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A B S T R A C T

Background: Autism spectrum disorders (ASD) comprise a heterogeneous group of neurodevelopmental condi-
tions characterized by impairment in social interaction, deviance in communication, and repetitive behaviors.
Dysfunctional ionotropic NMDA and AMPA receptors, and metabotropic glutamate receptor 5 activity at ex-
citatory synapses has been recently linked to multiple forms of ASD. Despite emerging evidence showing that D-
aspartate and D-serine are important neuromodulators of glutamatergic transmission, no systematic investigation
on the occurrence of these D-amino acids in preclinical ASD models has been carried out.
Methods: Through HPLC and qPCR analyses we investigated D-aspartate and D-serine metabolism in the brain
and serum of four ASD mouse models. These include BTBR mice, an idiopathic model of ASD, and Cntnap2−/−,
Shank3−/−, and 16p11.2+/− mice, three established genetic mouse lines recapitulating high confidence ASD-
associated mutations.
Results: Biochemical and gene expression mapping in Cntnap2−/−, Shank3−/−, and 16p11.2+/− failed to find
gross cerebral and serum alterations in D-aspartate and D-serine metabolism. Conversely, we found a striking and
stereoselective increased D-aspartate content in the prefrontal cortex, hippocampus and serum of inbred BTBR
mice. Consistent with biochemical assessments, in the same brain areas we also found a robust reduction in
mRNA levels of D-aspartate oxidase, encoding the enzyme responsible for D-aspartate catabolism.
Conclusions: Our results demonstrated the presence of disrupted D-aspartate metabolism in a widely used animal
model of idiopathic ASD.
General significance: Overall, this work calls for a deeper investigation of D-amino acids in the etiopathology of
ASD and related developmental disorders.
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1. Introduction

Autism spectrum disorder (ASD) is characterized by severe and
sustained impairment in social interaction, deviance in communication,
and repetitive behaviors [1,2]. The causes of ASD vary greatly, in-
cluding both genetic and environmental factors. A remarkable pre-
ponderance of ASD-associated genetic mutations affect proteins med-
iating synaptic functions, such as SH3 and multiple ankyrin repeat
domains 3 (SHANK3), contactin-associated protein-like (CNTNAP),
neuroligins, and neurexins [3–6]. Other genetic aberrations associated
with ASD include copy number variations (CNVs) in chromosomal loci
15q11-q13, 16p11.2, and 22q11.21 [5,7].

A large body of evidence points at impaired glutamatergic signaling
in ASD [8–14]. In keeping with this, clinical studies have identified
several genetic variations in L-glutamate (L-Glu) ionotropic receptor
NMDA type (NMDAR) subunit 2A and 2B (GRIN2A and GRIN2B), as
well as in other genes of the metabotropic L-Glu receptor (mGluR)
network in ASD patients [11,12]. Moreover, positive and negative
NMDAR modulators and mGluR5 antagonists have been shown to al-
leviate ASD symptoms in patients and normalize ASD-like phenotypes
in animal models [11]. These results suggest that both hyper- and hy-
poactivation of these receptors might induce ASD-like symptoms. Al-
tered NMDAR functions have been also reported in a number of rodent
models of syndromic forms of ASD, including Shank3ΔC/ΔC mice, Neu-
roligin-3R451C knock-in mice, and Fmr1−/− mice [15], as well as in mice
and rats prenatally exposed to valproic acid [16,17], a teratogen known
to induce ASD in humans.

Recently, several lines of evidence have shown that changes (e.g.,
availability, metabolism, and/or receptor activity) in neuroactive free
amino acids may play a role in the pathogenesis and/or pharma-
cotherapy of severe psychiatric disorders characterized by a develop-
mental origin (e.g., schizophrenia) and sharing symptoms with ASD,
including cognitive and social interaction impairments [18–24]. Among
these amino acids, free D-serine (D-Ser) and D-aspartate (D-Asp) act as
co-agonist and agonist for NMDARs, respectively [25–27]. Moreover, D-
Asp has also been shown to activate mGluR5-dependent transmission
[28]. Remarkably, in mammalian brain D-Asp display a peculiar time-
dependent occurrence, since it is highly abundant only at embryonic
stages of life [29–31]. D-Ser is synthesized de novo by serine racemase
(SR) [32,33], while the metabolic pathway responsible for D-Asp bio-
synthesis has not yet been clearly defined [34–36]. However, some
evidence has shown that SR might contribute to endogenous D-Asp
formation [34,35]. D-Ser and D-Asp are catabolized by two different
peroxisomal enzymes, D-amino acid oxidase (DAAO) [37,38] and D-
aspartate oxidase (DDO) [27,39], respectively. Although several studies
indicate that D-Asp and D-Ser might be involved in the pathogenesis of
psychiatric disorders such as schizophrenia [20,27,40–43], bipolar
disorder [44,45], and depression [46–48], the role of these D-amino
acids in ASD has not yet been addressed. Here, for the first time, we
investigated the metabolism of D-Asp and D-Ser in the brain and serum
of four well-established animal models of ASD, including BTBR T+
Itpr3tf/J (BTBR) [49], Cntnap2−/− [50], Shank3−/ − [51], and
16p11.2+/− [52] mice.

2. Materials and methods

2.1. Animals and ethical statement

Adult mice of the inbred strains C57BL/6 J and BTBR along with
Cntnap2-/-, Shank3−/−, and 16p11.2+/− with their relative control
wild-type breeding pairs were obtained from Jackson Laboratory (Bar
Harbor, ME, USA). Animal studies were conducted in accordance with
Italian Law (DL 26/2014, EU 63/2010, Ministero della Sanità, Roma)
and recommendations outlined in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health. Mice were
housed by sex in mixed genotype groups, with temperature maintained

at 21± 1 °C and humidity at 60±10%. All experiments were per-
formed on adult male mice at the age of 3–4 months. All surgical
procedures were performed under anesthesia. Serum samples were
obtained through retro-orbital blood sampling before euthanizing the
animals. Once the animals were sacrificed, prefrontal cortex and hip-
pocampus were dissected out within 20s on an ice-cold surface and
stored at 80 °C for further experiments.

2.2. Serum extraction

After retro-orbital sampling, blood was collected in microtubes and
left for 1 h at room temperature and then centrifuged (1500 rpm, 10
min 4 °C) for serum separation. Red blood cell hemolysis was evaluated
by direct observation [53].

