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Inhibition of glial D-serine release rescues synaptic
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1 | INTRODUCTION

Traumatic brain injury (TBI) is a multifaceted pathological condition
characterized by trauma to the head sufficient to disrupt homeostasis.

Stephen A. Tapanes and Dena Arizanovska co-contributing authors.
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Abstract

Synaptic damage is one of the most prevalent pathophysiological responses to
traumatic CNS injury and underlies much of the associated cognitive dysfunction;
however, it is poorly understood. The D-amino acid, D-serine, serves as the primary
co-agonist at synaptic NMDA receptors (NDMARs) and is a critical mediator of
NMDAR-dependent transmission and synaptic plasticity. In physiological conditions,
D-serine is produced and released by neurons from the enzymatic conversion of L-
serine by serine racemase (SRR). However, under inflammatory conditions, glial cells
become a major source of D-serine. Here, we report that D-serine synthesized by
reactive glia plays a critical role in synaptic damage after traumatic brain injury (TBI)
and identify the therapeutic potential of inhibiting glial D-serine release though the
transporter Slcla4 (ASCT1). Furthermore, using cell-specific genetic strategies and
pharmacology, we demonstrate that TBl-induced synaptic damage and memory
impairment requires D-serine synthesis and release from both reactive astrocytes
and microglia. Analysis of the murine cortex and acutely resected human TBI brain
also show increased SRR and Slc1a4 levels. Together, these findings support a novel
role for glial D-serine in acute pathological dysfunction following brain trauma,
whereby these reactive cells provide the excess co-agonist levels necessary to initiate

NMDAR-mediated synaptic damage.
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Worldwide, TBI affects nearly 69 million people annually and contributes
to death and disability more than any other traumatic insult (Dewan
et al., 2018; Prins et al., 2013; Taylor et al., 2017). Injury severity can
range from mild concussion to severe trauma, with many TBI patients
suffering from acute and/or chronic cognitive dysfunction (McGinn &
Povlishock, 2016; Prins et al., 2013). Disruption of the neuronal circuitry
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is one underlying pathology associated with cognitive dysfunction, where
damage to the hippocampal circuitry leads to learning and memory defi-
cits (Perez et al., 2017). The hippocampal tripartite synapse consists of
an integration of pre- and post-synaptic neuronal membranes with glial
cells that actively facilitates synaptic plasticity and transmission (Eroglu &
Barres, 2010; Perea et al., 2009). The widespread gliotic response of
astrocytes and microglia are well characterized in the injured brain
(Adams & Gallo, 2018; Bradbury & Burnside, 2019; Wang et al., 2018);
however, the effects of gliosis on the tripartite synapse remain largely
unexplored.

NMDA receptors (NMDARs) play critical roles in regulating
synaptic transmission and plasticity, but also have been implicated
in glutamate-induced excitotoxic cell death (Faden et al., 1989;
McGinn & Povlishock, 2016; Prins et al., 2013). More recently, hyp-
eractivation of NMDARs by the co-agonist D-serine after TBI is
thought to lead to hippocampal synaptic damage in the absence
of cell death, suggesting that D-serine plays a critical role in
regulating synaptic stability (Billard, 2012; Perez et al., 2017;
Wolosker, 2018). In physiological conditions, D-serine is a product
of enzymatic L-serine conversion by serine racemase (SRR), which
is released postsynaptically (Wong et al., 2020) by neurons to mod-
ulate NMDAR activity (Martineau et al., 2014; Shleper et al., 2005;
Wolosker, 2011; Wolosker et al., 2016). In a murine controlled cor-
tical impact (CCI) injury model, we have shown that pathological
increases in SRR and D-serine synthesis in reactive astrocytes con-
tribute to deficits in synaptic plasticity and memory (Perez
et al., 2017). However, whether reactive microglia also produce
D-serine and the mechanism(s) by which reactive glia release D-ser-
ine after TBI is unknown. D-serine release can occur by vesicular
(Mothet et al, 2005) and transport mechanisms (Bodner
et al, 2020; Ehmsen et al., 2016; Fukasawa et al., 2000; Jeon
et al., 2009; Rosenberg et al., 2013; Sakai et al., 2003); however,
two amino acid transporters have been strongly implicated in both
the influx and efflux of D-serine, namely, Slc1a4 (ASCT1) and
Slc7a10 (asc-1) (Foster et al.,, 2016; Kaplan et al, 2018; Neame
et al., 2019; Sason et al.,, 2017). SIc7a10 is also present to a lesser
extent in neurons (Helboe et al., 2003; Safory et al., 2015). Because D-
serine levels in the extracellular synaptic space are important in
NMDAR activation and learning and memory (Foster et al., 2016, 2017,
Kaplan et al., 2018; Rosenberg et al., 2013; Sason et al., 2017), it is
important to understand the role of these transporters in pathological
conditions. Specifically, as NMDARs can have both neuroprotective
and neurotoxic effects after injury (Bading, 2017; Ikonomidou & Turski,
2002), targeting glial D-serine transporters may provide a novel avenue
to modulate hyperactivation of NMDARs without altering all gluta-
matergic signaling.

Here, we utilize pharmacological and genetic approaches to show
that injury-induced microgliosis and astrogliosis mediate synaptic
damage after TBI through enhanced D-serine synthesis by SRR and
release by the Slcla4 transporter. Increases in SRR and Slcla4 levels
are also observed in tissues resected from human TBI patients, thus
supporting the therapeutic relevance of our D-serine mediated model

of synaptic damage.

2 | MATERIALS AND METHODS

21 | Study design

Genetically modified male mice were randomly assigned to a CCI or
sham control surgery and evaluated for synaptic losses and cognitive
dysfunction at multiple predetermined endpoints (3, 7, and 28 dpi).
The primary techniques used include: Golgi analysis, IHC, flow cyto-
metry, guantitative reverse transcription polymerase chain reaction
(gRT-PCR), and fear conditioning. Animal numbers were calculated by
power analysis with the G*Power 3.1 calculator based on the effect
size in our preliminary experiments, when possible. Given our experi-
mental design, we used the Multiple ANOVA-Global effects test with
effect size ranging from 0.2 to 0.8, power = 0.8; and a = .05. Treat-
ment and control groups consisted of littermates and were evaluated
together whenever possible, based on the numbers of animals born in
the facilities. Confounders such as order of surgery and/or treatment,
cage location in facilities, and experimental design based on the calen-
dar year were not controlled. Experimenters were blinded to the ani-
mal genotype and condition during behavioral testing, tissue
collection, and data analysis. No animals were excluded from study,

and experiments were run in technical triplicate.

2.2 | Animals

All procedures related to animal use and care were approved by the
University of Miami Animal Use and Care Committee (protocol
#20-061). Male adult C57BL/6 mice ages 2-4 months were used for
all experiments. Experimental SRR and Slc1a4™" mice were gener-
ated by crossing mice to cell-specific cre expressing mice, including
astrocytic hGFAPSERT2 (Jackson Laboratory, Bar Harbor, ME; B6.Cg-
Te(GFAP-cre/ERT2)505Fmv/J), microglial CX3CR;ER™2 (Jackson Lab-
oratory; B6.129P2(Cg)-Cx3cr1!m21ere/ERT2MLitt N\njoan J) and  microglial
TMEM119°ERT2 (jackson Laboratory; C57BL/6-Tmem119°m(EGFP)
s/ )) mice. Germline deficient SRR~ mice were previously reported
(Benneyworth et al, 2012). Slc1g4tm1aKOMPWES mice (UC Davis
KOMP center) contain loxP sites flanking exon 4, and a lacZ-Neo cas-
sette is localized to the intron between exons 3 and 4. Mice carrying
the LacZ reporter gene driven by the Slc1a4 promoter, were referred
to as Slc1a4“*? and were only used for expression studies. Flp exci-
sion of lacZ-Neo cassette resulted from mating Slc1g4tmiaKOMPIWesi
mice with B6.Cg-TgPek1-fipal105vki/) 1ice (Jackson Laboratory) to pro-
duce the Slc1a4™™ mouse line.

Cre recombinase was induced between 2-4 weeks prior to experi-
mentation by intraperitoneal (i.p.) injections of 90 mg/kg Tamoxifen
(TAM; MilliporeSigma, St. Louis, MO) for 1 day, followed by 2 days of
rest, followed by 5 consecutive days of injections. 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 experimental procedure
unless otherwise stated, including control SRR and Slc1a4™" mice
without Cre-recombinase. All mice were group-housed under a
12/12 h light/dark cycle and had access to food and water ad libitum.
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2.3 | Controlled cortical impact injury

Mice were anesthetized with a ketamine-xylazine cocktail
(100/10 mg/kg, respectively) and maintained on a heating pad for the
duration of the procedure. A skin incision was made to expose the
skull and then the head was placed in a stereotaxic frame for CCl. Fol-
lowing a 5 mm craniotomy, a 3 mm pneumatic piston was used to pro-
duce the CCI injury over the right parieto-temporal cortex at a
velocity of 4 m/s, depth of 0.55 mm, and duration of 150 ms using an
eCClI-6.0 device (Custom Design & Fabrication, Brookings, SD). Coor-
dinates of the injury epicenter were: —2.0 mm from bregma, lateral
2.5 mm. Following CCI injury, the skin was closed using 5-O Vicryl
synthetic nylon sutures and mice were placed on a heating pad,
injected with 1 mL of lactated Ringer's solution, slow-release
buprenorphine (1 mg/kg), and monitored twice daily for 1-week

postinjury.

