and H) n = 16-18/group. (A-C, F-H) Two-way RM ANOVA. (D and E) One-way ANOVA. *P < 0.05,
**P < 0.01; *** P < 0.001, compared with cSR control mice. #P < 0.05; #**P < 0.01; #**#P < 0.001, compared with cSR at 7 dpi.

of CCI-injured aSRKO mice with CCl-injured cSR mice showed  ing behavior. These behavioral studies support our observations
significantly higher (P < 0.001) contextual freezing behaviorinthe  of synaptic plasticity and together suggest that astrocyte-derived
former. Similar but nonsignificant trends (P = 0.0678) between  D-serine likely underlies the synaptic dysfunction and /or damage
CCl-injured cSR and aSRKO mice were observed in cued freez-  associated with reduced synaptic plasticity.
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Figure 5. p-serine administration led to synaptic
dysfunction in aSRKO mice at 7 dpi. (A) I/0 curve

showed reduced fEPSP slopes in 840 pg/kg/d
p-serine-treated, CCl-injured aSRKO mice as com-
pared with those in vehicle-treated aSRKO mice.
Individual traces shown. (B) LTP is reduced in p-ser-
ine-treated CCl-injured aSRKO mice as compared
with that in vehicle-treated aSRKO mice. Individual
traces shown. Data represent mean + SEM. (A and
B) n = 4/group. Two-way RM ANOVA. *P < 0.05;
***P < 0.001, compared with vehicle-treated,
CCl-injured aSRKO mice.
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Increasing D-serine can rveverse the enhanced synaptic poten-
tiation observed in aSRKO mice after CCI injury. To validate our
conclusion that CCI injury-induced synaptic dysfunction is
aggravated by increased D-serine levels observed in the CCI-in-
jured aSRKO mice, we examined CA3-CAl hippocampal fEPSPs
in vivo in CCI-injured aSRKO mice after 7-day infusion of vehi-
cle or D-serine (840 pg/kg/d) into the contralateral lateral ven-
tricle (Figure 5). D-serine infusion into CCl-injured aSRKO mice
resulted in reduced basal synaptic transmission as revealed by a
downward shifted I/O curve at stimulation intensities of 30 pA or
higher compared with that in vehicle-infused controls (Figure 5A).
No significant differences were observed in PPF between groups
(not shown); however, D-serine infusion reversed the significant
potentiation after HFS observed in aSRKO CCl-injured mice (Fig-
ure 5B) to levels similar to those observed in CCI-injured cSR mice
(Figure 4C). These findings demonstrate that high levels of D-ser-
ine in the injured hippocampus are detrimental to synaptic trans-
mission and plasticity.

Discussion

TBI is a dynamic and progressive disorder that can lead to the
disruption of brain circuitry that underlies many of the functional
deficits observed in TBI patients. One component prevalent in all
brain injuries, ranging from mild to severe, is synaptic damage. In
regions where synaptic plasticity is important for cognitive func-
tion, glial cells play critical roles in modulating synaptic transmis-
sion and plasticity. In fact, several proteins have been implicated
in glial regulation of synaptic functions after TBI, such as matrix
metalloproteinases, astrocytic signal transducers and activators of
transcription, and the calcineurin-dependent transcription factor
nuclear factor of activated T cells (NFAT) (4-6). Here, we show
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that astrocytes in the tripartite synapse are active participants in
promoting synaptic damage following CCI injury, where enhanced
D-serine release leads to slow excitotoxic synaptic damage in the
hippocampus. In nonpathological conditions, D-serine is produced
and released by neurons to regulate the resting state of NMDAR
activation. In these conditions, a phasic release of D-serine by neu-
rons elicits LTP. CCI injury results in reduced synaptic transmis-
sion, plasticity, synchrony, and memory as a result of increased
astrocytic D-serine release. Astrocyte-specific gene-targeted dele-
tion of Srr restored synaptic responses and learning, which can be
reverted back to injury states by D-serine administration.