2.3. HPLC analysis of amino acids content in brain and serum

Brain samples were homogenized in 200 μl of PBS and centrifuged
at 20,000 ×g for 15 min at 4 °C. Subsequently, 10 μl of 40 w/v %
trichloroacetic (TCA) and 150 μl of water were added to 150 μl of the
supernatant, and the mixture was stored at 4 °C for 10 min. Precipitated
proteins were then removed by centrifugation at 20,000 ×g for 15 min
at 4 °C. To 150 μl of the supernatant, 100 μl of 200 mM sodium borate
buffer (pH 8.0), 20 μl of 1 M NaOH, and 130 μl of water were added and
mixed well. Then, 20 μl of the mixture was mixed with 40 μl of 50 mM
sodium borate buffer (pH 8.5) and 50 μl of 10 mM 4-fluoro-7-ni-
trobenzofurazan (NBD-F) in dry acetonitrile and incubated at 60 °C for
5 min for fluorescence derivatization of free amino acids. After stopping
the derivatization reaction by adding 890 μl of 1% trifluoroacetic acid,
10 μl of the sample solution was injected into the HPLC system as de-
scribed below after filtration through a 0.45-μm membrane filter. NBD-
D- and L-Asp as well as NBD-D- and L-Ser were separated and fluor-
ometrically detected by essentially following previously reported
method [54]. In the case of NBD-D, L-Asp, columns of InertSustain C8
(250 × 4.6 mm, i.d., 5 μm, GL Sciences Inc., Tokyo, Japan) and Su-
michiral OA-3200 (250 × 4.6 mm, i.d., 5 μm, Sumika Analytical
Center, Osaka, Japan) were used as a reversed-phase octylsilyl silica gel
column and a Pirkle-type chiral column, respectively. Column tem-
perature was 35 °C. The mobile phases used were 10 mM sodium citrate
(pH 5.0): methanol = 88:12 (v/v) (0.8 ml/min) for the octylsilyl silica
gel column and 8 mM citrate in methanol:acetonitrile = 95: 5 (0.8 ml/
min) for the chiral column, respectively. For NBD-D, L-Ser, the columns
were the same as for NBD-D, L-Asp. The mobile phases used were 20
mM sodium citrate (pH 6.0): methanol = 88:12 (v/v) (0.8 ml/min) for
the octylsilyl silica gel column and 5 mM citrate in methanol: acet-
onitrile = 95:5 (0.8 ml/min) for the chiral column, respectively. Brain
samples were also analyzed for L-Glu content, as previously described
[55]. Prefrontal cortex (PFC) and hippocampus samples were homo-
genized in 1:10 (w/v) 0.2 M TCA, sonicated (3 cycles, 10 s each), and
centrifuged at 13,000 xg for 20 min. All the precipitated protein pellets
from brain samples were stored at −80 °C for protein quantification.
TCA supernatants were then neutralized with 0.2 M NaOH and sub-
jected to precolumn derivatization with o-phthaldialdehyde/N-acetyl-
L-cysteine. Diastereoisomer derivatives were resolved on a Simmetry
C8 5-μm reversed-phase column (Waters, 4.6 × 250 mm). Identifica-
tion and quantification were based on retention times and peak areas
and compared with those associated with external standards. The de-
tected L-Glu levels in the serum were expressed as μM.

Serum samples were analyzed for D-Asp, L-Asp, D-Ser, L-Ser, and L-
Glu, as previously reported [55]. Here, 100 μl serum samples were
mixed in a 1:10 dilution with HPLC-grade methanol (900 μl) and cen-
trifuged at 13,000 xg for 10 min. Supernatants were dried, suspended in
0.2 M TCA, and then neutralized with 0.2 M NaOH. Samples were then
subjected to precolumn derivatization with o-phthaldialdehyde (OPA)/
N-acetyl-L-cysteine in 50% methanol. Diastereoisomer derivatives were
resolved on a Simmetry C8 5-μm reversed-phase column (Waters, 4.6 ×
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250 mm) under isocratic conditions (0.1 M sodium acetate buffer, pH
6.2, 1% tetrahydrofuran, and 1 ml/min flow rate). A washing step in
0.1 M sodium acetate buffer, 3% tetrahydrofuran, and 47% acetonitrile
was performed after every single run. Identification and quantification
of D-Ser, L-Ser, D-Asp, L-Asp, and L-Glu were based on retention times
and peak areas and compared with those associated with external
standards. The identity of peaks was confirmed by adding known
amounts of external standards. The identity of the D-Asp peak was also
evaluated by selective degradation catalyzed by a recombinant human
DDO (hDDO) [56,57]; briefly, hDDO enzyme (12.5 μg) was added to
the samples, incubated at 30 °C for 3 h, and subsequently derivatized.
Amino acid levels were expressed as μM, while the D−/total amino
acid ratio was expressed as percentage (%).

2.4. RNA extraction and qRT-PCR

Total RNA was extracted by using the RNeasy mini kit (QIAGEN)
according to the manufacturer's instructions. The integrity of the RNA
was assessed by denaturing agarose gel electrophoresis (presence of
sharp 28S, 18S, and 5S bands) and spectrophotometry (NanoDrop
2000, Thermo Scientific). Total RNA was purified to eliminate poten-
tially contaminating genomic DNA using recombinant DNase
(QIAGEN). A total of 1 μg of total RNA of each sample was reverse-
transcribed with Quanti Tect Reverse Transcription (QIAGEN) using
oligo-dT and random primers mix according to the manufacturer's in-
structions. qRT-PCR amplifications were performed using LightCycler
480 SYBR Green I Master (Roche Diagnostic) in a LightCycler480 Real
Time thermocycler (Roche). The following protocol was used: 10 s for
initial denaturation at 95 °C followed by 40 cycles consisting of 10 s at
94 °C for denaturation, 10 s at 60 °C for annealing, and 6 s for elon-
gation at 72 °C. The following primers were used for mouse Ddo, Daao,
Sr cDNA amplification: Ddo forward 5-ACCACCAGTAATGTAGCGGC-3
and Ddo reverse 5-GGTACCGGGGTATCTGCAC-3; Daao forward 5-TTT
TCTCCCGACACCTGGC-3 and Daao reverse 5-TGAACGGGGTGAATCG
ATCT-3; Sr forward 5-CCCTTGGTAGATGCACTGGT and Sr reverse 5-
TCAGCAGCGTATACCTTCACAC-3. β-actin and PP1A were used as
housekeeping genes for PCR: β-actin forward 5-CTAAGGCCAACCGTG
AAAAG-3 and β-actin reverse 5-ACCAGAGGCATACAGGGACA-3, PP1A
forward 5-GTGGTCTTTGGGAAGGTGAA-3 and PP1A reverse 5-TTACA
GGACATTGCGAGCAG-3.

