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Abstract

BACKGROUND—The amygdala is a central component of the neural circuitry that underlies 

fear learning. N-methyl-D-aspartate receptor (NMDAR)-dependent plasticity in the amygdala is 

required for Pavlovian fear conditioning and extinction. NMDAR activation requires the binding 

of a co-agonist, D-serine, which is synthesized from L-serine by the neuronal enzyme serine 

racemase (SR). However, little is known about SR and D-serine function in the amygdala.

METHODS—We used immunohistochemical methods to characterize the cellular localization of 

SR and D-serine in the mouse and human amygdala. Using biochemical and molecular techniques, 

we determined whether trace fear conditioning and extinction engages the SR and D-serine in the 

brain. D-serine was administered systemically to mice evaluate its effect on fear extinction. 

Finally, we investigated whether a functional SNP (rs4523957), which is an expression-linked 

quantitative trait locus (eQTL) of the human serine racemase (SRR) gene, was associated with 

fear-related phenotypes in a highly traumatized human cohort.

RESULTS—We demonstrate that approximately half of the neurons in the amygdala express SR, 

including both excitatory and inhibitory neurons. We find that the acquisition and extinction of 

fear memory engages the SR/D-serine system in the mouse amygdala and that D-serine 

administration facilitates fear extinction. We also demonstrate that the SRR SNP, rs4523957, is 
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associated with post-traumatic stress disorder (PTSD) in humans, consistent with the facilitatory 

effect of D-serine on fear extinction.

CONCLUSIONS—These new findings have important implications for understanding D-serine 

mediated NMDAR plasticity in the amygdala and how this system could contribute to disorders 

with maladaptive fear circuitry.
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INTRODUCTION

N-methyl-D-aspartate receptors (NMDARs) belong to the class of ionotropic glutamate 

receptors that are essential mediators of synaptic plasticity, learning and memory (1). These 

receptors are unique, in that their activation requires the concomitant binding of glutamate 

and a co-agonist, glycine or D-serine (2, 3). D-serine is synthesized from L-serine by the 

enzyme serine racemase (SR) (4). Both SR and D-serine are enriched in cortico-limbic 

regions of the brain and are localized to the same areas as NMDARs (5). Although the 

endogenous co-agonists glycine and D-serine are present in the extracellular space (3), the 

glycine modulatory site (GMS) is not saturated in vivo (6). In the adult hippocampus, D-

serine is important for proper NMDAR function, NMDAR-dependent long-term potentiation 

(LTP), and it is believed to be the primary co-agonist for synaptic, but not extra-synaptic 

NMDARs (7–11). From studies with mice with a constitutive deletion in SR (SR−/−) mice, 

D-serine was shown to also be important for maintaining glutamatergic dendritic integrity in 

the adult cortex and hippocampus (8, 12, 13). However, outside of these cortical regions, 

little is known about the function and cellular localization of SR and D-serine. Thus, we 

investigated the distribution of SR and D-serine in the murine and human amygdala.

The amygdala is a central hub in the emotional learning circuit, integrating sensory 

information from both cortical and subcortical brain regions related to the conditioning 

experience (14). LTP in the amygdala is NMDAR-dependent (15, 16). Furthermore, 

NMDAR activation in the amygdala is necessary for fear conditioning and fear extinction 

(17). Using SR−/− mice, and enzymatic degradation of D-serine with D-amino acid oxidase 

in brain slices from control mice, we found that the induction of NMDAR-dependent LTP at 

thalamo-LA synapses is dependent on D-serine (11). Moreover, we demonstrated that the 

magnitude of LTP in thalamic inputs is directly determined by the level of NMDAR 

activation (11).

Pavlovian fear conditioning is one of the most widely used models for studying emotional 

memory and associative learning in rodents (18). In this form of conditioning, a neutral 

stimulus (conditioned stimulus; CS) acquires predictive value by pairing it with an aversive, 

unconditioned stimulus (US; foot shock) that has an intrinsic value to the subject. After 

training, exposure of the animal to the CS or context alone elicits conditioned fear responses 

such as freezing. Using SR−/− mice, we previously demonstrated that SR and D-serine are 

important for fear learning (19). Therefore, in the present study, we examined whether the 
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D-serine system is dynamically involved in fear conditioned learning, specifically within the 

amygdala, and other brain regions known to be critical for this behavior.

