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Abstract

Autism spectrum disorder (ASD) is associated with a range of abnormalities characterized by deficits in socialization,
communication, repetitive behaviors, and restricted interests. We have recently shown that neuronal nitric oxide synthase
(nNOS) expression was decreased in the basolateral amygdala (BLA) of mice after postnatal valproic acid exposure. Neu-
ronal activity-regulated pentraxin (Narp) could contribute to the regulation of the GluA4 2-amino-3-(5-methyl-3-oxo-1,2-
oxazol-4-yl) propanoic acid (AMPA) subunits which are predominantly expressed in interneurons. However, the specific
role of nNOS re-expression on excitatory neurotransmitter with relevance to ASD core symptoms in VPA-treated animals
remains to be elucidated. Herein, nNOS overexpression using a lentiviral vector and L-arginine-activating PI3K-Akt-mTOR
signaling can restore nNOS expression in the BLA induced by VPA. Restoration of nNOS expression in these mice was
sufficient to reduce the severity of ASD-like behavioral patterns such that animals exhibited decreases in abnormal social
interactions and communication, stereotyped/repetitive behaviors, and anxiety-like traits. Most strikingly, re-expression of
nNOS upregulated surface expression of Narp and GluA4 in nNOS-positive interneuron as shown by immunoprecipitation
and Western blotting. Whole-cell patch-clamp recordings demonstrated that restoration of nNOS had a significant enhancing
effect on AMPA receptor-mediated excitatory glutamatergic synaptic neurotransmission, which was inhibited by disturbing
the interaction between Narp and GluA4 in acutely dissociated BLA slices. Overall, these data offer a scientific basis for the
additional study of nNOS re-expression as a promising therapeutic target by correcting AMPA receptor-mediated synaptic
function in ASD and related neurodevelopmental disorders.
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Introduction

Autism spectrum disorders (ASD) are an early neurodevel-
opmental syndrome associated with deficits in impaired or
abnormal social interactions and restricted range of inter-
ests or repetitive behaviors [1]. Several brain structures and
functions have been demonstrated to underlie the manifes-
tation of ASD-like symptoms, including the basolateral
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Henan Key Laboratory of Children’s Genetics and Metabolic and experimental evidence suggests that ASD is linked with

Diseases, Henan Children’s Neurodevelopment X . . . ..
Engineering Research Center, Children’s Hospital Affiliated synaptic alterations of excitatory system in critical areas

P4 Xiaona Wang
xiaonawang2015@163.com

to Zhengzhou University, Zhengzhou, China of the brain controlling social communication and repeti-
2 Department of Rehabilitation, Children’s Hospital Affiliated tive behaviors [4, 5]. Indeed, converging evidence shows
to Zhengzhou University, Zhengzhou, China that glutamate-mediated excitatory synaptic transmission by
3 Department of Neurology, Children’s Hospital Affiliated the neurotransmitter a-amino-3-hydroxy-5-methyl-4-isoxa-
to Zhengzhou University, Zhengzhou, China zolepropionic acid (AMPA) is severely impaired in some

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12035-024-03997-w&domain=pdf
http://orcid.org/0000-0003-1242-2692

6600

Molecular Neurobiology (2024) 61:6599-6612

ASD animal models [5, 6]. Pharmacological enhancement
of AMPA receptor function is effectively reported to rescue
ASD-associated behavioral defects [7].

Several different strains of mouse, expressing ASD-asso-
ciated behaviors, were used to show abnormalities in traf-
ficking of AMPA receptors [8]. GluA4-containing AMPA
receptors are mainly expressed in the inhibitory interneu-
rons of the BLA of animal models [9-11]. Notably, neuronal
activity-regulated pentraxin (Narp) is belonging to a member
of the neuronal pentraxin family and interacts with the extra-
cellular N-terminal domain of the GluA4 subunit generating
AMPA receptor clusters in the postsynaptic membrane of
PV-positive interneurons [12]. Knockdown of Narp abol-
ished retrieval enhanced glutamatergic transmission [13].
The upregulation of Narp recruited AMPA receptors from
the neuronal membrane to enhance excitatory synaptic trans-
mission [13]. Nevertheless, it is presently undetermined that
excitatory neurotransmitter and expression of ionotropic glu-
tamate receptor subunits in interneurons trigged by neuronal
nitric oxide synthase (nNOS) re-expression are affected in
VPA-treated animals.