2.5. Statistical analysis

Statistical analysis of HPLC detections was performed using Aspin-
Welch's test, given the high variance heterogeneity of data. qPCR ex-
periments were analyzed by unpaired Student's t-test. Correlation
analyses were calculated using Pearson's correlation. All p values less
than 0.05 were considered statistically significant.

3. Results

3.1. D-aspartate and L-aspartate content in the prefrontal cortex of ASD
mouse models

HPLC measurements revealed a dramatic increase in D-Asp levels in
PFC of BTBR mice, compared to the C57BL/6 J mice used as the control
strain (C57BL/6 J = 44.24± 8.71 nmol/g tissue vs BTBR =
148.40± 27.60 nmol/g tissue, p = 0.027; Aspin-Welch's test; Fig. 1a).
In contrast to D-Asp, the amount of L-Asp was not significantly altered
in BTBR mice when compared to the C57BL/6 J group (C57BL/6 J =
3635±732 nmol/g tissue vs BTBR = 2642±550 nmol/g tissue, p =
0.323; Aspin-Welch's test; Fig. 1b). Thus, consistent with the selective
increase in D-Asp content, the D-Asp/total Asp (D + L) ratio was sig-
nificantly higher in BTBR mice than in controls (C57BL/6 J =
1.21±0.05% vs BTBR = 5.38± 0.25%, p<0.0001; Aspin-Welch's
test; Fig. 1c).

HPLC analysis performed in Cntnap2−/− animals showed unaltered
cortical levels of both D-Asp and L-Asp, compared to the Cntnap2+/+

mice, used as the control group (D-Asp: p = 0.523; L-Asp: p = 0.670;
Aspin-Welch's test; Fig. 1d,e). As a result, the D-Asp/total Asp ratio did
not significantly change between groups (p = 0.083; Fig. 1f).

In Shank3−/− mice, we did not observe any significant difference
compared to the Shank3+/+ group in the amount of D-Asp and L-Asp,
and D-Asp/total Asp ratio (D-Asp, p = 0.192; L-Asp, p = 0.151; D−/
total Asp, p = 0.183; Aspin-Welch's test; Fig. 1g-i).

Like Shank3−/−, also the 16p11.2+/− brains showed similar levels
of D-Asp, L-Asp, and D-Asp/total Asp ratio compared to the control
16p11.2+/+ group (D-Asp, p= 0.756; L-Asp, p= 0.838; D−/total Asp
ratio, p = 0.339; Aspin-Welch's test; Fig. 1j-l).

Taken together, these HPLC data highlight a prominent increase in
D-Asp levels within the PFC of BTBR mice. Conversely, no gross al-
terations in these amino acid levels were documented in the PFC of
Cntnap2−/−, Shank3−/− and 16p11.2+/− mutants when compared to
their matched controls.

3.2. D-aspartate and L-aspartate content in the hippocampus of ASD mouse
models

Consistent with PFC data, HPLC analysis revealed a strong increase
in D-Asp but not in L-Asp levels in the hippocampus of BTBR mice,
compared to the C57BL/6 J mice (D-Asp: C57BL/6 J = 46.84± 13.40
nmol/g tissue vs BTBR = 187.10± 36.46 nmol/g tissue, p= 0.025; L-
Asp: C57BL/6 J = 4616.00± 1383.00 nmol/g tissue vs BTBR =
4394.00± 938.40 nmol/g tissue, p = 0.899; Aspin-Welch's test;
Fig. 2a,b). In line with the selective increase in D-Asp content, the D-
Asp/total Asp ratio was significantly higher in the hippocampus of
BTBR mice compared to controls (C57BL/6 J = 1.04±0.06% vs BTBR
= 4.15±0.15%, p<0.0001; Aspin-Welch's test; Fig. 2c). Further-
more, we found a positive correlation between cortical and hippo-
campal D-Asp content in BTBR (Pearson's correlation, r = 0.942, p =
0.058; data not shown), but not in C57BL/6 J animals (Pearson's cor-
relation, r = −0.182, p = 0.818; data not shown).

In contrast to the unaltered cortical levels of Asp enantiomers, HPLC
data indicated a trend to decrease of ~50% in the amount of both D-Asp
and L-Asp in the hippocampus of Cntnap2−/− mice, compared to
Cntnap2+/+ mice (D-Asp: Cntnap2+/+ = 59.63± 10.79 nmol/g tissue
vs Cntnap2−/− = 29.93± 5.41 nmol/g tissue, p = 0.064; L-Asp:
Cntnap2+/+ = 5859±1012 nmol/g tissue vs Cntnap2−/− =
2844.00± 320.60 nmol/g tissue, p = 0.053; Aspin-Welch's test;
Fig. 2d,e). Consistent with a comparable reduction in both Asp en-
antiomers, we found a comparable D-Asp/total Asp ratio between
genotypes (p = 0.842; Aspin-Welch's test; Fig. 2f).

In Shank3−/− mice, we found unaltered levels of D-Asp and L-Asp,
and D-Asp/total Asp ratio compared to the Shank3+/+ group (D-Asp, p
= 0.832; L-Asp, p = 0.861; D-Asp/total Asp ratio, p = 0.488;Aspin-
Welch's test; Fig. 2g-i). Similarly, 16p11.2+/− mice hippocampus
showed similar levels of D-Asp, L-Asp, and D-Asp/total Asp ratio com-
pared to the control 16p11.2+/+ group (D-Asp, p = 0.585; L-Asp, p =
0.874; D−/total Asp ratio, p = 0.122;Aspin-Welch's test;Fig. 2j-l).

Overall, like PFC, we reported a prominent increase in D-Asp levels
within the hippocampus of BTBR mice. In addition, we revealed a trend
to reduced D-Asp and L-Asp content in the hippocampus of Cntnap2−/−

mice. In contrast, no significant changes in these amino acid levels were
detected in Shank3−/− and 16p11.2+/− animals when compared to
their matched controls.

3.3. D-serine and L-serine levels in the prefrontal cortex and hippocampus of
ASD mouse models

Neurochemical experiments indicate that, despite there being no
gross alterations in either D-Ser or L-Ser levels in PFC homogenates of
BTBR animals (D-Ser: p = 0.871; L-Ser: p = 0.875; Aspin-Welch's test;
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Table 1), a mild reduction was found in the D-Ser/total Ser ratio when
compared to the C57BL/6 J control animals (C57BL/6 J =
31.74± 0.45% vs BTBR = 29.36± 0.45%, p = 0.009; Aspin-Welch's
test; Table 1). Conversely, in the hippocampus of BTBR, the amounts of
D-Ser and L-Ser (D-Ser: p= 0.351; L-Ser: p= 0.335; Aspin-Welch's test;
Table 1) as well as the D-Ser/total Ser ratio were comparable to those
measured in C57BL/6 J brains (p= 0.393; Aspin-Welch's test; Table 1).
Besides no evident D-Ser alterations, we found a positive correlation
between D-Ser and D-Asp levels within PFC and hippocampus of both
BTBR (Pearson's correlation, PFC: r= 0.978, p= 0.022; hippocampus:
r = 0.961, p = 0.039; data not shown) and C57BL/6 J (Pearson's
correlation, PFC: r = 0.965, p = 0.035; hippocampus: r = 0.998, p =
0.002; data not shown) mice.