In nonpathological conditions, glutamate release can acti-
vate both a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid receptors (AMPARs) and NMDARs, where NMDARs play
a regulatory role in basal synaptic transmission (29, 30). Unlike
AMPARs, NMDARs require multiple inputs, including binding
of the coagonist D-serine and Ca*? permeation, which are essen-
tial components of long-lasting alterations in synaptic strength. A
monophasic electrical pulse can activate AMPARs at low intensi-
ties; however, high intensities are known to activate both AMPARs
and NMDARs (28). HFS might selectively increase D-serine levels
by stimulating release from the neuronal pool, which is reduced
in neuronal SRR-deficient mice, leading to deficits in synaptic
plasticity. These findings are supported by studies in which stim-
ulating D-serine release from neurons enhanced LTP in mouse
and rat hippocampal slices (31) and neuron-specific deletion of
the Srr gene led to reduced spine density and dendritic arboriza-
tion (32) as well as LTP deficits (14). To date, several groups have
confirmed that SRR is expressed by inhibitory and excitatory neu-
rons throughout the mammalian brain (12, 19, 33), where neuronal
D-serine is mainly released in response to depolarization (20).
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An important component of our study was to employ a
murine model of synaptic damage in the absence of neuronal
loss in order to directly evaluate the mechanisms that regulate
synaptic dynamics within the complex and evolving TBI environ-
ment. Our CCI injury model produces a moderate cortical injury
with only mild damage to subcortical tissues, such as the hippo-
campus, where synaptic damage and loss within the hippocam-
pus underlie learning and memory deficits (27). This enabled
us to examine discrete and reversible synaptic responses while
maintaining the overall environmental characteristics associ-
ated with TBI, including distal tissue losses (34), reactive glio-
sis (27), a compromised blood-brain barrier, and inflammatory
responses (35). The presence of astrocytosis in the CCI-injured
hippocampus allowed us to examine how gliotransmitters from
reactive astrocytes may regulate synaptic function and/or dys-
function. It has been well documented that astrocytes release
glutamate minutes following TBI (8, 36), which leads to an acute
activation of NMDARs and AMPARs, excessive Ca*? influx, and,
ultimately, cell death in severely compromised tissues (i.e., glu-
tamate excitotoxicity). NMDARs are also involved in slow exci-
totoxicity that occurs over hours and days after injury and have
been associated with enhanced D-serine levels (37, 38). While we
cannot exclude the possibility that D-serine contributes to exci-
totoxic cell death in regions of severe injury, our studies do sup-
port a direct role for astrocytic D-serine in slow excitotoxic syn-
aptic damage in the CClI-injured hippocampus. What is less clear
is whether increased astrocytic D-serine is sufficient to induce
synaptic damage independently of neuronal D-serine reductions
that occur after CCI injury. Importantly, our findings in astro-
cytic SRR-deficient mice, where synaptic plasticity and learning
behaviors are restored to preinjury levels, support this possibili-
ty. We also cannot exclude the possibility that glutamate partici-
pates in D-serine-mediated slow excitotoxicity. Total hippocam-
pal glutamate levels are not altered between 4 hours and 7 dpi
(27), but potential alterations in glutamate release and reuptake
may participate in our observed delayed synaptic damage. Over-
all, it is clear that astrocytic D-serine release is a key player in
mediating synaptic damage after CCIl injury.

Learning involves an intricate interplay of a multitude of neu-
ral circuits in response to an experience. Within the hippocampus,
0 oscillations are known to facilitate memory processes, although
the exact mechanisms are not completely understood. TBI can
result in a decrease in power in the 0 frequency band (39, 40).
However, changes in 0 frequency after TBI are dependent on the
severity of the injury (41). It is important to note that hippocampal
0 rhythms occur at different frequencies dependent on the state
of wakefulness of the animal. The higher frequency rhythm (7-9
Hz) occurs when animals are exploring and has been termed type
1, while the slower type 2 rhythm (3-5 Hz) occurs when animals
are in a quiescent state of sensory processing (42). Only type 2
0 is observed in animals under urethane anesthesia (43), which
was used in the present study. Thus, the increase in hippocam-
pal field oscillation power observed here is the first report, to our
knowledge, of the effect of TBI on type 2 0, as other studies of
TBI were conducted in awake, freely moving animals. Curiously,
progressive cognitive dysfunction, such as in Alzheimer’s disease
(AD) or Parkinson’s disease (PD) models, has been associated
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with an increase in hippocampal 6 power at rest as opposed to a
decrease in 6 power after severe TBI (44, 45). In this regard, our
mild-to-moderate CCI model involving synaptic damage without
neuronal losses is more akin to models of progressive synaptic
dysfunction, such as AD models, where injury results in a marked
increase in 6 power associated with increased astrocytic D-serine
levels. Alternatively, impaired NMDAR activation on parvalbu-
min-positive interneurons can result in the changes observed (44).
Interestingly, whereas NMDAR hypofunction impairs hippocam-
pal 6 oscillations, increased activation of neuronal NMDARs due
to increased availability of D-serine after injury can potentially
enhance 6 oscillations (46). Augmentation of NMDAR activity can
also result from excitatory feedback to neurons through gliotrans-
mitters modifying NMDAR-mediated currents (46-48). In short,
we show a role for glial-derived D-serine in both LTP and 0 oscilla-
tions in the injured hippocampus.