24 | D-serine immunohistochemistry

Mice were intracardially perfused with a fixative of 3% glutaraldehyde
(#111-30-8, Electron Microscopy Sciences, Hatfield, PA), 1% parafor-
maldehyde (PFA, #76240, MilliporeSigma), 0.2% sodium metabisulfite
(MilliporeSigma) and 10 U/mL Heparin salt (MilliporeSigma). Brains
were postfixed in fixative for 24 h and cryoprotected in 30% sucrose.
D-serine IHC was performed on 20 pm free-floating sections as previ-
ously described (Balu et al., 2014). Briefly, sections were incubated
with 0.5% NaBH4 and 0.2% sodium metabisulfite in TBS (pH 7.4) for
10 min. Endogenous peroxidases were quenched by incubating sec-
tions with 0.3% H,O, in TBS (pH 7.4) for 30 min. Sections were
blocked with 10% normal goat serum and 0.1% triton X-100 in TBS
for 1 h at RT. Rabbit aD-serine antibody (1:1000, #6472, Abcam, Wal-
tham, MA) was diluted in a
5 mM L-serine-glutaraldehyde-BSA conjugate and sections incubated
for ~40 h at 4°C. Sections were incubated with Goat aRb IMMPRESS
HRP reagent (#MP7451, Vector, Burlingame, CA) for 60 min at RT
followed by incubation with IMMPACT DAB (#5K4105, Vector) for

appx 7 min. All tissue sections were treated in parallel and in a blinded

blocking solution containing

manner. Images were collected on a Zeiss Axioskop microscope using

Stereolnvestigator software (MBF Bioscience; Welliston, VT).

2.5 | Immunofluorescence

Mice were intracardially perfused with 1x PBS (pH 7.4) followed by
4% PFA (MilliporeSigma) in 1x PBS. Brains were postfixed in 4% PFA
for 24 h, cryoprotected for 24 h in 30% sucrose and sectioned at
30 pm. Sections were incubated with 3% H,0O, in 1X PBS for 20 min
followed by three 1xPBS washes. For SRR IHC, sections were blocked
with 10% Donkey serum, 1% BSA, 0.1% Triton-100 in 1X PBS for 1 h
at RT. To block endogenous Mouse IgG, sections were incubated with
Unconjugated AffiniPure Fab Fragment Goat aMouse IgG (H+L)
(1:10; #715-007-003, Jackson Immuno, West Grove, PA) for 2 h at

RT. Sections were then incubated with primary Ab overnight at 4°C
(mouse aSRR (BD Biosciences, #312053, 1:150; rabbit aGFAP,
#7260, 1:1000; goat albal, #NB100-1020, 1:400). Sections were
incubated with secondary antibodies (Donkey aMouse Fab Alexa
647 1:500, Donkey aGoat Alexa 568, Donkey aRabbit Alexa
488, 1:500) for 1 h at RT. Sections were then washed three times with
1X PBS for 5 min each. For nuclei staining, sections were incubated in
Hoechst 33342 (1:5000; #3750, ThermoFisher, Waltham, MA).

2.6 | p-gal staining and antibody co-labeling

LacZ tissues were prepared similar to IHC with the exception of no
overnight postfixation in 4% PFA. Sections were washed with 0.1M PB
(pH 7.4), rinsed 3 x 15 min, and treated with B-galactosidase (B-gal)
staining solution for 6 h at 37°C, washed with PB, dehydrated, and
coverslipped. The rinse solution was composed of 0.02% IGEPAL CA-
650 (MilliporeSigma), 0.01% sodium deoxycholate (MilliporeSigma),
1.25 mM EDTA (MilliporeSigma), and 2 mM MgCI2 (MilliporeSigma) in
0.IM PB. The stain solution contains 1 mg/mL X-gal (#X4281C,
Goldbio, St. Louis, MO) and 0.4 mg/mL nitroblue tetrazolium (NBT;
#11383213001 MilliporeSigma)) in rinse solution. Co-labeling was per-
formed with aGFAP and alba-1 prior to p-gal staining and imaged on a
Leica TCS SP5 confocal microscope at 10x magnification. Coverslips
were then removed and sections were treated as described above for
f-gal staining.

2.7 | Human TBI patient tissues and analysis

The collection of human TBI brain tissues was approved by the
University of Miami Institutional Review Board (protocol #20080609),
and written informed consent was obtained for each patient
according to the Declaration of Helsinki. During surgery an average of
100-1000 mg of tissue is removed from the perilesional injury site
using a pituitary rongeur prior to suction debridement. Samples were
immediately placed in a sterile container and kept on ice until transfer
to a —80°C freezer for storage. Control cortical protein lysates
(#NB820-59186, NB820-60574, NB820-59193, NB820-59198, and
NB820-59177, Novus Biologicals, Centennial, CO; #P3234073 and
P3234051, BioChain, San Francisco, CA) and RNA samples (#636570,
636571, and 636564, Takara Bio, Kusatsu, Japan) were obtained from
cardiac arrest cases without known co-morbidities. A total of
12 patient samples without known CNS co-morbidities were evalu-
ated (see Table 1).

2.8 | Western blot

Hippocampi of ipsilateral sham or CCl injured wild-type mice were lysed
in RIPA buffer with protease (#04693159001, MilliporeSigma) and phos-
phatase inhibitors (#04906845001, MilliporeSigma). Samples were
incubated for 20 min on ice and centrifuged at 4°C (13.2 rpm, 10 min).
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TABLE 1 Injury and demographic information on human brain samples
Sample ID Reason Region GCS at arrival
C1 (protein) Cardiac arrest WB N/A
C2 (protein) Cardiac arrest CcC N/A
C3 (protein) Cardiac arrest F N/A
C4 (protein) Cardiac arrest T N/A
C5 (protein) Cardiac arrest F N/A
C6 (protein) Cardiac arrest T N/A
C7 (protein) Cardiac arrest P N/A
C8 (RNA) Cardiac arrest (0] N/A
C9 (RNA) Cardiac arrest P N/A
C10 (RNA) Cardiac arrest T N/A
IDO Fall F 10
CLR GSW P/O 14
AP MVA F 7T
IVG MVA T 13, rapidly deteriorating
MC Fall F 7T
MM GSW T 7T
RRP MVA F 10
PD Fall T 6T
NA Bike accident T 7
JCVH MVA T 7T
JSTL MVA T
JB MVA T

Time (days from arrival to surgery) Age Sex Race
N/A 82 M N/A
N/A 22 M N/A
N/A 22 M N/A
N/A 66 M N/A
N/A 82 M N/A
N/A 77 M N/A
N/A 66 M N/A
N/A 22-68 14 M/Fe W
N/A 35-89 4 M/Fe w
N/A 21-82 5M A

8 32 M Y
2 21 M B

6 50 M W
<1 76 M B

2 54 F B
<1 18 M B
<1 63 M Y
<1 28 F W
<1 44 M H

4 34 M H
<1 58 M N/A
<1 29 M H

Note: A total of 12 TBI patients were processed for Western blot and gPCR analysis. C1-C10 reference control samples, where a score of 1-8 is classified
as a severe injury, 9-12 as moderate, and 13-15 as mild; T indicates the patient is intubated.

Abbreviations: a, asian; B, black; CC, cerebral cortex; Fe, female; F, frontal; GCS, glasgow coma scale; GSW, gunshot wound; H, hispanic; M, male; MVA,
motor vehicle accident; O, occipital; P, parietal; T, temporal; W, white; WB, whole brain.

The supernatant was further processed using the Quick Start Bovine
Serum Albumin (BSA) Standard kit (#5000206, Bio-Rad, Hercules, CA) to
determine protein concentration. Human samples were incubated over-
night at 37°C with the Protein Deglycosylation Mix Il (#P6044S, New
England BioLabs, Ipswich, MA) according to the manufacturer's instruc-
tions. Samples were diluted to 30 pg and separated on a 4%-20% gradi-
ent gel (#5678095, Bio-Rad), followed by transfer to a nitrocellulose
membrane using the Trans-Blot Turbo RTA Transfer Kit (#1704270,
Bio-Rad). Membranes were incubated with 5% BSA in PBS for 1 h at RT
followed by overnight incubation at 4°C with primary antibodies: «SRR
(1:1000, #sc-365217, Santa Cruz Biotechnology, Dallas, TX), aSlcla4
(1:1000, #8442S, Cell Signaling, Danvers, MA) and aGAPDH (1:5000,
#sc-47724, Santa Cruz Biotechnology). Membranes were washed three
times for 15 min in 1X TBS with 0.1% Tween-20 and incubated for 2 h
at RT with secondary antibodies diluted 1:5000: goat «-rabbit
(#111-035-003, Jackson Immuno) and goat a-mouse (#115-035-071,
Jackson Immuno). Membranes were exposed using the SuperSignal
West Pico PLUS Chemiluminescent Substrate (#34578, ThermoFisher)
substrate and visualized using the ChemiDoc Touch Imaging System
(Version 1.2.0.12, Bio-Rad). Densitometry analysis was performed using

the Image Lab software (Bio-Rad), where protein measurements were

normalized to GAPDH for human samples and total protein for mouse
samples. A whole brain control sample was used to standardize
between gels; measurements were then normalized to average cortical

control values.