In the PFC of Cntnap2−/−, HPLC analysis did not indicate any
evident change in the amounts of D-Ser and L-Ser or in the D-Ser/total
Ser ratio when compared to those measured in the control group (D-Ser:
p= 0.597; L-Ser: p= 0.566; D-Ser/total Ser: p= 0.631; Aspin-Welch's
test; Table 1). In contrast to the PFC, we revealed a decreasing trend in
the amounts of both D-Ser and L-Ser in the hippocampus of Cntnap2−/−

mutants compared to controls (D-Ser: p = 0.085; L-Ser: p = 0.101;
Aspin-Welch's test; Table 1). Consistent with D-Ser and L-Ser levels, D-
Ser/total Ser ratio was comparable between genotypes (p = 0.447;
Aspin-Welch's test; Table 1).

In Shank3−/− brains, cortical D-Ser levels tended to slightly in-
crease compared to Shank3+/+ control mice (p= 0.160; Aspin-Welch's
test; Table 1), while comparable L-Ser content and D-Ser/total Ser ratio
were found between genotypes (L-Ser: p= 0.284; D-Ser/total Ser ratio:
p = 0.693; Aspin-Welch's test; Table 1). In the hippocampus of
Shank3−/− mice we detected no differences in D-Ser and L-Ser content
and D-Ser/total Ser ratio as compared to Shank3+/+ animals (D-Ser: p
= 0.937; L-Ser: p = 0.930; D−/total Ser ratio: p = 0.542; Aspin-
Welch's test; Table 1).

Finally, we did not observe any gross alterations in D-Ser and L- Ser
cerebral levels or in the D-Ser/total Ser ratio in either the PFC or hip-
pocampus of 16p11.2+/− mice when compared to 16p11.2+/+control
animals (PFC: D-Ser, p= 0.540; L-Ser, p= 0.480; D−/total Ser ratio, p
= 0.744; hippocampus: D-Ser, p = 0.534; L-Ser, p = 0.540; D−/total
Ser ratio, p = 0.723; Aspin-Welch's test; Table 1).

In conclusion, HPLC data indicate that D-Ser and L-Ser levels were
only mildly altered within the PFC and hippocampus of BTBR,
Cntnap2−/−, Shank3−/− and 16p11.2+/− animal models of ASD.

3.4. D-aspartate, L-aspartate and D-serine, L-serine concentrations in the
serum of ASD mouse models

Using HPLC, we also investigated levels of D-Asp, D-Ser, and their
respective L-enantiomers in the serum of adult BTBR, Cntnap2−/−,
Shank3−/−, and 16p11.2+/− mice.

Consistent with the cerebral measurements, we found a dramatic
increase in D-Asp levels and D-Asp/total Asp ratio in the serum of BTBR
mice, compared to C57BL/6 J animals (D-Asp: C57BL/6 J =
0.56±0.29 μM vs BTBR = 2.99± 0.54 μM, p = 0.012; D-Asp/total
Asp ratio: C57BL/6 J = 3.12±0.96% vs BTBR = 10.23±2.06%, p=
0.033; Aspin-Welch's test; Fig. 3a, c). Notably, unlike the brain, we also
observed a trend to increase in L-Asp amount in the serum of BTBR mice
than in the controls (C57BL/6 J =14.65± 4.03 μM vs BTBR =
26.76± 2.91 μM, p = 0.055; Aspin-Welch's test; Fig. 3b).

We did not find any significant alterations in either D-Ser or L-Ser
serum concentrations of BTBR mice (D-Ser, p = 0.224; L-Ser, p =
0.384; Aspin-Welch's test; Table 1). However, a mild increase in D-Ser/
total Ser ratio was observed in BTBR mice when compared to C57BL/6
J animals (p = 0.053; Aspin-Welch's test; Table 1).

Moreover, we detected comparable serum D-Asp and L-Asp levels
and D-Asp/total Asp ratio in Cntnap2−/− mutants as compared to
Cntnap2+/+ controls (D-Asp, p= 0.216; L-Asp, p= 0.679; D-Asp/total
Asp ratio, p = 0.153; Fig. 3d-f). Notably, although no gross changes
were observed in the serum D-Ser and L-Ser levels in Cntnap2−/− mice
(D-Ser, p = 0.842; L-Ser, p = 0.287; Aspin-Welch's test; Table 1), we
detected significantly decreased D-Ser/total Ser ratio in these mutants
as compared to their controls (Cntnap2+/+ = 1.87± 0.12% vs
Cntnap2−/− = 1.40±0.12%, p= 0.036; Aspin-Welch's test; Table 1).

Moreover, we found comparable serum D-Asp and L-Asp con-
centrations and D-Asp/total Asp ratio between Shank3−/− and
Shank3+/+ mice (D-Asp, p = 0.792; L-Asp, p = 0.474; D−/total Asp
ratio, p = 0.767; Aspin-Welch's test; Fig. 3g-i). Similarly, serum D-Ser
and L-Ser levels and D-Ser/total Ser ratio were also unaltered in these
mutant mice (D-Ser, p= 0.636; L-Ser, p= 0.839; D−/total Ser ratio, p
= 0.573; Aspin-Welch's test; Table 1).

We found no differences in the serum D-Asp, L-Asp, D-Ser, and L-Ser
concentrations in 16p11.2+/− mice as compared to 16p11.2+/+ con-
trols (D-Asp, p= 0.351; L-Asp, p= 0.537; D-Ser, p= 0.187; L-Ser, p=
0.581;Aspin-Welch's test; Fig. 3j,k; Table 1). Additionally, D-Asp/total
Asp and D-Ser/total Ser ratios were not statistically different between
genotypes (D-Asp/total Asp ratio, p= 0.229; D-Ser/total Ser ratio, p=
0.208; Aspin-Welch's test; Fig. 3l; Table 1).

Overall, HPLC experiments performed in the serum confirmed the
existence of dramatically increased D-Asp levels in BTBR animals, along
with a significant reduction in D-Asp/total Asp ratio in Cntnap2−/−

mutant mice. In contrast, no statistical differences in D-Asp, L-Asp and
D-Ser, L-Ser levels were documented in Shank3−/− and 16p11.2+/−

mutants when compared to their matched controls.