The role of synaptic and extrasynaptic receptors in neuronal
cell death is currently a matter of intense debate, where excitotox-
icity is thought to involve extrasynaptic NMDARs (36, 49-51). We
did not determine whether reactive astrocytic D-serine activates
synaptic and/or extrasynaptic NMDARs after CCI injury, but we
have shown that the NMDAR GluN2B subunit is elevated in our
CCI injury model (27). GluN2B subunits are known to segregate
outside the synapses, whereas GluN2A subunits are confined to
the postsynaptic membrane (11, 25, 52, 53). Previously, D-serine
has been shown to preferentially bind GluN1/GluN2A-contain-
ing NMDARs in synaptic sites, whereas glycine may preferen-
tially bind GluN1/GluN2B-containing receptors in the extrasyn-
apse (54). However, coagonist binding with a particular NMDAR
subunit is not a strict rule. NMDAR heterotrimers can also exist,
containing GluN1 and both GluN2A and GluN2B subunits (30,
55). At this time, the synaptic segregation of NMDAR subunits in
our CCI injury model is unclear and additional studies are need-
ed to determine whether enhanced astrocytic D-serine activates
GluN2B-containing extrasynaptic NMDAR:s.

In summary, our findings demonstrate that excessive release
of the gliotransmitter D-serine from reactive astrocytes may regu-
late slow excitotoxic damage to the brain’s circuitry that underlies
some of the cognitive dysfunction associated with TBI. Further
advances on the role of gliotransmission in regulating synaptic sta-
bility, function, and regeneration will provide the foundation for
developing therapeutic strategies to prevent TBI neuronal damage
and enhance TBI patient recovery.

Methods

Animals. The generation of mutant mice involved breeding mice
in which the first coding exon of SRR had been flanked with loxP
sites (Sr"") as previously described (18, 56), bred with either Thyl-
CreERT2 mice (JAX Mice, Jackson Laboratory, 012708; Tg[Thyl-cre/
ERT2,-EYFP|HGfng/Pyng]) to eliminate SRR in neurons (i.e., nSRKO)
or human GFAP (Gfap-CreERT2 mice to eliminate SRR in astrocytes,
i.e., aSRKO). Cre recombinase was induced between 2 and 4 weeks
prior to experimentation through i.p. injections of 120 mg/kg TAM
(Sigma-Aldrich) at a volume of 2 ml/kg for 10 consecutive days. TAM
was dissolved in a vehicle of 90% sunflower oil and 10% ethanol. All
animals received TAM treatment at least 2 weeks prior to any exper-
imental procedure unless otherwise stated, including control Sy
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mice without Cre-recombinase (cSR). All mice were maintained on
a C57BL/6 background, group-housed under a 12-hour light/12-hour
dark cycle, and given free access to food and water.