There is abundant evidence that the amygdala is also dysfunctional in post-traumatic stress 

disorder (PTSD) and related anxiety disorders (20). Thus, we next demonstrated that a 

previously examined single nucleotide polymorphism (SNP), rs4523957, within the human 

serine racemase (SRR) gene previously associated with other disorders (21–23), is a 

functional eQTL at the level of regulating SR mRNA expression in post-mortem human 

brain. Finally, we found that this functional SRR SNP was associated with PTSD in a highly 

traumatized population (24, 25).

METHODS AND MATERIALS

Animals

Adult male mice (3–5 months old) were used for all the experiments. Animals were group 

housed in polycarbonate cages and maintained on a 12:12 h light/dark cycle in a temperature 

(22°C) and humidity controlled vivarium. Animals were given access to food and water ad 
libitum. All animal procedures were approved by the McLean Hospital Institutional Animal 

Care and Use Committee.

Immunohistochemistry

Brain fixation and immunohistochemistry/immunofluorescence in mouse and human brain 

tissue were performed as previously described (26), with modifications described in the 

Supplemental Material.

Stereological estimation of co-localization

Brain sections were visualized on a Zeiss Axio ImagerM2 equipped with StereoInvestigator 

software. The Optical Fractionator Workflow was used to stereologically sample neurons to 

estimate the percentage of neurons (NeuN) in the BLA and CeA that express SR or contain 

D-serine, as well as the number of inhibitory neurons that express SR or contain D-serine in 

the BLA.

Trace Fear Conditioning and Extinction

Behavioral procedures are described in the Supplemental Material. All testing was 

performed using the Near Infrared Fear Conditioning System (Med Associates, Inc.; St. 

Albans, VT). Freezing behavior was quantified using VideoFreeze software.

Western Blot Analysis

SDS-PAGE and immunoblotting was performed and analyzed as previously described (27).

qPCR

For relative quantification of mRNA expression (n = 6–8/group), geometric means were 

calculated using the comparative 2ΔCt method, with the housekeeping gene GAPDH used as 

the endogenous reference as previously described (12).
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HPLC analysis of amino acids

D-serine levels in brain tissue were determined by HPLC analysis as previously described 

(28).

Human Genetic Analyses

The human subjects in this cohort analyzed for SRR genetic association with PTSD were 

part of the Grady Trauma Project (25). All procedures were approved by the Institutional 

Review Board of Emory University School of Medicine and the Grady Health Systems 

Research Oversight Committee. Genotyping was performed on DNA derived from saliva or 

blood using the Omni-Quad 1M or the Omni Express BeadChip (Illumina, San Diego, CA, 

USA), and genotypes were called in Illumina’s GenomeStudio (Illumina). Quality control 

measures were performed using PLINK (29). Previously, one SNP (rs4523957) within the 

human Serine Racemase gene had been associated as a potential functional variant, with 

multiple disorders related to NMDAR and D-serine function (21–23). The genotype calls for 

rs4523957 were determined from the Illumina GWAS platform to address whether this 

variant was associated with PTSD. Association with categorical PTSD diagnosis based on 

DSM-IV criteria from the mPSS was performed with chi-squared analyses based on 

rs4523957 GG, GT, or TT genotype.

Statistical Analyses

Unpaired t-tests were used to analyze Western blot and HPLC results when appropriate. 

Type I (fixed effect) one-way ANOVAs were used to analyze Western blot, HPLC, and fear 

conditioning results. Significant one-way ANOVA results were followed up with Tukey’s 

multiple comparisons test. Two-way repeated measures ANOVA was used to analyze the D-

serine extinction results. Values of P < 0.05 were considered statistically significant.

RESULTS

Cellular Characterization of Serine Racemase in the Amygdala

Although the distribution and expression of SR in neurons of the murine hippocampus and 

cortex are well established (26, 30–32), there has been little research done to characterize SR 

expression in the amygdala. We found that SR protein is widely expressed in neurons, but 

not in astrocytes, throughout the amygdala, including the basolateral complex (BLA) and the 

central nucleus of the amygdala (CeA) (Figure 1A-B). We determined the percentage of 

neurons in the basolateral (BLA; Figure 1C-E) and central amygdala (CeA; Figure 1F-H) 

that express SR by using double label immunofluorescence for both neuronal nuclei (NeuN; 

a pan-neuronal marker) and SR, finding that 51% and 68% of neurons in BLA and CeA, 

respectively, express SR (Figure 1I).