2.9 | RNA extraction and qRT-PCR

RNA was extracted from the ipsilateral hippocampi of sham or CCI
injured wild-type mice with the Direct-zol RNA miniprep kit according
to the manufacturer's instructions (#R2051, Zymo Research, Irvine,
CA). RNA concentration and quality was determined with the
NanoDrop 1000 Spectrophotometer (ThermoFisher). Only RNA with
a 260/280 ratio of >2.0 was used. 400-500 ng of input RNA was
reverse transcribed into cDNA using a High-Capacity cDNA reverse
transcription kit (#4368814, ThermoFisher) for gRT-PCR. For
fluorescence-activated cell sorting (FACS) isolated cells, used the
PicoPure RNA isolation kit (#KIT0214, ThermoFisher) for RNA extrac-
tion, and genes of interest were preamplified for 13 cycles. gPCR was
performed using AmpliTaq Gold 360 Master Mix (#4398881, Thermo-

Fisher) with 50nM ROX passive reference dye (#75768,
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ThermoFisher), a QuantStudio 3 Thermocycler (ThermoFisher), and

TagMan primers (SRR, Hs00926869_m1; SLC1A4
Hs00161719_m1; Slcla4, Mm01223875_m1; Slcla5,
Mm00436603_m1; Slc7a10, Mm00502045_m1; and Daao

Mm00438378_m1, ThermoFisher). Glyceraldehyde 3-phosphate dehy-
drogenase (Gapdh, Mm99999915_g1 and Hs02786624_g1, Thermo-
Fisher) was used as an endogenous control. ACt was calculated by
subtracting the GAPDH Ct from its respective sample's target gene(s) Ct,
and AACt was calculated by subtracting the average ACt of reference
samples from the ACt of experimental samples. The absence of reverse
transcriptase (i.e., no RT) was used as a negative control. Fold difference
is equal to 27424 Data were presented as Log, of the Fold Difference.
Samples were run in duplicate or triplicate. All analyses were performed
in a randomized nonbiased manner.

210 | Golgi staining and analysis

Mice were anesthetized and whole brains immediately harvested. Fol-
lowing the Rapid Golgi Kit manufacturer's protocol (#PK401, FD
Neurotech, Columbia, MD), brains were placed in a 1:1 mixture of solu-
tions A and B for 2 weeks followed by solution C for 72 h. Brains were
then snap frozen on dry ice, cryosectioned at 120 pm (Leica CM1850),
and collected onto gelatin coated slides. Samples were stained follow-
ing the manufacturer's protocol. Briefly, sections were washed with
water and submerged in a staining solution composed of solution D,
solution E, and water for 10 min. Samples were then rinsed in water,
progressively dehydrated in ethanol, and treated with xylene prior to
cover-slipping with Permount mounting medium (#SP14-100, Thermo-
Fisher). Sections were imaged on an Olympus IX70 microscope with a
100x objective and 1.5x zoom for a working magnification of 150x.
Three dendritic segments (>10 pm in length) in the stratum radiatum
were imaged per cell, where three separate cells were analyzed per ani-
mal for a total of nine segments per animal from primary branches of
the apical dendrite. 0.2 pm Z-stack optical sections were used while
imaging to generate z-stacks. Image analysis was done as previously
described (Risher et al., 2014). Briefly, image stacks were imported into
Reconstruct software (Harris Lab, Center for Learning and Memory,
University of Texas, Austin, TX) to analyze Z-length, dendritic spine
number, and dendritic spine morphology. Morphology was character-
ized based on length and width, where a width >0.6 pm denoted a
mushroom spine and a length > 1 pm denoted a thin spine. All analyses
were performed in a randomized nonbiased manner and experimenters

were blinded to condition and genotype.

211 | Fluorescence-activated cell sorting

Mice were transcardially perfused with PBS and CCl injured ipsilateral
hippocampi were harvested. No fixative was used during perfusion for
FACS isolation. Tissue was dissociated into single cells with an adult
brain dissociation kit (#130-107-677, Miltenyi Biotech, Bergisch
Gladbach, Germany) and gentleMACS dissociator (#130-093-235,

Miltenyi Biotech) according to a modified manufacturer's protocol.
For HPLC, the procedure was modified to include 250 pM L-
4-Chlorophenylglycine (L4) and 5 pM BMS-466442 (BMS) to all isola-
tion solutions/steps to minimize D-serine release. To measure cell via-
bility, single cell suspensions were incubated for 1 h at 4°C with
Ghost Violet 540 viability dye (#13-0879-T100, Tonbo Biosciences,
San Diego, CA). Cells were then labeled with «ACSA-2 (1:50;
#130-116-141, Miltenyi Biotech), aCD11b (1:50; #130-113-802,
Miltenyi Biotech), and aCD45 (1:100; #103114, Biolegend, San Diego,
CA) for 30 min at 4°C. Samples were sorted on a MoFlo Astrios Cell
Sorter (Beckman Coulter, Brea, CA) into PBS for HPLC, centrifuged
(5000xg for 10 min), resuspended in 6% Trichloroacetic acid, and
frozen at —80°C and shipped on dry ice for HPLC analysis.

212 | High-performance liquid chromatography

FACS-isolated cells were immediately lysed with 6% trichlohoacetic acid
and cleared by centrifugation (16,000xg for 10 min). The supernatant
was extracted five times with water-saturated ether to remove TCA and
diluted into 20 mM borate buffer at pH 9.0. The samples were
derivatized for 50 s with N-tert-butyloxycarbonyl-L-cysteine and o-
phthaldialdehyde (MilliporeSigma), using 100 pmol L-2-aminoadipic acid
(MilliporeSigma) as internal standard. Samples were separated using two
coupled Chromolith RP-18 endcapped 100-4.6 HPLC columns (Merck,
Kenilworth, NJ) in a Hitachi HPLC apparatus (Tokyo, Japan) consisting of
a pump (L-7100), autosampler (L-7250), fluorescent detector (L-7485),
and degasser (L-7614). To monitor D-serine and other amino acids, we
acquired ~120,000 microglial cells and ~45,000 astrocytes (n = 4 com-
bined hippocampi per run per group) for HPLC. For the analysis of
endogenous D-serine in the hippocampus, the tissues were weighed and

treated with 20 volumes of TCA 6% and processed as described above.

213 | Flow cytometry

For flow cytometry experiments, samples underwent treatment simi-
lar to FACS samples with the exception of intracellular and DAPI
staining to improve separation. Following cell-surface labeling, sam-
ples were fixed with 1% PFA and 0.5% Tween-20 in PBS for 1 h at
RT. Samples were centrifuged, resuspended in 100 pL of flow buffer,
and blocked with an FcR blocking reagent (#130-092-575, Miltenyi
Biotech) or a mouse oSRR antibody (1:1000, #612053, BD Biosci-
ences) for 1 h at RT followed by staining with a goat a-mouse-488 nm
(#A1101, 30 min at
RT. Samples were then centrifuged, resuspended in 250 pL flow
buffer, treated with 1 drop of NucBlue Fixed Cell DAPI (#R37606,
ThermoFisher) and analyzed with a Cytoflex S flow cytometer

secondary antibody ThermoFisher) for

(Beckman Coulter) and analyzed with CytExpert (Beckman Coulter)
software. Gating was set based on fluorescent signal from unstained
and single channel control samples: astrocytes were positive for
ACSA-2 expression, whereas microglia expressed high levels of
CD11b and low levels of CD45 (to distinguish from CD45"&"
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macrophages) (Figure S2). Flow buffer consisted of PBS with 0.5%
BSA and 2 mM EDTA, pH 7.2.

2.14 | Fear conditioning

At 5- or 26-days postinjury (dpi), mice were placed in a fear-conditioning
apparatus (30 x 24 x 21 cm (Coulbourn Instruments, Allentown, PA))
with an electric grid floor (0.8-cm spacing, 4.8-mm diameter rods) for
habituation for 600 s. Twenty-four hours after habituation (6 or 27 dpi),
mice were placed back in the apparatus for a total of 210 s; at 120 s,
mice were exposed to a 30-s tone (85 dB, 2 kHz) followed by a 0.7-mA
foot shock for the last 2 s of the tone. Twenty-four hours after training
(7 or 28 dpi), mice were returned to the apparatus and freezing behavior
was measured for 300 s to assess contextual fear conditioning. The box
was cleaned with 70% EtOH and an enzymatic cleaner between animals.
Freezing behavior was quantified with video-based analysis software
(FreezeFrame 3, Coulbourn Instruments).

215 | Small molecules

L-4-Chlorophenylglycine (L4), a selective Slclad inhibitor (CAS
67336-19-0; #103114, Santa Cruz Biotechnology, Dallas, TX) (Foster
et al., 2017), was dissolved in NaOH and diluted in PBS to a stock
concentration of 2.5 mM (10X; pH 7.4). BMS-466442 (BMS), a selec-
tive noncompetitive Slc7a10 inhibitor, was obtained from Dr. Herman
Wolosker (Brown et al., 2014). BMS was dissolved in 100% DMSO at
5 mM (1000X working stock). Both compounds were provided at
pharmaceutical grade of >98% pure. L4 and BMS stock solutions were
diluted in PBS to their final working concentrations of 250 and 5 pm,
respectively.