CClI injury and perfusion. All surgical procedures were performed
using an i.p. injection of ketamine-xylazine cocktail (100 mg/kg/10
mg/kg, respectively) to anesthetize the mice, and animals were main-
tained on a heating pad for the duration of the procedure. A small skin
incision was made to expose the skull, and mice were placed in a ste-
reotaxic frame to provide accurate coordinates for CCI injury. Mice
were subjected to a moderate CCI injury at a velocity of 4 m/s, 0.50
mm depth, and 150 ms duration using an eCCI-6.0 device (Custom
Design & Fabrication), where a hemispherical (rounded) 1.3-mm tip
piston was placed over the right parieto-temporal cortex. Coordinates
of the injury epicenter were -2.0 mm from bregma and lateral -2.5
mm, and a 5-mm craniotomy was performed using a small drill bit
without disturbing the dura tissue layer. Skin was closed using 5-0 Vic-
ryl synthetic absorbent sutures; mice were placed on a heating pad and
monitored bidaily for 1 week after injury. At the time of harvesting,
mice were intracardially perfused with 0.1 M phosphate buffer solu-
tion (PBS) (pH 7.4) followed by either 4% paraformaldehyde (PFA) in
0.1 M phosphate buffer (PB) (pH 7.4) for immunohistochemical anal-
ysis or a glutaraldehyde-PFA fixing solution (3% glutaraldehyde, 1%
PFA, 0.2% sodium metabisulfite, and heparin).

Immunohistochemistry. Immunohistochemistry was performed
as previously described (12). Briefly, 20-um free-floating brain sec-
tions were treated with Schiff’s Reagent (Sigma-Aldrich), followed
by washing with 0.1 M hydrochloric acid containing 0.5% sodium
metabisulfite for 10 minutes. Sections were then washed 4 times with
0.2% sodium metabisulfite and 1.0% sodium borohydride, followed
by blocking solution. Immunostaining with rabbit anti-SRR antibody
(1:200, Santa Cruz Biotechnology Inc.) was performed by diluting
primary antibodies in blocking solution. For astrocyte colocalization,
sections were incubated with anti-GFAP antibody (1:2000, BD Biosci-
ences). Sections were incubated with biotinylated secondary antibody
and later incubated in the dark with streptavidin Alexa Fluor 488 and
species-appropriate secondary Alexa Fluor 647 IgG (H+L).

The rabbit anti-D-serine antibody (Abcam; ab6472) was used
at a dilution of 1:30,000 and incubated with 5 mM (final concentra-
tion) L-serine-BSA blocking conjugate for 2 nights at 4°C. Sections
were then washed and incubated for 60 minutes at room temperature
with the InmPRESS Polymerized Reporter Enzyme Staining System
(anti-rabbit IgG peroxidase; Vector Laboratories; RRID: AB_2336529).
Sections were developed using the InmPACT DAB Peroxidase Sub-
strate Kit (Vector Laboratories; RRID: AB_2336520) according to the
manufacturer’s instructions.

CLARITY. After mice were PFA perfusion fixed, brains were incu-
bated in a hydrogel solution (HS) for 24 hours (57). The HS allows
for the removal of lipids while preserving the tissues’ fine structures
and also property of being permeable to light. HS consisted of 40%
acrylamide (Bio-Rad), 2% Bis (Bio-Rad), and 0.25% VA-044 Initia-
tor (WAKO) dissolved in 0.1 M PBS. For polymerization, brains were
degassed with nitrogen and placed in a shaking incubator at 37°C for 3
hours. Tissue was dissected from the remaining HS and washed sever-
al times in PBS to remove any excess polymer. Sections were cut cor-
onally at 250 pm in chilled PBS, using a vibrating microtome (Leica
Biosystems). Over 4 days, sections were passively cleared by incubat-
ing them in 8% SDS at 37°C (58). For staining, tissue was incubated in
Volume 127 Number 8
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primary antibodies for 3 days, washed in PBS-T (1% Tween-20 in 0.1
M PBS), and then incubated in secondary antibodies for 3 days at room
temperature. The antibodies used were polyclonal rabbit anti-GFAP
(1:2000; DAKO North America, Fisher Scientific) and anti-rabbit IgG
(1:1000, Thermo Fisher Scientific). Sections were washed in PBS-T
and imaged on an Olympus BX50 microscope (Olympus Corp.).