We have previously shown that nNOS-expressing
interneurons are predominantly expressed in the BLA of
rodents [14] and strongly implicated in ASD-related pheno-
types [15]. Multiple lines of evidence indicate that nNOS-
containing cells are involved in the regulation of synaptic
transmission [16, 17]. We reported excitatory synaptic input
onto nNOS interneurons in hippocampus [18]. We have also
recently demonstrated that nNOS expression was reduced
in the BLA of mice after postnatal valproic acid exposure
[19]. Further, proteomic data that we obtained for the Narp
and GluA4 surface expression demonstrated the prominent
decrease in nNOS interneurons in mice treated with VPA
[10]. Drawing on these findings, therefore, we hypothesize
that surface Narp and GluA4 synergistically are involved in
the regulation of excitatory glutamatergic synaptic transmis-
sion of nNOS re-expression in VPA-exposed animals, which
contributes to mitigation of behavioral dysfunction in ASD.

There is mounting evidence from clinics as well as ani-
mal models for the role of PI3K-AKT-mTOR in synaptic
function when hypoactivated associated with ASD-like
behavioral abnormalities [20, 21]. Herein, we first examined
the behavioral alternations in recombinant lentivirus (LV)-
mediated overexpression of nNOS and L-arginine (L-Arg,
substrate for nNOS) treatment-activating PI3K-Akt-mTOR
signaling in VPA-treated mice. Then, the changes in GluA4
interaction with Narp, GluA4 surface expression, and excita-
tory synaptic transmission in mice induced by restoration
of nNOS within the BLA were studied. It is indicated that
the nNOS re-expression contributes to alleviation of a spec-
trum of phenotypes associated with ASD. Interestingly, we
observed the dramatic augmentation in AMPA receptor-
mediated excitatory neurotransmission, consistent with
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increased GluA4 surface levels by protein—protein interac-
tion with Narp in nNOS re-expression-treated mice. Overall,
our results demonstrated nNOS re-expression may represent
a viable approach to treating ASD.

Materials and Methods
Animals

Male C57BL/6 J wild-type mice and nNOS-GFP mice (stock
no. 014541, Jackson Laboratory) [10] were housed singly
in standard laboratory cages in a temperature (23-25 °C)
and humidity (50-60%) controlled vivarium with a 12-h
light/12-h dark cycle. Food and water were provided ad libi-
tum throughout the experiment. All experiments were done
in accordance with Zhengzhou University and interna-
tional guidelines on the ethical use of animals. All efforts
were made to minimize animal suffering and reduce the
amount of animal suffering.

Drug Treatment and Experimental Grouping

As we reported previously [19], C57BL/6 J and nNOS-Cre
mice were mated and examined for the presence of a vaginal
plug, defined by the presence of embryonic day 1 (E1). On
E12.5, pregnant female mice were intraperitoneally injected
with 600 mg/kg of VPA (Sigma Aldrich, MO, USA) in
0.9% saline, while control injections consisted of equiva-
lent volume of saline solution. On postnatal day 21, their
offspring were weaned and transferred to cages. Only male
pups were used in subsequent experiments.

A lentivirus encoding nNOS (pLenti-CMV-nNOS-EGFP;
3.25x 10® Tu/ml) was purchased from Shanghai Biotech-
nology Co., Ltd., with a virus encoding EGFP (LV-GFP;
3.43x 10® Tu/ml) serving as a control. Lentiviral injection
into the BLA was carried out using our previously published
protocol [1]. In brief, animals were intraperitoneally admin-
istered pentobarbital sodium (100 mg/kg) and transferred
to a stereotaxic apparatus. A glass pipette was then used
to infuse 2 pul LV-nNOS and LV-GFP at 0.3 ml/min bilat-
erally in the BLA (anterior—posterior 1.6 mm, medial-lat-
eral +3.5 mm, and dorsal-ventral 4.0 mm). The needle was
then allowed to rest in the injection site for 10 min following
the completion of the injection to ensure that all viral parti-
cles remained within the BLA.