The BLA is a cortical-like structure comprised mainly of excitatory glutamatergic principal 

cells and inhibitory GABAergic interneurons. The CeA is a ventrocaudal extension of the 

striatum and consists of local and projecting GABAergic neurons. Using a GAD65 

transgenic fluorescent reporter mouse (GAD65-T2a-NLS mCherry mouse), we did not find 

evidence of SR expression GAD65+ inhibitory neurons of the BLA (Figure 2A-C; 292 

GAD65+ cells). Using an antibody against the other GABA synthetic enzyme, GAD67, we 
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found that SR was expressed in only ~8% of BLA GAD67 neurons (44 out of 556 GAD67+ 

cells contained SR; Supplemental Figure S1A-C). On the other hand, SR was found in many 

inhibitory neurons of the CeA (Figure 2D-F). Moving to the human amygdala, we found that 

SR was expressed in excitatory neurons throughout the BLA, but not in parvalbumin positive 

inhibitory neurons (Figure 2G-I), similar to the mouse. SR was also widely expressed in the 

human CeA, co-localizing with somatostatin positive inhibitory neurons (Figure 2J-M).

Cellular Characterization of D-serine in the Amygdala

D-serine is also widely distributed in neurons throughout the BLA and CeA (Figure 3A-C). 

We used brain tissue from SR−/− mice (containing about 90% less D-serine) to demonstrate 

that our immunostaining is specific to D-serine (Supplemental Figure S2A-D) (26). Using 

double-label immunofluorescence, we found that D-serine accounted for ~15% of the 

neurons in the BLA (Figure 3D-F; 173 out of 1148 NeuN+ neurons contained D-serine) and 

39% of the neurons in the CeA (Figure 3G-I; 568 out of 1452 NeuN+ neurons contained D-

serine). Interestingly, D-serine was found in ~90% of GAD67+ BLA neurons (Figure 3J-L; 

485 out of 537 GAD67+ neurons contained D-serine), which do not express SR.

Trace-fear Conditioning Increase Serine Racemase and Arc Protein

Mice were trained in a trace-fear conditioning paradigm consisting of five tone-shock 

pairings and then were sacrificed 60 minutes after the conditioning session (Figure 4A). 

Only mice that were exposed to a foot shock during conditioning showed increased freezing 

during the conditioning session (Figure 4B). SR protein (Figure 4C) was increased in the 

amygdala (P< 0.05), but not in the prefrontal cortex (PFC; P= 0.54) or hippocampus (P= 

0.25) of trace fear-conditioned mice. This increase in SR protein in the amygdala was 

accompanied by an increase at the transcript level (Supplemental Figure S2A; t13 = 2.56, P< 

0.05). As a control, we also measured protein levels of activity-regulated cytoskeleton-

associated protein (Arc; Arg3.1). Arc is a non-transcription factor immediate early gene that 

is positively regulated by NMDAR activity (33) and is up-regulated following fear 

conditioning (34–36). In agreement with previous studies (34, 37), Arc protein (Figure 4D) 

was robustly increased in the amygdala (P< 0.001), PFC (P< 0.0001) and hippocampus (P< 

0.05) after trace-fear conditioning. The changes in SR (Supplemental Figure S3A; 

amygdala: P= 0.77; PFC: P= 0.29; hippocampus: P= 0.51) and Arc (Supplemental Figure 

S3B; amygdala: P = 0.12; hippocampus: P= 0.14) protein levels were due to fear 

conditioning, as they were unchanged in mice that were exposed to the sham protocol. Only 

in the PFC was there an increase in Arc under sham conditions (P< 0.05), which we believe 

was due to novelty.