Astrocyte isolation. Ipsilateral hippocampi from sham-treated and
CClI-injured mice were collected, and cells were dissociated up to 400
mg tissue per sample following instructions for the Neural Tissue Dis-
sociation Kit-Postnatal Neurons (130-094-802, Miltenyi Biotec). Hip-
pocampi were then placed in Dulbecco’s phosphate-buffered saline
and cut into small pieces using a scalpel. After transferring to a 15-ml
tube, 1,960 pl of enzyme mix 1 (50 pl enzyme P or 200 pl enzyme T
and 1910 pl or 1760 pl buffer X, respectively) was added to the tube
and it was gently agitated and incubated for 15 minutes at 37°C under
slow continuous rotation. Then 30 pl of enzyme mix 2 (1:2 enzyme A to
buffer Y) was added, and tissue was dissociated using a wide-tipped,
fire-polished Pasteur pipette and incubated for 10 minutes at 37°C
under slow continuous rotation. An additional 15 pl of enzyme mix
2 was added, and tissue was dissociated using 2 more fire-polished
Pasteur pipettes of decreasing diameter. Cell suspension was passed
through a MACS SmartStrainer 70 pum (130-098-462, Miltenyi Bio-
tec), Dulbecco’s phosphate-buffered saline supplemented with BSA
was added, samples were centrifuged at 300 g for 10 minutes at room
temperature, and supernatant was aspirated.

Following single cell suspension, the Anti-GLAST (ACSA-1)
Microbead Kit (130-095-826, Miltenyi Biotec) was used for isolation
of astrocytes. Working as fast as possible and maintaining all solutions
on ice (i.e., 2-8°C), cell number was determined with an automatic cell
counter (Bio-Rad) for each cell suspension and volumes below were
based on up to 107 total cells. After aspiration of the supernatant, 80
ul of DPBS-BSA buffer was added followed by 20 pl of Anti-GLAST
(ACSA-1) Biotin Antibody (Miltenyi Biotec). Solution was mixed well,
incubated at 2-8°C for 10 minutes, and washed by adding 2 ml of buffer
and centrifuging at 300 g for 10 minutes. The supernatant was aspirat-
ed and 20 pl of Anti-Biotin MicroBeads (Miltenyi Biotec) were added,
mixed well, and incubated for 15 minutes at 2-8°C. Cells were washed
by adding 2 ml of buffer and centrifuged at 300 g for 10 minutes; super-
natant was aspirated, and cells were resuspended in 500 pl of buffer.

Magnetic separation was performed using LS Columns (130-
042-401, Miltenyi Biotec) on a MidiMACS Separator (130-042-302,
Miltenyi Biotec). Cell suspension was applied to prepared columns, col-
umns were washed with buffer (3 x 3 ml), and flow-through containing
unlabeled cells was collected. LS Columns were removed from separa-
tor, and 5 ml of buffer was pipetted onto the column and immediately
flushed out onto a collection tube by pushing a plunger into the column.
Astrocytes from GFAP-Rg reporter mice were magnetically sorted, and
the purity of the positive (i.e., labeled) and negative (i.e., unlabeled
flow-through) fractions was verified using a Beckman Coulter Cyto-
FLEX S Flow Cytometer with CytExpert software 1.2. The resulting
FCS files were analyzed using Beckman Coulter Kaluza 1.3 software.

Western blot analyses. Hippocampal ipsilateral tissues from
sham-treated and CCl-injured mice were homogenized in radio-
immunoprecipitationassay (RIPA) bufferwith proteaseinhibitorcocktail
(1:100, P8340, Sigma-Aldrich), phosphatase inhibitor cocktail 2 (1:100,
P5726, Sigma-Aldrich), and benzonase nuclease (1:1000, 70664, Mil-
lipore Corp.) and allowed to mix in a 4°C rocker for at least 15 minutes.



The Journal of Clinical Investigation

Tissues were then centrifuged for 20 minutes at 4°C, supernatant
was recovered, and samples were diluted and standardized to protein
concentrations, with 10-25 ug of total protein per well. Protein sam-
ples were separated on an 8%-10% SDS-PAGE gel and transferred
to a nitrocellulose membrane (Bio-Rad). Membranes were blocked
with 5% milk or 5% BSA in 0.1 M PB with 0.1% Tween-20 for 1 hour
at room temperature and incubated overnight at 4°C with primary
antibodies. The following primary antibodies were used: anti-f-
tubulin (1:30000, Sigma-Aldrich), anti-GFAP (1:2000, BD Biosci-
ences), and anti-SRR antibodies (1:800, Santa Cruz Biotechnology
Inc.). Membranes were incubated for 1 hour at room temperature with
HRP-conjugated secondary antibodies (Jackson Immunoresearch Lab-
oratories; 1:20000, 1:5000, and 1:800 for B-tubulin [catalog T-8535],
GFAP [catalog 556327], and SRR [catalog sc-5751], respectively).
Bands were visualized using SuperSignal substrate (Thermo Fisher
Scientific). Densitometric analysis was performed using Image] (NIH).
Protein measurements were standardized to p-tubulin and normalized
to average WT or control sham signals.