Alzet pumps (#0000290, 0000296, Alzet, Cupertino, CA) were
preloaded to deliver 5 pM BMS, 250 uM L4, or vehicle (PBS) for 7 or
14 days after implantation. Loaded pumps were connected to a brain
infusion catheter (#0008851, Alzet) and placed in 0.9% saline at 37°C
overnight to equilibrate. 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 cannula was
secured to the skull without disturbing the injury using Loctite
454 Prism Gel (#233998, Henkel Corp., Bridgewater, NJ). The Alzet
pump was placed in a subcutaneous pocket in the back of the neck
and the incision of the skull sutured. Mice were housed separately in

clean heated cages and allowed to recover.

2.16 | Statistics

Data was analyzed with Student's two-tailed t-test or 1-way or 2-way
ANOVA with Tukey's multiple comparisons using GraphPad Prism
7. Prior to analysis, data was analyzed for normality and homoscedas-

* ok

ticity. *, **, and *** represent p-values of .05, .01, and .001, respec-

tively, within groups. #, ##, and ### represent p-values of .05, .01,

and .001, respectively, as compared with sham counterparts. Data is
presented as mean + SEM. All analyses were performed in a random-

ized nonbiased manner.

3 | RESULTS
3.1 | Increased serine racemase expression in
reactive microglia and astrocytes after CCl injury

In nonpathological conditions, SRR expression is primarily restricted
to the excitatory pyramidal cell (pyr) layer and dentate granule cell
(dgc) layer, as well as dendrites, in the adult mouse hippocampus
(Figure 1a), supporting previous observations (Balu et al., 2014,
Benneyworth et al., 2012; Perez et al., 2017; Wong et al., 2020).
Astrocytes and microglial cells are uniformly distributed throughout
the hippocampus as observed by the astrocytic glial fibrillary acidic
protein (GFAP) marker (Figure 1b) and the microglial ionized calcium
binding adaptor molecule 1 (Iba-1) marker (Figure 1c). In these non-
pathological sham tissues, we observe basal GFAP and Iba-1 expres-
sion levels that are associated with little to no glial SRR expression.
Moderate-severe murine CCl injury results in severe cortical tissue
damage with moderate damage to the hippocampus as previously
shown (Perez et al., 2016). In particular, we observed glial activation
and synaptic damage in the hippocampus without the loss of neurons
in the pyr or dgc layers (Perez et al., 2016). At 3 days post-CCl injury
(dpi), SRR expression is no longer restricted to the pyr and dgc layers,
but instead observed uniformly throughout the hippocampus
(Figure 1d). Hippocampal SRR expression corresponded with
increased astrocytic (Figure 1e) and microglial (Figure 1f) activation,
where we observed increases in GFAP and Iba-1 expression, as well
as morphological alterations. High-magnification images of the sham
and CClI injured tissues show SRR localization (white) in both astro-
cytes (Figure 1g-j) and microglia (Figure 1k-n) at 3 and 7 dpi. To vali-
date our immunofluorescent observations of glial SRR expression, we
examined SRR localization following CCl injury using cell-type specific
SRR knockout mice. We bred transgenic mice that have the first cod-
ing exon of Srr flanked by loxP sites, with mice that express a tamoxi-
fen inducible Cre recombinase either in microglia (CX3CR,"E"t2:SRR
mice) or astrocytes (GFAP“®E"2:SRRMf mice). Figure S1 shows that
after CCI injury, GFAPE"2.SRR™f mice retained SRR expression in
microglia and CXsCR;“e"2:SRR™™ mice retained SRR expression in
astrocytes, thus validating our cell-type specific strategy.

To provide a secondary measure of expression, we used flow
cytometry to evaluate the percent of microglia and astrocytes
expressing SRR (Figure 10) as well as the mean SRR fluorescent inten-
sity per cell (Figure 1p). Microglia were identified as viable CD11b"/
CD45'°% labeled cells and astrocytes as viable CD11b~/CD45/
ACSA-2" (astrocyte cell-surface antigen 2)-labeled cells. Cell-type
purities were validated by quantifying CD11b and GFAP mRNA
expression levels (Figure S2). Microglial cells showed a significant
30%-35% increase in the percent of SRR expressing cells at 3 and

7 dpi, in addition to a 2.0- to 2.5-fold increase in mean SRR
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Microglia

Serine racemase (SRR) is expressed by hippocampal microglia and astrocytes following CCl injury. (a) SRR is primarily expressed in

the soma and dendrites of hippocampal pyramidal and dentate granule neurons. Under sham conditions there is very little gliosis in the sham

hippocampus as measured by aGFAP (b) and aIBA-1 (c) immunofluorescence expression. At 3 dpi, SRR expression (d) is reduced in neurons and
robustly upregulated in reactive astrocytes (e) and microglia (f). High-magnification images show co-localization of SRR with astrocytes (g-j) and
microglia (k-n) at sham, 3, and 7 dpi. Quantification of SRR expression in FACS-isolated microglia and astrocytes show that the percent of glial
cells (o) and average mean fluorescent intensity per cell (p) is increased at 3 and 7 dpi as compared with sham mice. Scale bar is 100 pm.n =5
mice/group. **p < .01, ***p < .001. One-way ANOVA with Tukey's multiple comparison test. Values represent mean + SEM. CA1, cal pyramidal

cell layer; DG, dentate gyrus; dgc, dentate granule cell layer; pyr, pyramidal cell layer; s, stratum lacunosum-moleculare; so, stratum oriens; sr,

stratum radiatum

fluorescent intensity per cell. Astrocytes showed a trend towards an
increased percentage of SRR expressing cells and mean fluorescent
intensity at 3 dpi that became significant by 7 dpi. Together, these
observations suggest that both microglial and astrocytic SRR contrib-

utes to pathological levels of D-serine after CCl injury.
3.2 | Changes in the cellular distribution of D-
serine corresponds to SRR changes after CCl injury

D-serine is produced from L-serine by SRR enzymatic conversion. To

provide direct evidence that microglia produce D-serine after CCI

injury, we examined L- and D-serine levels in hippocampal microglia
by fluorescence-activated cell sorting (FACS, Figure S2) and high-
performance liquid chromatography (HPLC) analysis. To reduce cellu-
lar amino acid efflux during the cell isolation, tissues were treated with
amino acid transporter inhibitors throughout the isolation and FACS
procedures. We observed a threefold increase in D-serine levels in
isolated microglia at 3 dpi as compared with sham controls (Figure 2a),
whereas isolated astrocytes showed no significant difference at 3 dpi
(Figure S3a) similar to that observed for astrocytic SRR at 3 dpi
(Figure 10). By 7 dpi, SRR and D-serine levels were shown to be
decreased in whole tissues from GFAP*E"2:SRRM mice as compared

with SRR™M controls (Perez et al., 2017). Examination of L-serine and
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FIGURE 2 D-serine levels are increased in microglia following CCl injury. (a) HPLC analysis shows that D-serine levels are significantly
increased in FACS isolated microglia at 3 dpi. (b) HPLC analysis shows that D-serine levels are not changed at 3 dpi in the whole hippocampus of
SRR mice as compared with sham controls, but are significantly reduced in CX3CR;“E"2:SRR™ mice at 3 dpi. (c) D-serine is localized to
hippocampal pyramidal (d, arrows) and dentate granule neurons in sham conditions, which is reduced at 3 dpi (e). (f) At 3 dpi, D-serine is reduced
in pyr and increased in sl regions (h) as compared with sham controls (g). Germline knockout of SRR (SRR™~) shows little to no D-serine
immunoreactivity (F inset). Scale bar is 100 pm. n = 3/group. **p < .01, ***p < .001. Two-way ANOVA with Tukey's multiple comparison test.
Values represent mean + SEM. CA1, cal pyramidal cell layer; CA3, ca3 pyramidal cell layer; DG, dentate gyrus; dgc, dentate granule cell layer; pyr,
pyramidal cell layer; s, stratum lacunosum-moleculare; so, stratum oriens; sr, stratum radiatum

L-alanine in the same cells showed no differences between microglia
isolated from sham and CCI injured mice (Figure S3b,c). D-serine
levels in whole hippocampal tissues from CX3CR;“°E"2:SRR" mice
were significantly reduced by twofold at 3 dpi as compared with sham
controls (Figure 2b). Conversely, D-serine was not decreased in con-
trol SRR™ mice after CCl injury. Importantly, there was also no differ-
ence in D-serine levels between sham SRR and sham CX3CR;°"E"2:
SRR™ mice. As previously shown (Perez et al., 2017), we typically do
not observe differences in the total hippocampal D-serine level after
injury, since the rise in glial D-serine is offset by the fall in neuronal
D-serine. In addition, we did not observe significant changes in
L-serine or L-alanine between sham and CCI injury or between
CX3CR;E2:5RRMM and SRR™" mice (Figure S3d,e). Total glial
D-serine levels are also dependent on cellular D-serine degradation,
where enzymes, such as D-amino acid oxidase, can lead to D-serine
turnover. Examination of Daao mRNA in the whole hippocampus

showed a significant decrease at 1 dpi that returned to sham levels by

7 dpi (Figure S3f). These results demonstrate that microglial D-serine
represents a significant proportion of total D-serine levels in the
hippocampus only following CCl injury.