Re-exposure to the Training Context Increases Serine Racemase and Arc Protein

Mice were trained in a trace-fear conditioning paradigm and then placed back in the same 

conditioning context the next day (Figure 4E). Mice that underwent conditioning with foot 

shocks on Day 1 displayed significantly more freezing when placed in the conditioning 

context on Day 2 (Figure 4F; t12 = 3.85, P< 0.005). We found that SR mRNA 

(Supplemental Figure S4A; t12 = 2.48, P< 0.05) and protein (Figure 4G; t12 =2.26, P < 

0.05) were again selectively up regulated in the amygdala after contextual retrieval. Arc 

protein was significantly elevated in the amygdala (Figure 4H; t12 = 2.76, P< 0.05) and 
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hippocampus (Figure 4H; t12 = 3.12, P< 0.01). In the sham-conditioned animals, we did not 

find changes in either SR (Supplemental Figure S5A) or Arc (Supplemental Figure S5B) 

protein in any of the examined brain region after re-exposure to the context.

Differential Regulation of Serine Racemase and Arc Protein After Contextual Extinction

Mice were trained in a trace-fear conditioning paradigm and then re-exposed to the training 

context for four consecutive days (Figure 4I). Freezing behavior was significantly reduced 

each consecutive day with re-exposure to the context (Figure 4J; P< 0.0001). Notably, SR 

protein (Figure 4K) was now elevated in amygdala (t12 = 2.49, P< 0.05), PFC (t12 = 2.68, 

P< 0.05), and hippocampus (t12 = 2.44, P< 0.05), while SR mRNA remained significantly 

elevated only in the amygdala (Supplemental Figure S4B; t12 = 3.07, P< 0.01). Furthermore, 

Arc protein was unchanged in these brain regions (Figure 4L). Although the lack of increase 

in amygdalar Arc is contrast to previous work (38), our studies differ in that we measured 

total Arc protein and that it was measured after four days of extinction.

D-serine Content in the Amygdala is Increased After Fear Learning

The D-serine level in the amygdala was elevated after conditioning on Day 1 and after 

contextual retrieval on Day 2 (Figure 4M; F2,17 = 8.89, P< 0.005), without changes in L-

serine level (naïve: 29.8 ± 2.6 nmol/mg protein, training: 29.8 ± 3.5 nmol/mg protein, 

retrieval: 29.5 ± 4.5 nmol/mg protein; F2,17 = 0.002, = 0.99). There were however, no 

differences in D-serine levels in the PFC (F2,16 = 1.12, P = 0.35) and hippocampus (F2,16 = 

1.72, P= 0.21) after conditioning or retrieval. Tissue levels of glycine in the amygdala did 

not differ (F2,18 = 0.35, P = 0.71) between naïve mice (39.3 ± 6.5 nmol/mg protein) and 

mice that were sacrificed after conditioning (39.3 ± 3.9 nmol/mg protein) or retrieval (45.4 

± 7.0 nmol/mg protein). Following contextual extinction (Figure 4N), there were no changes 

in D-serine levels in the amygdala (t15 = 1.56, P = 0.14), PFC (t16 = 0.93, P = 0.37), and 

hippocampus (t16 = 0.22, P = 0.83).

D-serine Administration Facilitates Extinction

D-cycloserine has been shown to facilitate fear extinction in rodents and patients with PTSD 

(39). However, D-cycloserine is a partial agonist at the NMDAR GMS (40). Therefore, we 

investigated whether D-serine, which is a full GMS agonist, would facilitate extinction after 

trace-fear conditioning. After fear conditioning on day 1, mice received a single dose of D-

serine [300 mg/kg, i.p.; (8)] thirty minutes prior to the first extinction session on day 2 

(Figure 5A). This dose significantly increased (F (2, 9) = 7.1; P = 0.01) D-serine levels in the 

amygdala 60min (~50%), but not 24h (~20%), after injection (Supplemental Figure S6). On 

day 1, there was no difference in freezing behavior between groups either pre-CS (saline day 

2: 4.4 ± 1.7s, D-serine day 2: 6.3 ± 2.0s; t15 = 0.72, P = 0.48) or during conditioning (Drug 

day 2: F(1, 15) = 2.09; P = 0.17; Trace: F(4, 60) = 22.3; P < 0.0001; Interaction: F(4, 60) = 

1.07; P = 0.38). We found that mice treated with D-serine froze significantly less than saline-

treated mice during all three extinction sessions (Figure 5B; Day 2: Drug: F(1, 15) = 5.26; P 
= 0.03; Bin: F(2, 30) = 15.9; P < 0.0001; Interaction: F(2, 30) = 1.15; P = 0.3; Day 3: Drug: 

F(1, 15) = 6.44; P = 0.02; Bin: F(2, 30) = 0.46; P = 0.63; Interaction: F(2, 30) = 0.56; P = 0.57; 

Day 4: Drug: F(1, 15) = 4.91; P = 0.04; Bin: F(2, 30) = 3.14; P = 0.06; Interaction: F(2, 30) = 
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0.22; P = 0.80). Therefore, a single dose of D-serine significantly facilitated the extinction of 

fear memory.