3.5. L-glutamate content in the cortex, hippocampus, and serum of ASD
mouse models

We measured the content of L-Glu in the PFC, hippocampus, and
serum of BTBR, Cntnap2−/−, Shank3−/−and 16p11.2+/− mice. Our
HPLC analysis did not find any significant differences in L-Glu levels in
the PFC of BTBR, Cntnap2−/− and 16p11.2+/− mice compared to the
respective control mice (BTBR, p = 0.645; Cntnap2−/−, p = 0.915;
16p11.2+/−, p = 0.462; Aspin-Welch's test; Fig. 4a,b,d). Similarly, we
found no statistically significant changes in Shank3−/− mice, although
a trend to decrease in L-Glu levels appeared, as compared to Shank3+/+

animals (p = 0.060; Aspin-Welch's test; Fig. 4c).
In contrast to PFC, HPLC experiments showed a significant reduc-

tion in L-Glu concentration within the hippocampus of BTBR mice
compared to C57BL/6 J animals (C57BL/6 J = 6149±427 nmol/g
tissue vs BTBR = 4841±182 nmol/g tissue, p= 0.027; Aspin-Welch's
test; Fig. 4e). On the other hand, comparable L-Glu levels were found in
the hippocampus of Cntnap2−/−, Shank3−/−, and 16p11.2+/−mutants
when compared to their matched controls (Cntnap2−/−, p = 0.131;
Shank3−/−, p = 0.496; 16p11.2+/−, p = 0.168; Aspin-Welch's test;
Fig. 4f,g,h).

Finally, we measured the serum L-Glu levels in all different mice

Fig. 1. HPLC detection of free D-aspartate and L-aspartate content in the prefrontal cortex of BTBR, Cntnap2−/−, Shank3−/−and 16p11.2+/−mice. (a- c) Analysis of (a) D-
aspartate, (b) L-aspartate levels and (c) D−/total aspartate ratio in the prefrontal cortex of BTBR and C57BL6/J strains (n = 4/strain). (d-f) Amount of (d) D-
aspartate, (e) L-aspartate, and (f) D−/total aspartate ratio in the prefrontal cortex of Cntnap2−/− and Cntnap2+/+ mice (n = 4/genotype). (g-i) Measurement of (g)
D-aspartate, (h) L-aspartate content, and (i) D−/total aspartate ratio in the prefrontal cortex of Shank3−/− (n= 3) and Shank3+/+ (n = 4) animals. (j-l) Analysis of
of (j) D-aspartate, (k) L-aspartate levels and (l) D−/total Asp ratio in the prefrontal cortex of 16p11.2+/− mutants and 16p11.2+/+ rodents (n = 4/genotype).
*p<0.05, ***p<0.0001 (Aspin-Welch's test analysis). Values are expressed as the mean± SEM. All the amino acids were detected in a single run by HPLC and
expressed as nmol/g tissue, while the ratio is expressed as percentage (%).
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strains. Notably, we found increased L-Glu levels in BTBR mice com-
pared to C57BL/6 J animals (C57BL/6 J = 37.08±11.00 μM vs BTBR
= 85.74±4.94, p = 0.014; Aspin-Welch's test; Fig. 4i). Conversely,
serum L-Glu concentrations were unaltered between Cntnap2−/−,
Shank3−/−, and 16p11.2+/− mutants and their matched controls
(Cntnap2−/−, p = 0.708; Shank3−/−, p = 0.326; 16p11.2+/−, p =
0.452; Aspin-Welch's test; Fig. 4j,k,l).

Taken together, these data indicate a robust increase in L-Glu levels
in the serum of BTBR, while no alterations were detected in the PFC,
hippocampus, and serum of Cntnap2−/−, Shank3−/−, and 16p11.2+/−

mice.

3.6. Altered Ddo and Sr mRNA expression in the brain of BTBR mice

Here, we analyzed the mRNA levels of the genes involved in the
regulation of D-Asp and D-Ser synthesis and degradation. To this aim,
we conducted qRT-PCR to determine the transcript levels of Ddo, Daao,
and Sr in both the PFC and hippocampus of BTBR, Cntnap2−/−,
Shank3−/−, and 16p11.2+/− and matched control mice.

In line with the dramatic increase in D-Asp content, we found a
robust reduction in Ddo transcript levels in both the PFC and hippo-
campus of BTBR mice compared to C57BL/6 J animals (PFC,
p<0.0001; hippocampus, p<0.0001; Fig. 5 a, d). Conversely, no
significant alterations in Ddo gene expression were observed in either
the PFC or hippocampus of Cntnap2−/−, Shank3−/−, and 16p11.2+/−

mice compared with their respective controls (PFC: Cntnap2−/−, p =
0.2602; Shank3−/−, p= 0.082; 16p11.2+/−, p= 0.524; hippocampus:
Cntnap2−/−, p = 0.1771; Shank3−/−, p = 0.663; 16p11.2+/−, p =
0.884; unpaired Student's t-test; Fig. 5g,j,m,p,s,v).

The analysis of Daao mRNA levels revealed that this transcript was
almost undetectable in all the brain samples analyzed, even after 40

PCR cycles (Fig. 5b,e,h,k,n,q,t,w).
On the other hand, qPCR analysis of Sr gene expression revealed

unaltered mRNA levels in the PFC of BTBR mice, compared to C57BL/6
J animals (p = 0.149; unpaired Student's t-test; Fig. 5c); however, a
statistically significant increase was detected in the hippocampus of
these animals (p= 0.005; unpaired Student's t-test; Fig. 5f). Conversely,
in Shank3−/− mice, we observed reduced Sr mRNA levels in the PFC
but not in the hippocampus (PFC, p= 0.023; hippocampus, p= 0.406;
unpaired Student's t-test; Fig. 5o, r). Finally, we found unaltered Sr
transcripts within the PFC and hippocampus of both Cntnap2−/− and
16p11.2+/− mice compared to matched controls (PFC: Cntnap2−/−, p
= 0.158; 16p11.2+/−, p = 0.831; hippocampus; Cntnap2−/−, p =
0.401; 16p11.2+/−, p = 0.681; unpaired Student's t-test; Fig. 5i,l,u,x).

Overall, these qPCR experiments highlight a dramatic reduction in
Ddo mRNA expression within the PFC and hippocampus of BTBR mice,
along with a significant increase in Sr transcripts in the hippocampus of
the same animals. On the other hand, no gross changes in genes reg-
ulating D-amino acids metabolism were found in Cntnap2−/−,
Shank3−/−, or 16p11.2+/− animals when compared to matched con-
trols.