We next examined D-serine tissue expression in sham and CCI
injured mice at 7 dpi using immunohistochemistry (IHC). Sham animals
(Figure 2c,d,g) showed strong neuronal D-serine localization in CA1 pyr
layer and moderate expression in the CA3 pyr layer and the dentate
gyrus (DG). Sparse immunoreactivity was observed in the stratum oriens
(so), stratum radiatum (sr), and stratum lacunosum-moleculare (sl)
(Figure 2g). However, at 7 dpi (Figure 2e,f,h), there was reduced neuro-
nal D-serine localization in the CA1 pyr and dgc, while there was robust
D-serine glial immunoreactivity in sl and throughout the DG (Figure 2f).
High-magnification images show representative comparisons of the
CA1 pyr (arrowheads) from sham (Figure 2d) and CCl injured (Figure 2e)
mice, as well as the sl from sham (Figure 2g) and CCl injured (Figure 2h)
mice. D-serine immunoreactivity was not seen in germline SRR™~ null
mice (Figure 2f inset). These findings support our model whereby
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increased SRR expression by reactive glia following CCl injury is accom- (Perez et al., 2016). Analysis of hippocampal apical dendritic spine
panied by a sustained increase in glial D-serine production. number and morphology provides good insight to synaptic integrity,
where classic Golgi-Cox staining and analysis is still the gold standard.

Here, we determined whether microglial and astrocytic SRR contrib-

3.3 | Reactive microglial and astrocytic D-serine utes to synaptic deficits on CA1 apical dendrites after CCI injury in
contributes to dendritic spine damage and loss after CX3CR,“E2:5RRMM  and  GFAPE"2:SRR™ mice, respectively
CCl injury (Figure S1). In SRR™M mice, we observed a time-dependent reduction

in spine density at 3 and 7 dpi as compared with sham mice
We have previously shown that our CCl injury model leads to hippo- (Figure 3a). The ~25% loss in spine density by 7 dpi is similar to previ-

campal CA1 synaptic loss in the absence of pyramidal cell death ous observations using transmission electron microscopy (Perez
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FIGURE 3 Glial SRR contributes to injury-induced dendritic spine damage as well as learning and memory deficits. (a) Spine density is
significantly decreased at 3 and 7 dpi in SRR™" mice as compared with sham controls, but not in CX3CR;"E"2:SRR™f or GFAPE"2:SRRf! mice.
Spine density is significantly increased in microglial SRR-deficient mice as compared with control SRR™f mice at 7 dpi. Representative images for
Golgi stained CA1 dendrites are shown for each group. (b) The percent of mature mushroom-shaped spines (inset image) are significantly reduced
at 3 and 7 dpi in SRR mice but not CX3CR,<*E"2:SRRMM or GFAP*E™2:SRR™M mice. Mushroom-shaped spines are significantly increased in glial
SRR-deficient mice as compared with control SRR mice at 3 and 7 dpi. (c) The percent of thin spines (inset image) is increased at 3 and 7 dpi in
SRR™f mice but not CX3CR;E2: SRR or GFAPeEM2:.SRR™M mice. Thin-shaped spines are significantly decreased in glial SRR-deficient mice as
compared with control SRR™ mice at 3 and/or 7 dpi. (d) Contextual fear-conditioning test shows that CCl injury leads to reduced freezing in
SRR mice at 7 dpi as compared with sham controls, which was not observed in CX3CR;*E"2:SRR™M or TMEM119°"¢E"t2:5RR mice. The percent
of freezing was significantly increased in both lines of microglial SRR-deficient mice as compared with control SRR mice at 7 dpi. The percent of
mushroom-shaped spines correlates to percent freezing (e), while thin-shaped spines inversely correlated to percent freezing (f). n = 4 mice/
group (a-c, e-f) and n = 9-14 mice/group (d). Two-way ANOVA with Tukey's multiple comparison test within genotypes or between a given
timepoint. Values represent mean + SEM.**p < .01, ***p < .001 compared with sham (within genotype); #p < .05, ##p < .01, ###p < .001
compared with control SRR™ mice at same postinjury timepoint
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et al., 2016). Spine morphology has been classified into several differ-
ent shapes (Risher et al., 2014; Rochefort & Konnerth, 2012). The two
most prevalent morphologies in nonpathological conditions are
mushroom-shaped, which are considered mature spines with high effi-
cacy for synaptic transmission and plasticity, and thin-shaped, thought
to represent developing or degenerating spines (Risher et al., 2014).
Reduced spine density after CCl injury is due to a decrease in
mushroom-shaped spines (Figure 3b) and an increase in thin spines
(Figure 3c), since both morphologies are included for total spine den-
sity values. It is likely that at 3 and 7 dpi thin spines primarily repre-
sent degenerating spines, especially given the overall reduction in
spine density, but newly formed spines cannot be ruled out. It is likely
that the increased numbers of thin spines do not represent active syn-
aptic units, suggesting that the cumulative functional deficits primarily
represent losses in mushroom-shaped spines and synaptically inactive
filopodia. This hypothesis is supported by a 50% deficit in hippocam-
pal dependent contextual fear memory (Figure 3d), where freezing
behavior positively correlates to the percentage of mushroom shaped
spines (Figure 3e) and inversely correlates to the percentage of thin
spines (Figure 3f). Furthermore, these findings are supported by previ-
ous studies where we observe impaired hippocampal synaptic plastic-
ity at 7 dpi (Perez et al., 2017).

In CX3CR;E"2:SRRMM and GFAPE"2:SRR mice, we observed a
significantly greater total spine density and number of mushroom-
shaped spines at 3 and 7 dpi as compared with SRR™ injured mice
(Figure 3a,b). Conversely, we observed significantly fewer thin-shaped
spines in both SRR-deficient glial cell types after CCl injury as com-

fl/fl

pared with control SRR™" mice (Figure 3c). In fact, spine density and

the percentage of mushroom- and thin-shaped spines in CX3CR;""2:
SRR and GFAPE"2:SRRf mice are not significantly different from
sham controls. To provide additional support for the role of microglial
D-serine after CCl injury, we employed a second microglial SRR
deficient mouse line (TMEM119Ert2.GRR1M) that employs a pan-
microglial TMEM119 promoter to express cre recombinase (Kaiser &
Feng, 2019). Similar to CX3CR,“*E2:SRRMA TMEM119°reErt2. R/
mice show a selective loss of SRR expression in lbal+ microglia
(Figure S4a-g) following CCI injury, which prevented reductions in
total spine density and mushroom-shaped spines, as well as increases
in thin-shaped spines (Figure S4h,i). Of note, dendritic spines were not
affected in any of our sham, conditional glial SRR knockout mice.
Together, these findings identify a novel role for glial D-serine in regu-
lating dendritic spine stability after CCl injury.

3.4 | Reactive microglial and astrocytic D-serine
contribute to learning and memory dysfunction

We next examined whether ablation of microglial D-serine contrib-
utes to impaired learning and memory behavior after CCl injury as
previously observed for astrocytes deficient in D-serine (Perez
et al., 2017). To examine learning and memory behavior, we examined
freezing behavior using a fear-conditioning paradigm in CX5CR,¢E"2:

SRR TMEM119*E2.SRR™A and SRR™M mice (Figure 3d). In this

paradigm mice were habituated to the testing environment, which
was then paired with an aversive stimulus (i.e., a mild foot shock)
(Maren et al., 2013). When mice are placed back in the conditioning
context (24 h later), we observed ~45% freezing behavior which dem-
onstrates that sham control SRR"" mice learn and retain the associa-
tion. We did not observe any significant difference in memory
consolidation between sham CX3CR;E2:SRRM or TMEM119°7¢E2.
SRR™M mice. At 7 dpi, control SRR™" mice showed a significant ~50%
reduction in freezing behavior when placed back in the same environ-
ment, indicating that hippocampal damage impairs fear memory con-
solidation. Injury-induced freezing deficits were not observed in
CX3CR,“Et2:5RRMM or TMEM119E2.SRRMM mice, demonstrating
that D-serine produced by reactive microglia post-CCl injury impairs
hippocampal-dependent memory consolidation. Comparison of
mushroom-shaped or thin-shaped spine densities with freezing behav-
ior show strong positive (Figure 3e) and negative (Figure 3f) correla-
tions, respectively, for sham and CCl injured SRR™f CX,CR,<¢E1t2:SRR
il and TMEM119eE2.5RRM mice. These findings suggest that
hippocampal-dependent memory consolidation after CCl injury is sensi-
tive to both microglia and astrocytic D-serine, where eliminating a sin-

gle cellular source prevents memory deficits.

3.5 | D-amino acid transporters are upregulated
after CCl injury in reactive microglia and astrocytes

To determine whether D-amino acid transporters regulate D-serine
release from astrocytes and microglia, we examined three prominent
amino acid transporters that are thought to participate in D-serine
release, namely, Slc1a4 (ASCT1), Slc1a5 (ASCT2), and Slc7a10 (asc-1).
gRT-PCR analysis of whole hippocampal tissues showed a significant
increase in Slcla4 mRNA at 1, 3, and 7 dpi as compared with control
sham mice (Figure 4a). Slc7a10 mRNA was initially decreased at 1 dpi
then returned to sham levels at 3 and 7 dpi (Figure 4b); however,
Slc7a10 mRNA was expressed two- to four-fold less than Slcla4
mRNA in the hippocampus after CCl injury (Figure 4c). Because
Slc1a5 mRNA was expressed >20-fold less than the other two trans-
porters, we focused our studies on Slclad4 and Slc7a10. We next
determined whether increases in Slc1a4 mRNA also reflected changes
in Slcla4 protein levels. Western blot analysis of Slcla4 showed
increased expression in the whole hippocampus at 3 and 7 dpi as
compared with sham controls (Figure 4d; Figure S5).