Genetic Association of Serine Racemase and Post Traumatic Stress Disorder

Using a sample from a previously well-characterized dataset associated with civilian trauma 

and PTSD (~4000 subjects), we first analyzed whether there was a main effect association 

with the SRR polymorphism, rs4523957 and PTSD symptoms or symptom clusters. In those 

who had experienced significant trauma, we found an overall effect of the SRR rs4523957 

genotype on PTSD diagnosis (n = 4094, x2=5.20, P<0.05) and PTSD symptoms 

(F(1,4028)=4.28; P<0.05), with the ‘T/T’ homozygous subjects at the rs4523957 SNP having 

increased PTSD symptoms.

As this cohort is better powered for females in sample size and rates of PTSD, further 

analyses of the SRR SNP demonstrated that females were carrying the majority of the signal 

within this cohort. Thus, we performed a number of additional analyses in females only to 

further understand the role of this SNP. First, we found that this effect was significant for 

predicting PTSD symptoms when accounting for comorbid diagnosis of schizophrenia, 

substance abuse and trauma history. We also found that in females, controlling for childhood 

trauma, race, and education levels, the rs4523957 SNP was associated with total PTSD 

symptoms (Figure 6A, F(1, 2886)=4.515, P=0.01), PTSD hyperarousal symptoms (Figure 6B, 

F(1,2881)=3.69, P=0.02), and PTSD avoidance/numbing symptoms (Figure 6C, 

F(1,2903)=5.63, P=0.004).

SNPs Linked to rs4523957 are Associated with Differential Brain SRR levels

We accessed the GTEx database (http://gtexportal.org) to determine whether this variant has 

been reported as an expression Quantitative Trait Locus (eQTL) in human brain tissue 

related to SRR mRNA expression levels. GTEx includes 13 RNA-seq brain regions, but no 

eQTL information is reported for rs4523957 for any brain regions. Of previous other SNPs 

associated with SRR function and in Linkage Disequilibrium (LD) with rs4523957, GTEx 

data were only available for SNP rs3744270. We found that rs3744270 is an eQTL for 11/13 

brain regions, including frontal cortex, hippocampus, and basal ganglia, with P-values 

ranging between 5.1 × 10−7 (Hypothalamus) and 2.1 × 10−16 (Cerebellum). rs3744270 maps 

1.5 Kb upstream and is in LD with rs4523957 in the PTSD association data described above 

(Grady civilian cohort) with D’> 0.99, and both are included in the same LD block. This 

evidence further supports that SNPs in this LD region might play a functional role within 

human brain in regulating SR levels, contributing to increased risk for fear-related disorders 

such as PTSD.

DISCUSSION

We have performed a detailed characterization of SR and D-serine localization in the 

amygdala and demonstrate that both the enzyme and the amino acid are found exclusively in 

neurons. Interestingly, depending on the amygdala subdivision, SR and D-serine are found 

in excitatory and/or inhibitory neurons in both the murine and human amygdala. 

Furthermore, we show that the levels of SR and D-serine are dynamically regulated in a 
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learning-dependent manner. Finally, we demonstrate a genetic association of a SRR SNP, an 

eQTL associated with differential SRR levels in human brain, with PTSD and subsets of its 

symptom in a civilian trauma population.

The amygdala as a whole is composed of multiple interconnected nuclei. The BLA is a 

cortical-like structure consisting primarily of glutamatergic neurons (~80%) and GABAergic 

interneurons (~20%). Since SR was found in ~50% of all BLA neurons (NeuN+), but in 

almost no GAD65/67+ inhibitory neurons, we estimate that SR is expressed by ~63% of 

excitatory neurons in the BLA. Our D-serine staining revealed 15% of neurons (NeuN+) to 

be immune-positive. This number is most likely an underestimate because D-serine is 

diffusible, not appearing to be sequestered in storage vesicles (41). The more sensitive DAB 

immunohistochemical method revealed many glutamatergic neurons with low levels of 

perikaryal D-serine staining (Figure 3a-c). The glutamatergic cells in the lateral amygdala 

(LA) project to other excitatory neurons in the basal amygdala (BA), as well as to inhibitory 

neurons in the CeA and intercalated cell masses. Interestingly, we found that ~90% of 

GAD67+ inhibitory BLA neurons contain D-serine although they do not express SR. Thus, 

these GABAergic neurons appear to take up exogenous D-serine, presumably from 

neighboring glutamatergic neurons.