4. Discussion

It is well known that dysregulated glutamatergic signaling is in-
volved in the etiology of ASD [8–14]. Several studies in mouse models
of ASD have shown abnormalities in synaptic plasticity due to dys-
functions in the NMDAR and AMPAR systems [58]. Pharmacological
evidence in mouse models with deletions in synaptic genes Fmr1,
Mecp2, and Shank2, and in the inbred BTBR strain also supports the
hypothesis of altered glutamatergic transmission since treatment with
glutamatergic drugs, including memantine, has demonstrated favorable

Fig. 2. HPLC detection of free D-aspartate and L-aspartate content in the hippocampus of BTBR, Cntnap2−/−, Shank3−/−and 16p11.2+/−mice. (a- c) Analysis of (a) D-
aspartate, (b) L-aspartate levels and (c) D−/total aspartate ratio in the hippocampus of BTBR and C57BL6/J strains (n = 4/strain). (d-f) Amount of (d) D-aspartate,
(e) L-aspartate, and (f) D−/total aspartate ratio in the hippocampus of Cntnap2−/− and Cntnap2+/+ mice (n = 4/genotype). (g-i) Measurement of (g) D-aspartate,
(h) L-aspartate content, and (i) D−/total aspartate ratio in the hippocampus of Shank3−/− (n = 3) and Shank3+/+ (n = 4) animals. (j-l) Analysis of (j) D-aspartate,
(k) L-aspartate levels, and (l) D−/total Asp ratio in the hippocampus of 16p11.2+/− mutants and 16p11.2+/+ rodents (n = 4/genotype). *p<0.05, ***p< 0.0001
(Aspin-Welch's test analysis). Values are expressed as the mean±SEM. All the amino acids were detected in a single run by HPLC and expressed as nmol/g tissue,
while the ratio is expressed as percentage (%).

Table 1
The mean values of D-serine, L-serine (expressed as nmol/g tissue or μM) and D-serine/total serine ratio (expressed as %) in the prefrontal cortex, hippocampus and
serum of BTBR, Cntnap2−/−, Shank3−/− and 16p11.2+/−mice are compared to their matched controls. All values are expressed as mean±SEM. Statistical analyses
are performed by Aspin-Welch's test. Abbreviations: D-Ser = D-serine; L-Ser = L-serine.

C57BL/6J 
(n=4)

BTBR 
(n=4) p value Cntnap2+/+

(n=4)
Cntnap2-/-

(n=4) p value Shank3+/+
(n=4)

Shank3-/-
(n=3) p value 16p11.2+/+

(n=4)
16p11.2+/-

(n=4) p value

xetr oclatnor ferP

D-Ser (nmol/g tissue) 231.89 ± 45.86 vs 219.08 ± 59.48 0.871 259.26 ± 122.74 vs 338.90 ± 68.88 0.597 257.22 ± 73.48 vs 394.06 ± 27.17 0.160 350.93 ± 61.56 vs 278.13 ± 92.30 0.540

L-Ser (nmol/g tissue) 500.75 ± 99.72 vs 530.16 ± 147.21 0.875 590.26 ± 258.06 vs 774.24 ± 151.42 0.566 606.70 ± 203.70 vs 876.85 ± 70.25 0.284 746.47 ± 123.38 vs 575.45 ± 188.09 0.480

D-Ser/Total Ser (%) 31.74 ± 0.45 vs 29.36 ± 0.45 0.009 29.64 ± 1.29 vs 30.35 ± 0.42 0.631 30.59 ± 0.90 vs 31.04 ± 0.58 0.693 32.00 ± 0.88 vs 32.33 ± 0.37 0.744

su p
mac opp i

H

D-Ser (nmol/g tissue) 285.64 ± 79.66 vs 390.55 ± 65.95 0.351 404.26 ± 68.43 vs 233.30 ± 39.04 0.085 257.11 ± 105.94 vs 268.30 ± 83.51 0.937 296.61 ± 71.09 vs 239.83 ± 47.03 0.534

L-Ser (nmol/g tissue) 791.07 ± 225.97 vs 1114.05 ± 209.79 0.335 1114.15 ± 212.41 vs 621.16 ± 111.54 0.101 691.66 ± 272.79 vs 725.54 ± 247.52 0.930 805.00 ± 218.69 vs 636.60 ± 133.21 0.540

D-Ser/Total Ser (%) 26.61 ± 0.18 vs 26.17 ± 0.43 0.393 26.87 ± 0.59 vs 27.45 ± 0.39 0.447 26.80 ± 0.37 vs 27.33 ± 0.67 0.542 27.28 ± 0.56 vs 27.54 ± 0.42 0.723

mureS

D-Ser (µM) 1.65 ± 0.63 vs 2.62 ± 0.03 0.224 2.36 ± 0.37 vs 2.24 ± 0.43 0.842 3.41 ± 0.27 vs 3.83 ± 0.72 0.636 2.92 ± 0.56 vs 1.75 ± 0.55 0.187

L-Ser (µM) 115.65 ± 32.02 vs 148.75 ± 8.82 0.384 122.75 ± 14.50 vs 155.61 ± 23.43 0.287 180.07 ± 19.68 vs 171.82 ± 31.97 0.839 104.53 ± 6.47 vs 90.46 ± 22.27 0.581

D-Ser/Total Ser (%) 1.28 ± 0.15 vs 1.75 ± 0.12 0.053 1.87 ± 0.12 vs 1.40 ± 0.12 0.036 1.96 ± 0.33 vs 2.18 ± 0.01 0.573 2.78 ± 0.60 vs 1.81 ± 0.22 0.208
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Fig. 3. HPLC detection of free D-aspartate
and L-aspartate content in the serum of
BTBR, Cntnap2−/−, Shank3−/−and
16p11.2+/−mice. (a- c) Analysis of (a) D-
aspartate, (b) L-aspartate levels and (c)
D−/total aspartate ratio in the serum of
BTBR and C57BL6/J strains (n = 4/
strain). (d-f) Amount of (d) D-aspartate,
(e) L-aspartate, and (f) D−/total aspar-
tate ratio in the serum of Cntnap2−/−

and Cntnap2+/+ mice (n = 4/geno-
type). (g-i) Measurement of (g) D-as-
partate, (h) L-aspartate content, and (i)
D−/total aspartate ratio in the serum of
Shank3−/− (n = 3) and Shank3+/+ (n
= 4) animals. (j-l) Analysis of (j) D-as-
partate, (k) L-aspartate levels, and (l)
D−/total Asp ratio in the serum of
16p11.2+/− mutants and 16p11.2+/+

rodents (n = 4/genotype). *p<0.05
(Aspin-Welch's test analysis). Values are
expressed as the mean± SEM. All the
amino acids were detected in a single
run by HPLC and expressed as nmol/g
tissue, while the ratio is expressed as
percentage (%).
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outcomes [59–61]. In parallel to preclinical research, studies in ASD
patients reported significantly increased serum and plasma glutamate
concentrations, compared to healthy subjects [62–64]. Accordingly, a
post-mortem study has shown augmented glutamate and glutamine
content in the anterior cingulate cortex of a small cohort of seven in-
dividuals with autism [65].