To examine the spatial distribution and cellular specificity of the
Slcla4 transporter, we developed a Slc1a4™® mouse that contains a
LacZ reporter gene driven by the endogenous Sic1a4 promoter. LacZ
expression was observed in a punctate pattern throughout the brain,
including cortex, striatum, hippocampus, midbrain, hindbrain, and cer-
ebellum in both sham and CCl injured tissues (Figure 4e-u). At 3 dpi,
there was reduced LacZ expression in the injured cortical epicenter
(large arrowhead) and surrounding tissues, while increased expression
was observed in peri-lesional cortical regions (small arrowheads) as
compared with sham animals (Figure 4h,i). Increased LacZ expression

was also observed in the hippocampus at 3 dpi (Figure 4i,j), and in
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many brain regions by 7 dpi (Figure 4k-m). LacZ co-localization stud-
ies were performed in the CA1 hippocampus with «GFAP and alba-1
antibodies (Figure 4n-u). In sham animals and at 3 dpi, we observed
that LacZ positive cells co-localized to both astrocytes and microglia,
which aligns with the localization profiles of both SRR and D-serine
postinjury. These findings provide evidence that reactive glia release
D-serine via Slc1a4 after CCl injury.

3.6 | Pharmacologic blockade of D-amino acid
transporters prevents CCl injury pathologies

To begin to assess the contribution of Slcla4 and SIc7a10 in CCI
pathology, we took advantage of a selective Slcla4 inhibitor,
L-4-chlorophenylglycine (L4), and a selective Slc7a10 inhibitor, BMS-
466442 (BMS). L4 is a noncompetitive substrate inhibitor that has
high selectivity and potency for Slclad (ICso = 25 pM) (Foster
et al,, 2017). BMS is a highly selective Slc7a10 inhibitor that binds via
competitive occupation of an orthosteric site to prevent movement of
the helices required for transport (ICso = 500 nM) (Brown
et al., 2014; Torrecillas et al., 2019). Since Slc7a10 is an established
D-serine exporter (Sason et al., 2017), application of BMS serves as a
positive control for D-serine release. In our studies, inhibitors were
delivered directly to the contralateral lateral ventricle using subcuta-
neously implanted osmotic pumps (Alzet™), and vehicle or inhibitors
were infused for 7 days (harvested at 7 dpi) or 14 days (harvested at
28 dpi) (Figure 5A). The later 28 dpi paradigm was employed to deter-
mine whether blocking glial D-serine release during a critical patholog-
ical period would lead to prolonged synaptic preservation.

Based on dose escalation experiments of L4 (25, 250, 2500 uM)
and BMS (0.5, 5, 50 pM), we determined that 250 uM L4 and 5 pM
BMS showed the greatest protection of memory in a contextual fear
conditioning paradigm after CCl injury (Figure Séa), without affecting
memory in sham mice (Figure Séb). We then used these doses to
show that CCl injury led to a significant, time-dependent decrease in
spine density by 7 dpi in vehicle-treated mice as compared with vehi-
cle sham controls (Figure 5b), whereas CCl injured animals treated
with 250 pM L4 or 5 pM BMS showed significantly increased spine
density as compared with vehicle treated CCI injury mice. In fact,
spine density in CCl injured L4- or BMS-treated mice was not signifi-

cantly different from sham vehicle control. Examination of synaptic

morphology showed similar improvements in L4- and BMS-treated
mice, where mushroom-shaped spines were significantly increased as
compared with vehicle treated CCl injured mice (Figure 5c). Con-
versely, CCl injury increased the number of degenerating thin spines
at 7 dpi that was significantly blocked following L4 treatment. BMS
showed similar trends towards reduced thin-shaped spines. Compari-
son of vehicle, 250 pM L4, and 5 pM BMS treated sham mice showed
a slight but significant reduction in spine density and percentage of
mushroom-shaped spines but no significant differences in thin spines
(Figure Séc,d). This suggests that administration of 250 uM L4 or
5 uM BMS may have some additional physiological responses, where
maintained inhibition of D-amino acid transporters may alter synaptic
stability or remodeling. This is not surprising considering D-serine is
important for maintaining appropriate dendritic spine number (Balu
et al, 2012; Balu et al., 2013; Lin et al., 2016), which make the
improvements observed following L4 and BMS treatment after CCl
injury even more pronounced.

To determine whether 250 uM L4 treatment for 14 days
followed by a “wash out” period of another 14 days (28 dpi cohort)
resulted in differences in pathological outcome from 7 day treated
mice, we examined the delayed effects of L4 on spine density and
morphology after CCI injury. We observed similar effects of L4
treatment between the 7 and 28 dpi studies, where L4 rescued
deficits in spine density and the percentage of mushroom spines
and reduced the percentage of thin-shaped spines (Figure 5d,e).
This suggests that the first 1-2 weeks after CCl injury is the critical
period for acute synaptic damage and blocking D-serine release
though Slc1a4 leads to stabilization of dendritic spines for at least
1-month postinjury.

We used a contextual fear-conditioning paradigm to determine
whether L4 could prevent CCI injury-induced memory deficits. As
expected, there was a significant reduction in freezing behavior in vehi-
cle treated CCI injured mice relative to sham vehicle control mice
(Figure 5f). Treatment with 250 uM L4 or 5 uM BMS prevented signifi-
cant deficits in freezing behavior after CCl injury, while L4 did not affect
freezing behavior in sham mice. In the 28-dpi cohort, we found a similar
long-term improvement in L4 as compared with vehicle control treated
CCl injured mice (Figure 5g). Together, these findings show that the
synaptic pathology and cognitive impairment induced by CCl injury can
be prevented by blocking the release of D-serine via both Slc1a4 and
Slc7a10.

FIGURE 4 D-serine transporters are expressed in microglia and astrocytes and are altered after CCl injury. (a) Quantitative RT-PCR shows
that Slc1a4 (ASCT1) mRNA is upregulated at 1, 3, and 7 dpi as compared with sham controls. (b) Slc7a10 (asc-1) mRNA is downregulated at 1 dpi
then returns to sham levels at 3 and 7 dpi. (c) Comparison of the ratio between Slc1a4 with Slc7a10 or Slc1a5 (ASCT2) shows ~4 and 30-fold
decrease in MRNA levels, respectively. (d) Western blot analysis shows that Slc1a4 protein levels are increased at 3 and 7 dpi as compared with
sham levels. LacZ reporter driven by the Slc1a4 promoter shows expression throughout the brain in sham (e-g), 3 dpi (h-j), and 7 dpi (k-m) in
sagittal sections. Cortical tissues show reduced LacZ expression in the injury epicenter (large arrow) at 3 dpi (i), while peri-lesional regions (small
arrows) have increased expression (including the hippocampus). (l) Increased expression is observed throughout the brain at 7 dpi. (g, j, m) high-
magnification image of CA1 hippocampus. (n-u) Co-labeling of LacZ with immunofluorescent markers for microglia (aIBA1, cyan) and astrocytes
(«GFAP, magenta) show co-localization of LacZ with microglia and astrocytes in sham (o, p) and at 3 dpi (r-u). Scale bar is 100 pm (g) and 50 pm
(n). n = 4 mice/group (a-d) and n = 5 mice/group (e-m). One-way ANOVA with Tukey's multiple comparison test. Values represent mean + SEM.
*p < .05, **p < .01, ***p < .001. pyr, pyramidal cell layer; s, stratum lacunosum-moleculare; so, stratum oriens; sr, stratum radiatum
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3.7 | Ablation of Slcla4 in microglia or astrocytes mice significantly decreased both spine density (Figure 6a) and the
protects synaptic density and memory after CCl injury percentage of mushroom-shaped spines (Figure 6b) but increased

the percentage of thin-shaped spines (Figure 6c) compared with
We next examined whether Slclad ablation in microglia sham controls. These effects were reversed in CX3CR;“°E2:Slc 14"/
(CX3CR,E"2:51c1a4™M)  or  astrocytes — (GFAPeEt2:5)c1q4f/) and GFAP*EM2:5ic1a4/f CCI injured mice. Using a fear-conditioning
(Figure S7a,b) would prevent CCl injury from perturbing hippocampal paradigm, CCI injury-induced memory deficits were observed in
dendritic spine integrity and memory. CCl injury in control Slc1a4™" control Slc1a4™f mice, but not in CX3CR;*E"2:SIc1a4™" and
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FIGURE 6 Genetic deletion of
microglial and astrocyte Slc1a4 protects
synapses from damage after CCl injury.
(a) Spine density is significantly decreased
at 7 dpi in Slc1a4™" mice as compared
with sham controls, but not in
CX3CReE"2:S1c1a4™ or GFAPeE"2;
Slc1a4™™ mice. Representative images for
Golgi stained CA1 dendrites are shown
for each group. (b) The percent of mature
mushroom-shaped spines is significantly
reduced at 7 dpi in Slc1a4™" mice as
compared with sham controls, but not in
CX3CReE"2:51c1a4™ or GFAPeE2;
Slc1a4™™ mice. (c) The percent of thin
spines are increased at 7 dpi in Slc1a4™"
mice as compared with sham controls, but
not in CX3CR;**2:Slc1a4™M or
GFAPeE"t2:51c1a4™ mice. (d) Contextual
fear-conditioning test shows that CCl
injury leads to reduced freezing in
Slc1a4™™ mice as compared with sham
controls at 7 dpi, but not in CX3CR,<¢E"2:
Slc1a4™f or GFAP*E"2:SIc1a4™ ™ mice.

n = 4 mice/group (a-c) and n = 9-11
mice/group (d). Two-way ANOVA with
Tukey's multiple comparison test within
genotypes or between a given timepoint.
Values represent mean + SEM.**p < .01,
***p < .001 compared with sham

contributes to the synaptic pathology and memory impairments cau-
sed by TBI but does not contribute to the maintenance of dendritic
spine integrity or fear memory under physiological conditions.