The CeA contains local and projecting GABAergic neurons and is divided into lateral (CeL) 

and medial (CeM) sectors (42). The CeL gates fear expression by tonically inhibiting the 

CeM (43), the major amygdala output to downstream fear effectors that control defensive 

responses, such as freezing (44). We found that SR and D-serine were found in 68% and 

39%, respectively, of neurons in the CeA. There are at least two subpopulations of neurons 

within the CeL that express distinct markers and have opposing functions (14, 45, 46). 

Protein kinase C delta (PKCδ) neurons are referred to as CeLOFF because they inhibit output 

CeM neurons (47). SOM+ neurons (CeLON), which express SR, promote fear expression, in 

part, by inhibiting PKCδ neurons, thereby disinhibiting CeM (47, 48). These SOM+ neurons 

also send long-range projections to brain areas implicated in defensive behaviors (49). 

Future research will be needed to determine if D-serine is concentrated in any particular 

interneuron subpopulation.

Although there have been studies on neuronal cultures to identify regulatory mechanisms of 

SR activity (50–54), there is still very little known as to what regulates brain SR expression 

and D-serine production in vivo. We show here for the first time that a fear-based learning 

task increases the mRNA and protein expression of SR, as well as the amount of D-serine in 

the amygdala. Specifically, trace fear conditioning and contextual retrieval increased SR 

expression and D-serine levels selectively in the amygdala. The increases in amygdala SR 

and tissue D-serine were detected 60 minutes after conditioning, demonstrating the rapid 

nature over the control of its transcription and translation. While additional brain structures, 

including the hippocampus and mPFC, are important for trace conditioning (55, 56), the 

amygdala is still a critical brain structure required for learning this task (57–60).

We next examined fear extinction, which from a pathophysiological perspective, is critical 

for recovery in a number of trauma, fear, and anxiety-related disorders. Importantly, a single 

dose of D-serine prior to the first extinction session facilitated the acquisition and retention 
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of extinction, which is similar to what has been observed in delay conditioning with D-

cycloserine (39) and D-serine (61), and also comports with the ability of D-serine to 

facilitate the extinction of drug seeking behavior (62). Future studies will be needed to 

determine the circuits important for this D-serine-mediated enhanced extinction. After four 

days of extinction, we found that SR protein levels were elevated in the amygdala, 

hippocampus and PFC, but tissue D-serine content was unaltered. The reason for this 

discrepancy between SR and D-serine levels is unclear but may be due to increased release 

of D-serine during a period of high presynaptic activity, consistent with the induction of SR. 

Similar discrepancies are well documented in the catecholaminergic systems where chronic 

stress results in elevated tyrosine hydroxylase, increased amine turnover, but stable amine 

levels (63). Furthermore, we have observed a discrepancy between extracellular D-serine 

levels measured by in vivo microdialysis and tissue D-serine levels, in mice where SR was 

conditionally eliminated from neurons (64). In addition, the increase in D-serine mediated 

NMDAR transmission might be most important during the initial extinction session because 

brain D-serine returned to near baseline levels 24h after injection (Supplemental Figure S6) 

and SR/D-serine were increased after memory retrieval, which is essentially an extinction 

session since there were no shock presentations.

Finally, in a large civilian cohort (~4000 subjects), who had a high prevalence of adverse life 

experiences and PTSD, we found an overall effect of the SRR rs4523957 genotype on PTSD 

diagnosis and PTSD symptoms, with the ‘T/T’ homozygous subjects having increased 

PTSD symptoms. Notably, the most robust association in PTSD (P< 0.004) was with 

symptoms of avoidance and numbing, perhaps similar to prior reports that NMDAR 

blockade in humans results in emotional blunting (65). Additionally, D-cycloserine has 

previously been associated with decreased avoidance/numbing subscales in PTSD patients 

(66) and multiple studies have demonstrated the role of extinction as a critical aspect of 

recovery for avoidance and numbing symptoms in successful exposure therapy (39, 67, 68).