Here, we explored the putative implication of an altered metabolism
of the NMDAR modulators, D-Asp and D-Ser, in the physiopathology of
ASD. We evaluated the cerebral content of these D-amino acids in dif-
ferent genetic mouse models of ASD, such as knockout mice for Cntnap2

(Cntnap2−/−; [4]), Shank3B (Shank3−/−; [6]), and heterozygous mice
with 16p11.2 deletion (16p11.2+/−; [7]). Noteworthy, all these animal
models show core ASD-like brain and behavioral deficits at the age of
our biochemical characterization [50–52]. In addition to these syn-
dromic models, we also analyzed BTBR mice, an idiopathic animal
model of ASD [49,66–68]. Although genetic and molecular abnormal-
ities causing behavioral deficits in BTBR mice remain unclear [49,69],
this inbred mouse strain incorporates behavioral phenotypes relevant to
all diagnostic symptoms of ASD, including reduced social interactions
in juveniles and adults, repetitive self-grooming, and an unusual pattern

Fig. 4. HPLC analysis of L-glutamate levels in the prefrontal cortex, hippocampus, and serum of BTBR, Cntnap2−/−, Shank3−/−and 16p11.2+/−mice. (a,e,i) Content of L-
glutamate in the (a) prefrontal cortex (n = 4/genotype), (e) hippocampus (n= 6/genotype), and (i) serum (n = 4/genotype) of BTBR and C57BL6/J mice. (b,f,j) L-
glutamate amount in the (b) prefrontal cortex (n = 4/genotype), (f) hippocampus (n = 6/genotype), and (j) serum (n = 4/genotype) of Cntnap2−/− and Cntnap2+/

+ mice. (c,g,k) Detection of L-glutamate content in the (c) prefrontal cortex (Shank3+/+, n = 4; Shank3−/−, n = 3), (g) hippocampus (n = 3/genotype), and (k)
serum (n = 4; Shank3−/−, n = 3) of Shank3−/− and wild-type mice. (d,h,l) Levels of L-glutamate in the (d) prefrontal cortex (n = 4/genotype), (h) hippocampus (n
= 6/genotype), and (l) serum (n = 4/genotype) of 16p11.2+/− and wild-type 16p11.2+/+ mice. *p<0.05, compared to control group (Aspin-Welch's test). Values
are expressed as the mean±SEM of nmol/g tissue or μM concentrations.
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of ultrasonic vocalizations resembling the atypical vocalizations that
some autistic children produce [70,71]. Moreover, BTBR mice show a
severely reduced hippocampal commissure and absent corpus callosum
[72], along with dysfunctional dopamine D2 receptor striatal neuro-
transmission and blunted mesolimbic activity [73]. Of note, corpus
callosum abnormalities have been also reported in autistic individuals
[74,75].

Here, we document a severe, dysfunctional D-Asp metabolism in
BTBR brain (Table 2). Indeed, we found a very prominent increase in D-
Asp content along with a severe reduction in Ddo gene expression in
both the PFC and hippocampus of BTBR animals, compared to the same
brain regions of C57BL/6 J mice (Table 2). In agreement with this
observation, previous transcriptome profiling identified Ddo among the
580 downregulated genes in the hippocampus of BTBR adult mice [76].
We also detected increased Sr transcript levels in BTBR hippocampus.
This gene, encoding the enzyme responsible for D-Ser biosynthesis [77],

has been suggested to take part also in cerebral D-Asp production
[34–36]. Nevertheless, since 1) D-Ser levels are unchanged in the

Fig. 5. Quantitative PCR analysis of Ddo, Daao and Sr mRNA expression in the brain of BTBR, Cntnap2−/−, Shank3−/−, and 16p11.2+/− mice. (a-f) Levels of (a,d) Ddo,
(b,e) Daao, and (c,f) Sr mRNA expression in the (a- c) prefrontal cortex and (d-f) hippocampus of BTBR and C57BL/6 J mice (n = 6/genotype). (g-l) Amount of (g,j)
Ddo, (h,k) Daao, and (i,l) Sr transcript in the (g-i) prefrontal cortex and (j-l) hippocampus of Cntnap2−/− and Cntnap2+/+ mice (n = 6/genotype). (m-r) Analysis of
(m,p) Ddo, (n,q) Daao, and (o,r) Sr genes in the (m-o) prefrontal cortex and (p-r) hippocampus of Shank3−/− and Shank3+/+ animals (n = 9/genotype). (s-x)
Expression levels of (s,v) Ddo, (t,w) Daao, and (u,x) Sr genes in the (s-u) prefrontal cortex and (v-x) hippocampus of 16p11.2+/− and 16p11.2+/+ (n= 12/genotype).
N.D. indicates that mRNA expression level was not detectable. mRNA expression for each single gene was normalized to the mean of two housekeeping genes and
expressed as 2–∆∆Ct. * p<0.05, ** p<0.01, *** p<0,0001 compared to control group (unpaired t-test). All values are expressed as mean± SEM.

Table 2
Schematic representation of D-Asp metabolism in the prefrontal cortex, hip-
pocampus and serum of ASD mouse models. Abbreviations: ↑, increased; ↓,
decreased; =, unaltered.

Prefrontal cortex Hippocampus Serum

ASD mouse model D-Asp/
total
Asp

Ddo
mRNA
levels

D-Asp/
total Asp

Ddo mRNA
levels

D-Asp/total
Asp

BTBR ↑ ↓ ↑ ↓ ↑
Cntnap2−/− = = = = =
Shank3−/− = = = = =
16p11.2+/− = = = = =
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hippocampus of BTBR mice compared to controls, and 2) SR enzyme
displays a much higher activity on the synthesis of D-Ser compared to
D-Asp [35], it seems unlikely that the observed increase in Sr gene
expression contributes to D-Asp elevation in this brain region of BTBR
mice. Future studies will help to clarify whether Sr mRNA changes turn
into altered SR protein levels and enzymatic activity in BTBR hippo-
campus. In line with these findings, we also report higher D-Asp con-
centrations in the serum of the BTBR strain than in the control mice. In
this regard, it will be mandatory to evaluate the potential relevance of
D-Asp as a novel biomarker for diagnostic measurements in idiopathic
forms of ASD. Consistent with the agonistic activity of D-Asp on
NMDARs [27], we hypothesize that the altered D-Asp metabolism
found in BTBR brain could influence NMDAR-dependent functions in
this widely used idiopathic animal model of ASD [49,66–68]. Yet, D-
Asp is an agonist of mGluR5 [28] and, therefore, any increase in its
levels should boost these receptors and, consequently, NMDARs func-
tion.