FIGURE 5

Pharmacological inhibitors of D-amino acid transporters reduce synaptic damage after CCl injury. (a) Schematic experimental

timeline. (b) Spine density is significantly decreased at 7 dpi in vehicle treated C57BL/6 wild type mice as compared with sham vehicle controls.
Spine density is significantly increased when 250 pM L-4-Chlorophenylglycine (L4) or 5 uM BMS-466442 (BMS) is infused into the contralateral
ventricle for the 7-day recovery period. Representative images for Golgi stained CA1 dendrites are shown for each group. (c) The percent of
mature mushroom-shaped spines (inset image) are significantly reduced at 7 dpi, but not in L4 or BMS treated mice. L4 and BMS led to a
significant increase in mushroom-shaped spines over this 7-day period. Conversely, thin spines (inset image) are increased at 7 dpi but not in L4
or BMS treated mice. L4 led to a significant decrease in thin-shaped spines over this 7-day period. (d) Infusion of L4 for 14-days followed by
examination of spine density at 28 dpi showed that decreases observed in vehicle injured mice are reversed at 28 dpi. Representative images for
Golgi stained CA1 dendrites are shown for each group. (e) The percent of mature mushroom-shaped spines remains significantly reduced at

28 dpi, but not in L4 treated mice, where L4 treatment led to a significant increase in mushroom-shaped spines. Conversely, thin spines remain
increased at 28 dpi but not in L4 treated mice. L4 led to a significant decrease in thin-shaped spines over this 28-day period. Contextual fear-
conditioning test shows that the percent freezing in vehicle treated CCl injured mice is reduced at 7 dpi (f) and 28 dpi (g) as compared with sham
controls, which was not observed in L4 or BMS at 7 dpi (f) or L4 at 28 dpi (g). The percent of freezing was significantly increased in L4 and/or
BMS treated mice at 7 and 28 dpi, respectively, as compared with vehicle treated mice at 7 or 28 dpi. n = 4 mice/group (b-e) and n = 7-10
mice/group (f-g). Two-way ANOVA with Tukey's multiple comparison test within genotypes or between a given timepoint. Values represent
mean = SEM. *p < .05, **p < .01, ***p < .001
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FIGURE 7 SRRis upregulated in cortical tissues in CCl injured mice and human TBI patients. (a) Schematic of perilesional tissue used for
ipsilateral (IpsiL) and contralateral (Contral) tissue analysis (Boxes). Confocal analysis of Contral medial cortex shows little SRR, aGFAP, or alBA-
1 immunoreactivity (b), while IpsiL medial cortex shows increased expression (c). High-magnification confocal image of ContraL aSRR (d), «GFAP
(e), alBA-1 (f), and IpsiL aSRR (g), xGFAP (h), and alBA-1 (i). Co-labeled image of aSRR and aGFAP (j) or «SRR and alBA-1 (k) demonstrate that
SRR is expressed in reactive astrocytes and microglia, respectively. (I) Western blot analysis of «SRR and aSlc1a4 in human resected TBI tissues
from seven controls (C1-C7) and 12 TBI patients (see Table 1). The key shows that TBI patient samples were segregated into their levels of
severity based on the Glasgow Coma Scale, where scores ranging from 13-15 represented a mild TBI (yellow symbol), 9-12 represented a
moderate TBI (blue symbol), and 3-8 represented a severe TBI (red symbol). In addition, patients were classified into two categories based on the
time of injury to the time of surgical resection: either less than or equal to 1 day (circle) or greater than 1 day (square). Histographs showing
distribution of SRR protein (m), SRR mRNA (n), Slc1a4 protein (o), and Slc1a4 mRNA (p) show upregulated levels of SRR and/or Slc1a4 in most
patients. Values represent mean + SEM.*p < .05, **p < .01 compared with human control samples

3.8 | Expression of SRR and Slc1a4 are
upregulated in peri-lesional tissues from injured mouse
and human brain

(Figure 7b,d). However, in the ispilateral (IpsiL) medial cortex
(Figure 7c,g-i), there was extensive reactive gliosis that associated
with increased SRR, GFAP, and Iba-1 expression. High-magnification
confocal images show co-localization of SRR (Figure 7g) with

To determine whether changes in SRR and Slc1a4 expression are also reactivate astrocytes (Figure 7h,) and microglia (Figure 7ik),

present in peri-lesional cortical tissues, we examined the damaged
murine cortex after CCl injury (3 dpi) and damaged human cortex after
TBI. In the contralateral (Contral) medial cortex of our murine model
(Figure 7a), we observed minimal astrogliosis (dGFAP; Figure 7b,e),

microgliosis (xIBA-1; Figure 7b,f), or SRR localization in reactive glia

where arrowheads depict representative co-labeled cells (Figure 7j,k).
These findings were further supported in a mild (2 m/s) CCI injury
model, where gliosis, but little to no tissue loss, is observed (Assis-
Nascimento et al., 2016). Flow cytometric analysis of isolated astrocytes

or microglia from the mild CCl injured cortex showed an increase in the
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mean SRR fluorescent intensity at 7 dpi (Figure S7c). We also observed
widespread increases in LacZ expression in the Slc1a4 reporter mice
at 3 and 7 dpi (Figure 4i,l), further supporting the concept that global glial
reactivity may lead to D-serine-mediated synaptic damage in cortical
tissues.

We next examined SRR and Slcla4 protein and mRNA levels in
peri-lesional tissues resected from 12 TBI patients and human cortical
control specimens (Figure 7l-p; Figure S8; Table 1). It was important
to measure both protein and mRNA levels since protein stability may
be compromised in patients that undergo surgery hours to day(s)
post-TBI. Thus, we evaluated SRR, Slc1a4, and GAPDH using gel elec-
trophoresis and gRT-PCR. Control lysates include a whole brain
(C1) specimen to normalize across gels and six cortical specimens
(C2-C7), while three separate mRNA control specimens represent
mRNAs from cortical specific regions of combined (4-14) individuals
that suffered cardiac arrest (Table 1). TBI patients were segregated
into levels of severity based on the Glasgow Coma Scale, where
scores ranging from 13-15 represent a mild TBI (yellow symbol), 9-
12 represent a moderate TBI (blue symbol), and 3-8 represent a
severe TBI (red symbol). In addition, patients were classified into two
categories based on the time of injury to the time of surgical resec-
tion: either less than or equal to 1 day (circle) or greater than 1 day
(square). For TBI samples, mRNA and protein lysates were extracted
from the same patients (Table 1).

Analysis of SRR protein levels showed a distribution ranging from
~0.3 to 4.1-fold increase (mean of 1.6 + 0.4) as compared with the
control mean (Figure 7m), and mRNA ranged from ~2 to 27-fold
increase (mean of 4.5 + 1.1) (Figure 7n). In our SRR Western blot, we
did observe a distributional difference where three of five severe
(<1 day) TBI patients showed the greatest increases (Figure 7m), while
SRR mRNA levels were significantly increased in all TBI samples tested
(Figure 7n). This variance could be attributed to transcriptional versus
translational differences at the time of tissue harvesting, but also
could be due to increased degeneration of the cytosolic SRR protein
postinjury. Analysis of the D-serine transporter Slcla4 showed pro-
tein distribution ranged from ~0.2 to 15-fold increase (mean of 6.1
+ 1.14) as compared with the control mean (Figure 70), and mRNA
ranged from ~0.4 to 23-fold increase (mean of 3.3 + 1.7), where 9 of
12 TBI patients showed greater than a twofold increase (Figure 7p).
Together, this shows that all tested TBI patients exhibit increased pro-
tein and/or mRNA levels of SRR and/or Slcla4 as compared with con-
trol specimens, supporting our CCl murine model and the possibility
that there would be increased D-serine synthesis and/or release,

respectively, following TBI.