Regarding the functional role of this SNP, the T/T variant of rs4523957 has been associated 

with decreased brain SR mRNA levels, in a post-mortem RNA sequencing analysis of the 

dorsolateral prefrontal cortex of subjects with schizophrenia (Birnbaum, R. et al., ACNP 

2014 Meeting; T181). The role of rs4523957 as a potential eQTL regulating SRR mRNA 

levels was further explored in our study with the GTEx postmortem database. These data 

suggest that T/T carriers of the rs4523957 variant may be associated with decreased 

endogenous D-serine.

Interestingly, PTSD is frequently associated with a deficit in extinction learning, and D-

cycloserine has previously been shown to enhance fear extinction (39, 69). Our current data 

from both mice and humans suggest that SR deficits may be associated with a fear extinction 

deficit, increasing risk for PTSD development or maintenance.

In summary, we found that SR is widely distributed throughout the mouse and human 

amygdala, involving ~50–65% of neurons in this region. It is expressed by glutamatergic 

neurons in the BLA and GABAergic neurons in the CeA. D-serine is also found in neurons 

throughout the amygdala, being particularly concentrated in GABAergic neurons. 

Localization of SR and D-serine in GABAergic neurons suggests that D-serine is not acting 
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as a co-transmitter but in an autocrine capacity, rendering their post-synaptic NMDARs 

“primed” to respond to glutamate. Fear learning and extinction dynamically regulate both 

the enzyme and its amino acid product in brain regions important for these behavioral 

processes. Furthermore, D-serine administration enhances fear extinction. Our findings have 

important implications for understanding D-serine mediated NMDAR-dependent synaptic 

plasticity in the amygdala and how this system could contribute to disorders with 

maladaptive fear circuitry, such as PTSD.
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Figure 1. 
Serine racemase is widely expressed in neurons of the amygdala in mouse brain. (A-B) 

Representative images (10×) from coronal mouse brain sections using immunofluorescence 

to determine the cellular localization of serine racemase (SR). SR (magenta) is expressed 

throughout the mouse amygdala including the lateral (LA), basal (BA), and central (CeA) 

nuclei. The dashed lines demarcate the external capsule. SR (green) is expressed in neurons 

(NeuN; magenta) in both the basolateral amygdala (BLA; C-E) and CeA (F-H). (I) 

Stereology was used to estimate the percentage of neurons (NeuN) in the amygdala that 

express SR protein. The numbers in each bar represent the total number of NeuN+ cells that 

were counted to assess SR colocalization. Merged images are shown in (E) and (H). Arrows 

denote dual labeled neurons (white). Scale bars represent 5μm.
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Figure 2. 
Serine racemase is expressed by excitatory and inhibitory neurons of the mouse and human 

amygdala. Glutamic acid decarboxylase 65 (GAD65; green) transgenic reporter mice were 

used to determine whether SR (magenta) is expressed in GABAergic inhibitory neurons 

(green) in the basolateral amygdala (A-C; BLA) and central amygdala (D-F; CeA). SR did 

not co-localize with GAD65 in the BLA (292 GAD65+ cells were interrogated for SR 

expression). However, SR was found in many GABAergic neurons of the CeA. Merged 

images are shown in (C) and (F). Representative coronal brain sections from human post-

mortem tissue (20×): In the BLA, SR (G; green) is not found in parvalbumin (PV; H; blue) 

neurons, while in the CeA, SR (J; green) is found in a population of somatostatin (SOM; K; 

magenta) neurons. Merged images are shown in (I) and (M). Open arrows denote single-
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labeled neurons and white-filled arrows denote dual labeled neurons (white). Scale bars 

represent 50μm.
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Figure 3. 
D-serine containing neurons are present widely throughout the mouse amygdala. (AC) D-

serine is found throughout the amygdala, including the basolateral (BLA) and central (CeA) 

nuclei. The dashed lines demarcate the external capsule. D-serine (D, G; green) is localized 

to neurons (E, H) in the BLA and CeA. D-serine (J; green) is found in glutamic acid 