Ventricular infusion of D-serine. Alzet pumps (1007D, Alzet) were
preloaded to deliver 840 pg/kg/d of D-serine or vehicle for 7 days
after implantation. Loaded pumps were connected to a brain infusion
catheter and placed in 0.1 M PB at 37°C overnight (27). Immediately
after CCI, the infusion device was lowered using a stereotactic holder
until the tip of the cannula reached the lateral ventricle (2.0 mm from
dura). The infusion device was secured to the skull without disturb-
ing the injury using Loctite 454 Prism Gel (Henkel Corp.). The Alzet
pump was then secured by placing in a small s.c. pocket in the back of
the neck, and the incision was closed with a suture. Mice were housed
separately in clean heated cages and allowed to recover.

Chemiluminescent assay. The ipsilateral hippocampi of anesthe-
tized mice was dissected and immediately homogenized similarly to
in the Western blot protocol. D-serine was measured by a chemilumi-
nescent assay as previously described (16, 27). Briefly, a 10 ul sample
was mixed with 100 pl of medium containing 100 mM Tris-HCI, pH
8.8, 20 units/ml peroxidase, and 8 uM luminol. To decrease back-
ground signal of luminol, 10 pl DAO (75 units/ml) was added to the
sample after a 15-minute delay. A FLUOstar Omega Microplate Read-
er (BMG Labtech) was used to record chemiluminescence kinetics at
room temperature. The linear range was 50-1,000 pmol of D-serine in
the samples, and the detection limit was 30 pmol. The concentration
of D-serine in each sample was compared with a standard curve and
normalized to control shams.

HPLC. Amino acids were derivatized with o-phthaldialdehyde
(Alfa Aesar) and N-tert-butyloxycarbonyl-L-cysteine (Novabiochem)
as previously described (18, 59). Derivatized samples were resolved by
a C18 column (Alltima HP C18, 3 Im pore, Grace Discovery Sciences)
and analyzed by fluorometric detection. The HPLC system consisted
of an SCL-10A controller, 2 LC-10AT VP pumps, an SIL-10AD auto
injector, a DGU-20A5 degasser, and a RF-551 fluorescence monitor
(all instruments by Shimadzu Corp.). The separation was accom-
plished by application of a binary gradient of 25 mM sodium acetate
(pH 6.5) and acetonitrile. The gradient progressed from 10% to 20%
acetonitrile during a 20-minute period at a flow rate of 1.0 ml/min.
The column was allowed to reequilibrate to starting concentrations
after each run. Amino acid concentrations were calculated using the
internal standard as a comparison to standard samples run at the
beginning of each session.
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Quantitative real-time PCR (qRT-PCR). Hippocampal tissues from
sham-treated and CCI-injured WT and aSRKO mice were prepared for
gRT-PCR analysis using Direct-zol RNA Mini-Prep Kit (R2070, Zymo
Research) and real time (RT) reactions using the Omniscript RT Kit
(205113, QIAGEN) for RNA extraction, purification, and cDNA synthe-
sis according to the manufacturer’s instructions. The absence of reverse
transcriptase (i.e., no RT) was used as a negative control. Samples were
run on a QuantStudio 3 Thermocycler (Applied Biosystems) using
TaqMan assays for Srr (Mm01246014_m1, Applied Biosystems), DAO
(MmO00438378_m1, Applied Biosystems), or AOC-1 (MmO01328574_g1,
Applied Biosystems). Glyceraldehyde 3-phosphate dehydrogenase (Gap-
dh, Mm99999915_g1, Applied Biosystems) was used as an endogenous
control. ACt was calculated by subtracting the corresponding GAPDH Ct
from each sample Ct, and AACt was calculated by subtracting the aver-
age ACt of calibrator samples from the ACt of experimental samples.
Data were presented as 2t expression. Samples were run in triplicate.