4 | DISCUSSION

Cognitive dysfunction associated with TBI is rooted in the disruption
of the brain's neuronal circuitry; however, the heterogenous nature of
TBI complicates our interpretation of the underlying cause(s). In other
words, circuitry dysfunction in the newly injured brain can be largely

attributed to the morphological disruption in neuronal connections

because of cell death and/or synaptic damage. Although synaptic loss
is a common feature of all TBIs (mild to severe), it is less clear whether
pathological responses specifically target individual synapses. A path-
ological role for D-serine has been implicated in several neurological
disorders that exhibit reactive astrogliosis, including Alzheimer's dis-
ease (Balu et al., 2019), amyotrophic lateral sclerosis (Paul & de
Belleroche, 2012), and TBI (Perez et al., 2017). Here, by using various
genetic and pharmacologic strategies, we directly link D-serine release
from reactive glia to the pathological consequences of TBI. Impor-
tantly, we show for the first time in vivo that D-serine released by
reactive microglia contributes to the synaptic damage and cognitive
dysfunction caused by CCI injury. Furthermore, our data using tissue
resected from TBI patients suggests that this pathological response is
conserved in humans and extends beyond the injury site.

To examine the mechanisms that regulate synaptic damage, we
established a CCl injury severity that causes ~25%-30% synaptic loss
in the CA1 stratum lacunosum-moleculare independent of CA1 or CA3
pyramidal cell death (Perez et al., 2016). In this TBI model, cortical tis-
sue is lost in the impact epicenter, while the underlying hippocampus
is largely intact. This is an attractive model to study the mechanisms
that regulate synaptic damage and remodeling within the complexity
of brain injury, where many of the key secondary responses, such as
gliosis and neuroinflammation persist. In fact, the effect of neuron-
glia interactions on hippocampal synaptic function and stability after
TBI are still poorly defined. Astrocytes are a key component of the tri-
partite synapse, and more recently microglia have been shown to par-
ticipate in synaptic responses as well (Schafer et al., 2013). For
example, microglia are critical for proper synaptic pruning during
development (Paolicelli et al., 2011; Schafer et al., 2012; Stevens
et al., 2007), where aberrant microglial activity is linked to many neu-
rodegenerative conditions (Hong et al., 2016). Similar to astrocytes,
microglia secrete many factors that modulate synaptic plasticity in the
adult nervous system (Parkhurst et al, 2013; Stellwagen &
Malenka, 2006; Wu et al., 2015), as well as interact with synapses in
an activity-dependent manner (Tremblay et al., 2010) and regulate
neuronal synchronization (Badimon et al., 2020). Following TBI, we
demonstrate a novel mechanism by which reactive microglia and
astrocytes directly contribute to synaptic damage and loss that is
associated with cognitive dysfunction through D-serine release.

Under physiological conditions, L-serine is synthesized by astro-
cytes and shuttled into neurons via amino acid antiporters, where the
neuronal enzyme SRR catalyzes its conversion to D-serine (lvanov &
Mothet, 2019; Wolosker et al., 1999). D-serine released by neurons is
critical for normal synaptic function in the hippocampus (Balu &
Coyle, 2012; Benneyworth et al., 2012; Perez et al., 2017); however,
under inflammatory conditions like AD (Balu et al., 2019) and CCI
(Perez et al., 2017), SRR expression is reduced in neurons and
increased in reactive astrocytes, with astroglial-derived D-serine being
detrimental to synaptic plasticity and memory (Perez et al., 2017). To
date, the presence of SRR in microglia has been limited to cultured
microglia, where inflammatory stimuli such as amyloid p and lipopoly-
saccharide have been shown to increase SRR expression and D-serine
release (Wu et al., 2004; Wu & Barger, 2004). Our findings are the
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first to identify a pathological in vivo role for microglial D-serine,
which is uniquely synthesized in reactive microglia. In fact, we show
that hippocampal TBIl-induced deficits in memory consolidation and
dendritic spine loss/damage as a result of prolonged D-serine release
from both microglia and astrocytes, which can be prevented by
abolishing D-serine synthesis (SRR ablation) or release (Slcla4 abla-
tion) from either cell type. This suggests that the combined increase in
extracellular D-serine levels from both astrocytes and microglia is
required to elicit pathological responses after injury. Therefore, either
cell type is an attractive target for D-serine neuroprotective strategies
in TBI patients.

Although D-serine can be released from neurons and glia through
a variety of mechanisms, one of the primary methods in astrocytes is
transporter-mediated release by Slcla4 and/or Slc7al0 (Martineau
et al., 2014; Rosenberg et al., 2013; Sason et al., 2017). Our studies
demonstrate that Slc1a4 is a principal mechanism of D-serine release
from both astrocytes and microglia, as cell-specific ablation of Slc1a4
preserves dendritic spines and fear conditioning behavior after TBI.
Our findings are further supported by pharmacological administration
of phenylglycine (PG) derivatives to inhibit amino acid transporters,
where analogs with substitutions in the 4th position of the phenyl
ring, such as L-4-phenylglycine (L4), showed the greatest and most
selective activity to Slcla4 (Foster et al, 2017). Direct ventricular
administration of L4 likely targeted both microglial and astrocytic
Slcla4 and blocked the CCl-mediated damage to dendritic spines and
cognitive dysfunction, which supports L4 as a potential therapeutic
strategy. However, we cannot exclude the possibility that either inhib-
itor may crossreact with multiple transporters.

While our studies highlight the therapeutic benefits of L4 admin-
istration, they are not without limitations. For example, intraventricu-
lar administration does not model more clinically relevant delivery
routes such as intraperitoneal or subcutaneous injection that may
result in decreased efficacy due to low BBB permeability and half-life
of L4 (Li et al., 2018). It would be of interest to test other analogs of
the phenylglycine derivatives, such as L-4-fluorophenylglycine, that
may have improved pharmacokinetics to L4. It should be noted that
these pharmacokinetic studies were performed in young male rats
and mice with intact blood-brain barriers (BBB) that do not reflect the
open BBB observed in CCl injured brains. As such, future studies will
need to determine pharmaco-dynamic and -kinetic properties of L4
and/or its derivatives in TBI. Furthermore, our current study is limited
to male mice, and it remains to be explored whether the therapeutic
effects of L4 after injury are dependent on biological sex. Another
important question is whether blocking acute glial D-serine release
will lead to long-term synaptic preservation. Our examination of syn-
aptic preservation at 28 dpi is a first step in demonstrating that acute
inhibition of glial D-serine could lead to long-term preservation of
synaptic connections and cognitive function.

The specific mechanisms by which high interstitial D-serine levels
cause synaptic damage after TBI remain to be elucidated. One likely
possibility is that the excess D-serine released from reactive glia
serves as the necessary co-agonist at extrasynaptic NMDARs that are

primed for activation due to glutamate spillover, leading to sublethal

synaptic excitotoxicity (Cao et al., 2007; Castilho et al., 1999; Prins
et al., 2013). In fact, NMDARs enriched in the GIuN2B subunit have
been shown to block pro-survival factors such as brain-derived neuro-
trophic factor and the phosphorylation of Erk1/2 and CREB
(Bading, 2017). In the CCI injured hippocampus, Glu2NB levels are
increased in the first week postinjury (Perez et al., 2016), and GIuN2B
has also been implicated in dendritic spine damage in models of cere-
bral ischemia (Pei et al., 2015), Alzheimer's disease (Shu et al., 2016),
and Huntington's disease (Schmidt et al., 2020). While direct antago-
nism of NMDARs after TBI likely inhibits pro-survival as well as
deleterious signaling (Ikonomidou & Turski, 2002), preventing the
release of glial D-serine through the Slcla4 transporter presents a
novel pharmacological avenue to modulate NMDAR signaling and
preserve synaptic function.

One of our more important findings is the pathological
upregulation of SRR and Slc1a4 in the cortex of human TBI patients,
where regions such as the frontal cortex and temporal pole are most
affected. Our observations in peri-lesional tissues show that SRR or
Slcla4 were elevated in almost all of the TBI patients. This supports
our observations in the CCl injured mouse cortex and suggests that
SRR expression may be closely associated with diffuse gliosis and a
primary component of widespread synaptic damage in human TBI
patients. This concept that the pathological effects of D-serine may
extend beyond the archicortex into other neocortical regions may be
a characteristic of most TBI conditions, ranging from mild concussions
to severe penetrating injuries. Furthermore, targeting synaptic dam-
age in the human frontal and temporal cortices may have implications
for critical behavioral centers. This includes prefrontal limbic systems
that control executive functions such as working memory, attention,
impulse control, and motivation as well as deficits in emotional behav-
jor, language, and learning and memory. Each of these cognitive
abnormalities has been observed in TBI patients (Dixon, 2017) and
could extend beyond the initial injury epicenter, suggesting that a
broad neuroprotective synaptic strategy may be important for improv-
ing patient outcome.

In conclusion, we identify a novel mechanism by which reactive
astrocytes and microglia contribute to the pathophysiology of TBI by
releasing D-serine. Our findings also highlight the D-serine metabolic
pathway, particularly in reactive glia, as a potential therapeutic strat-
egy to normalize synaptic pathology and memory deficits following
brain injury, where ablation of D-serine synthesis or transporter-
mediated release in either reactive glial cell type is sufficient to pre-
vent TBIl-induced synaptic damage and memory deficits. Finally, our
results have important implications for other neurologic and neurode-
generative disorders that exhibit reactive gliosis.

Study approval: All procedures related to animal use and care
were approved by the University of Miami Animal Use and Care Com-
mittee (protocol #20-061). The collection of human TBI brain tissues
was conducted according to the guidelines of the Declaration of Hel-
sinki and approved by the University of Miami Institutional Review
Board (protocol #20080609).

Informed consent statement: Written informed consent was

obtained for each patient involved in the study.
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