decarboxylase 67kDa (GAD67; K; magenta) inhibitory neurons of the BLA. Merged images 

are shown in panels (F, I, and L). Open arrows denote single-labeled neurons and white-

filled arrows denote dual labeled neurons (white). Scale bars represent 50μm.
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Figure 4. 
Serine racemase, D-serine, and Arc levels are differentially regulated by trace fear 

conditioning, retrieval, and extinction. (A) Mice were subjected to a trace fear-conditioning 

paradigm. One group did not receive foot shocks (open symbols; n = 5), while the other 

group did receive foot shocks (black symbols; n = 7). (B) The amount of freezing during 

each of the five tone presentations (circles) and trace intervals (squares) was measured for 

each group. Protein levels of serine racemase (SR; C) and Arc (D) were measured in the 

amygdala, prefrontal cortex (PFC), and hippocampus of naïve (white bars; n = 7) and fear-
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conditioned (black bars; n = 6) mice. Animals were sacrificed 60 minutes after training. (E) 

Mice were subjected to a trace fear-conditioning paradigm and were placed back in the same 

training context the next day to assess freezing behavior. (F) The average amount of freezing 

during the first three minutes of being placed in the training context on day 2 was measured 

for each group (no foot shock: black bars, n = 7; foot shock: white bars, n = 7). Protein 

levels of SR (G) and Arc (H) were measured in the amygdala, PFC, and hippocampus of 

naïve (white bars; n = 7) and fear-conditioned (black bars; n = 7) mice. (I) Mice were naïve 

or subjected to a trace fear-conditioning paradigm and then re-exposed to the training 

context for four days (n = 7/group). (J) The average freezing during the first three minutes of 

contextual re-exposure was measured for each extinction session. Asterisk (*) indicates 

significant differences from Day 2 retrieval (p < 0.001). Protein levels of SR (K) and Arc (L) 
were measured in the amygdala, PFC, and hippocampus of naïve (white bars; n = 6–7) and 

extinction (hatched bars; n =7) mice. (M) D-serine content was measured from brain tissue 

of mice that were naïve (white bars; n = 6–7), sacrificed 60 minutes after trace fear 

conditioning (black bars; n = 7–8), or 30 minutes after re-exposure to the training context on 

day 2 (retrieval; gray bars; n = 6). (N) D-serine content was measured in brain tissue from 

mice that were naïve (white bars; n = 6–7) or sacrificed after four days of contextual 

extinction (extinction; hatched bars; n = 10–12). Asterisk (*) indicates significant 

differences from the naïve group (P < 0.05). All values represent the mean ± SEM.
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Figure 5. 
Acute D-serine administration facilitates fear extinction. (A) Mice were subjected to a trace 

fear-conditioning paradigm on day 1 in context A. On day 2, mice either received an intra-

peritoneal injection of saline (n=8) or D-serine (300 mg/kg; n=9) 30min prior to an 

extinction session (15 tone presentations) in context B. Mice were then subjected to two 

more extinction sessions on consecutive days in context B. (B) The amount of freezing 

during each of the five trace intervals (20s) was measured for each group (open circles: 

saline day 2; black circles: D-serine day 2) during conditioning on day 1. The amount of 

freezing was analyzed during the 20s trace periods in 5 bin averages across the three 

extinction days (days 2–4).
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Figure 6. 
Genetic association of serine racemase and post-traumatic stress disorder. In subjects who 

had experienced significant trauma, there was an overall effect of the serine racemase (SRR) 

rs4523957 genotype on PTSD diagnosis and PTSD symptoms, with the ‘T/T’ homozygous 

subjects having increased PTSD symptoms. (A-C) As this cohort is most well powered for 

females in sample size and rates of PTSD, additional analyses were performed in females 

only to determine the effect of this SNP (G/G: black bar, G/T: hashed bars, T/T: gray bars) 

on continuous PTSD symptoms and symptom clusters. Controlling for childhood trauma, 

race, and education levels, the rs4523957 SNP was associated with (A) modified PTSD 

Symptom Scale (mPSS) total symptoms, (B) mPSS hyper-arousal symptoms, and (C) mPSS 

avoidance/numbing symptoms. Asterisk (*) indicates significant differences from G/G (P < 

0.05). All values represent the mean ± SEM.
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