Spontaneous hippocampal oscillations (0 analysis). Mice were anes-
thetized with urethane (1.5 g/kg) and placed on a stereotaxic frame. A
25-um concentric platinum-iridium bipolar stimulation electrode and
a platinum-iridium recording electrode were inserted through a crani-
otomy site with the following coordinates from bregma: -2.0 mm; lat-
eral: -2.0 mm; depth: 1.4 mm (stimulation electrode) and bregma: -1.8
mm; lateral: -1.4 mm; depth: -1 to-1.5 mm (recording electrode). These
coordinates placed the stimulation electrode in the Schaffer collaterals
and the recording electrode in the CA1l stratum radiatum. To further
verify the position of the recording electrode, it was advanced along
the dorso-ventral axis while stimulating and observing stereotypical
changes in fEPSP. After establishing a stable baseline, but before com-
mencing LTP protocol, spontaneous hippocampal EEG was recorded
sampling at 20 kHz and analyzed with LabChart software. A fast Fouri-
er transform (FFT) was applied to EEG recordings for power spectrum
analyses. To compare mean power per frequency, we averaged the
instantaneous power over a 10-minute period without stimulation.

In vivo electrophysiology. Mice were anesthetized, and electrodes
were implanted as detailed for spontaneous hippocampal oscillations.
Field potentials were recorded and converted to digital form using
an Axoclamp 2B amplifier, Axon Instruments Digidata 1322A ana-
log-to-digital converter, and Clampex (Axon Instruments) software for
data acquisition and analysis. I/O curves were generated by delivering
electrical monophasic pulses to the CA3 Schaffer collaterals from a
Grass S88 stimulator and S1U5 stimulus isolation unit and measuring
the fEPSP at increasing stimulus intensities. Stimulus intensities were
then adjusted to give fEPSP amplitude at 45%-55% of the maximum. A
stable baseline fEPSP slope was recorded at a rate of 1/60 s for at least
30 minutes. A paired-pulse facilitation protocol was run using inter-
pulse intervals of 20, 40, 80, 160, 320 and 480 ms. LTP was induced
with HFS (2 x 100 Hz, 1 second trains, 20-second intertrain interval).
Post-HFS fEPSPs were recorded for at least 60 minutes. Post-tetanus
fEPSP slopes were expressed as a percentage of the average fEPSP
slope from the baseline recordings. After LTP protocol, tissue was elec-
troablated and brains were sectioned to verify position of electrodes.

Fear-conditioning test. Mice were placed in a fear-conditioning appa-
ratus (30 x 24 x 21 cm, Coulbourn Instruments) with an electric grid
floor (0.8-cm spacing, 4.8-mm diameter rods) for habituation for 600
seconds. At 24 hours after habituation, the training period involved
placing the mouse back in the apparatus for 120 seconds followed by a
30-second tone (85 dB, 2 kHz) with a 0.7-mA foot shock for the last 2
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seconds of the tone. After the shock, mice were maintained in the box
for an additional 60 seconds (total duration of 210 seconds ). At 24 hours
after training, mice were returned to the apparatus and freezing behavior
was measured for 300 seconds to assess contextual fear conditioning.
Cue fear conditioning was measured 1 hour after contextual fear assess-
ment by measuring freezing behavior for 360 seconds during which the
tone (85 dB, 2 kHz) was delivered for the last 180 seconds. The wall col-
oration, lighting, and scent were changed between contextual and cue
assessments, and the box was cleaned with 70% EtOH and an enzymatic
cleaner between animals. Freezing behavior was quantified using video-
based analysis software (FreezeFrame, Coulburn Instruments).

Statistics. Data were analyzed using Student’s 2-tailed ¢ test for
comparison of 2 experimental groups, or 1-way or 2-way ANOVA for
comparison of more than 2 groups with Bonferroni’s post-hoc correc-
tion. For hippocampal electrophysiological recordings, 2-way ANOVA
and repeated measures ANOVA with Bonferroni’s post-hoc correction
were used. Data are represented as mean * SEM.

Study approval. All procedures were performed on male mice 2 to
4 months of age and approved by the University of Miami Institutional
Animal Care and Use Committee in accordance with the NIH Guide for
the Care and Use of Laboratory Animals (National Academies Press, 2011).
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