Previous studies have investigated the influence of increased en-
dogenous D-Asp content in knockout mice for Ddo gene, an animal
model backcrossed to C57BL/6 J strain [78]. In line with well-estab-
lished detrimental effects associated to overstimulation of NMDARs
[79], it has been reported that a long-term increase in D-Asp levels
results in the precocious decay of basal glutamatergic transmission,
synaptic plasticity, and hippocampal reference memory in mutants
[80–82]. Such dysfunctions are mirrored by the loss of excitatory glu-
tamatergic synapses and reduction in synaptic GluN1 and GluN2B
subunits [82]. In addition, severe age-dependent neuroinflammation
and cell death occur within PFC and hippocampus of Ddo knockout
animals [81]. On the other hand, increased D-Asp levels in young-adult
Ddo knockout mice have been associated with improved functional and
structural NMDAR-dependent synaptic plasticity. Based on this set of
evidence, future studies are mandatory to clarify the impact of D-Asp
metabolism in the genetic background of BTBR mice. Nevertheless, it
remains unclear whether the broad alterations in D-Asp metabolism
found in BTBR mice represent a developmentally relevant contribution
or reflect changes occurring only in adulthood. Further experiments on
juvenile BTBR mice are needed to investigate this point. It is important
also to remark that D-Asp is abundant during brain development
[29–31]. In this regard, the recent generation of a mouse model char-
acterized by precocious embryonic D-Asp depletion [31] may help in
clarifying the potential involvement of this D-amino acid in a neuro-
developmental disorder like ASD.

Interestingly, we also found higher concentrations of the en-
antiomer L-Asp in the serum of BTBR mice, thus suggesting an overall
peripheral dysregulation of Asp metabolism. In addition to D-Asp, we
also found a slight reduction in L-Glu levels in the hippocampus of
BTBR mice, along with a substantial increase of this amino acid in the
serum. These opposite L-Glu changes might suggest that the observed
cerebral and peripheral dysfunctions have separate metabolic origins in
the BTBR strain, since this amino acid cannot pass the blood-brain
barrier [83]. Remarkably, our observation showing higher L-Glu levels
in BTBR serum is consistent with a previous study in humans reporting
significantly higher L-Glu serum levels in patients with idiopathic
autism [62].

It must be pointed out here that the changes observed in BTBR
might somehow be affected by the choice of the comparison strain,
namely, C57BL/6 J mice. However, such a strain is commonly used for
comparison with BTBR in molecular and behavioral studies [67]. An-
other limitation is based on the fact that our HPLC analyses were per-
formed on total homogenates. Consequently, we measured the total
amount of amino acids without distinguishing between the extracellular
fraction and intracellular (neuronal vs glial) metabolic pool.

In support of a selective metabolic D-Asp alteration within BTBR
brain, all the other three syndromic mouse models of ASD examined did
not exhibit gross perturbations in amino acids metabolism in either
brain or serum (Table 2). We only found reduced hippocampal content

of both D-Asp and L-Asp but unaltered D-Asp/total Asp ratio and Ddo
gene expression in Cntnap2−/− mice. These findings suggest that D-Asp
modification observed in Cntnap2−/− animals could be an indirect
consequence of a regional alteration in L-Asp metabolism. Overall, the
results collected in the genetic mouse models of ASD suggest that the
single mutations examined, associated to syndromic forms of ASD, are
not able to trigger a metabolic D-Asp imbalance in adulthood. Despite
D-Asp metabolism selectively changes in BTBR mice, this idiopathic
ASD model does not exhibit specific behavioral phenotypes compared
to syndromic ASD mouse models [49–52,84]. Therefore, we cannot
predict if specific alterations found in D-Asp metabolism are selectively
associated with peculiar BTBR-related ASD phenotypes.

Overall, our findings indicate that metabolic D-Asp dysfunction
could represent one of the complex biological components involved in
idiopathic forms of ASD. On the other hand, the absence of significant
D-Ser changes in all ASD animal models analyzed here does not match
with previous biochemical and pharmacological studies in preclinical
models and ASD children. Indeed, significant alteration in the serum
and urine concentrations of D-Ser and L-Ser has been reported in ASD
patients [63,85–88]. Furthermore, a rescue of behavioral alterations in
preclinical models and ASD patients has been demonstrated by im-
proving the occupancy of the glycine B site of NMDARs with D-cyclo-
serine and sarcosine supplementation [89–91]. It is important to re-
mark that our neurochemical analyses were conducted in adult animals
while ASD mainly involves neurodevelopmental dysfunctions that re-
sult in clear phenotypes at juvenile stages of life. Remarkably, such
juvenile phenotypes differ from those at adulthood at the molecular
level [89]. Studies have now established that ASD is associated, at least
in animal models, to early hyperfunction of NMDAR before weaning
while switching to hypofunction after this period [89]. Based on this
consideration, it is conceivable that the lack of any detectable cerebral
D-Ser alterations in adult ASD animal models does not imply the ab-
sence of any alterations earlier on. Indeed, clinical studies have estab-
lished that Ser levels are decreased in subjects with ASD [63,85,87,88]
and that inhibitors of DAAO such as sodium benzoate could be effective
for treating ASD in children, as reported in a pilot trial [91]. Therefore,
future investigations are needed to examine the same biochemical
parameters both at prenatal and juvenile stages of life.

Another issue that deserves to be deeply investigated in future
studies is the potential impact of D-Asp and D-Ser food integration in
ASD. In this regard, considering the relevance of food intake on amino
acid metabolism, next experiments are mandatory to evaluate whether
specific Asp/Ser-deprived or enriched food regime might affect brain
and systemic metabolism of ASD mouse models and influence, in turn,
their ASD-related phenotypes.

5. Conclusions

In this work, we report that, on top of alterations in L-Glu levels, an
idiopathic animal model of ASD, such as BTBR, exhibits robust meta-
bolic perturbation in the NMDAR and mGluR5 agonist D-Asp. This
evidence supports on one hand the involvement of an abnormal glu-
tamatergic neurotransmission in the pathophysiology of idiopathic
ASD, on the other hand highlights the contribution of altered D-Asp
metabolism in the dysfunctional glutamatergic neurotransmission ob-
served in idiopathic ASD.
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