Seven days after the injection of LV vectors, mice were
randomly selected from each experimental group and used
for immunofluorescence analyses. Western blotting was used
to evaluate the efficiency of LV vector interventions, which
were also quantified at 21 days.
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Immunofluorescence

Immunohistochemical protocols were used in this study, as
we have been previously described [1]. Mice were deeply
anesthetized and perfusion-fixed transcardially with 4%
paraformaldehyde. Brains were removed from the skull
and post-fixed overnight at 4 °C and cryoprotected in 30%
sucrose. Coronal sections (40 pm) were cut on a vibratome
(Leica Microsystems, Mannheim, Germany) in 0.1 M phos-
phate-buffered saline (PBS). Sections were incubated in a
blocking solution that consisted of 3% bovine serum albu-
min, 0.3% Triton X-100, and 2% goat serum in 0.1 M PBS.
After that, sections were incubated with anti-GFP (Invit-
rogen, Carlsbad, CA, USA; Cat#A-11122) in a dilution of
1:1000 at 4 °C overnight. The Alexa Fluor 488-conjugated
donkey anti-rabbit immunoglobulin G (Invitrogen; Cat#A-
10042) in 1:1000 dilutions was used as secondary antibod-
ies. Sections were washed with PBS and mounted onto gel-
atin-coated slides. Sections were scanned using the Zeiss
900 laser scanning microscope (Carl Zeiss, Jena, Germany).

Western Blotting

Laser microdissection of BLA of mice was performed
using a Laser PALM-Zeiss Microbeam system (PALM,
Oberkochen, Germany) configured on an inverted Axio
Observer Microscope. The BLA tissues were homog-
enized in ristocetin-induced platelet aggregation (RIPA)
buffer containing protease and phosphatase inhibitors
(Beytime, Shanghai, China). Homogenates were soni-
cated, incubated on ice for 20 min and then centrifuged
at 12000 x g for 15 min at 4 °C to precipitate insoluble
debris. The supernatants were collected, and protein con-
centrations were determined using the BCA protein assay
kit (Beyotime, Nantong, China). Sample protein concen-
trations were adjusted to 4 pg/pl for Western blotting.
Fifty microgram total protein was separated on 5-12%
sodium dodecyl sulfate (SDS)—polyacrylamide gels and
transferred to polyvinylidene fluoride (PVDF) membranes
(Millipore, Billerica, MA, USA). Membranes were then
blocked with 5% nonfat milk in Tris-buffered saline solu-
tion containing 0.1% Tween 20 (TBS-T) for 1 h. After
blocking, the blots were probed overnight at 4 °C with
the following primary antibodies: anti-PI3 kinase p85
alpha (phospho Tyr607) (1:1000, Abcam, Cambridge,
MA, USA; Cat#ab182651), anti-PI3 kinase p85 alpha
(1:1000, Abcam; Cat#227204), anti-AKT (phospho
Thr308) (1:1000, Abcam; Cat#ab38449), rabbit anti-AKT
(1:1000, Abcam; Cat#ab308107), anti-mTOR (phospho
Ser2448) (1:1000, Abcam; Cat#ab109268), anti-mTOR
(1:1000, Abcam; Cat#ab134903), anti-P70 S6 kinase
(phospho Thr389) (1:1000, Cell Signaling Technol-
ogy, Danvers, CT, USA; Cat#9205), anti-P70 S6 kinase

(1:1000, Cell signaling technology; Cat#9202), anti-
elF4E (phospho Ser209) (1:1000, Cell Signaling Tech-
nology; Cat#9741), anti-eIF4E (1:1000, Cell Signaling
Technology; Cat#2067), and anti-nNOS (1:1000, Sigma;
Cat#N7280). Membranes were simultaneously probed
with mouse monoclonal anti-glyceraldehyde 3-phosphate
dehydrogenase antibody (1:1000, GAPDH, Cell Signal-
ing Technology; Cat#5174) as a loading control. After
washing with TBS-T, the membrane was incubated with
the peroxidase-conjugated anti-rabbit IgG secondary anti-
body (1:5000, ZSGB-Bio, Beijing, China; Cat#ZB-2301)
or anti-mouse IgG secondary antibody (1:5000, ZSGB-
Bio; Cat#ZB-2305) at room temperature for 2 h, followed
with washing and detection using the enhanced chemilu-
minescence (ECL) detection kit (Thermo Fisher Scientific,
Rockford, IL, USA). Bands were detected using densitom-
etry (Bio-Rad, Hercules, CA, USA) and quantified using
densitometric analysis (ImageJ software, NIH).

Behavioral Assessments

At 3 weeks following lentiviral injection and pretreatment
with L-arginine (350 mg/kg, i.p.) and NVP-BEZ235 (25 mg/
kg, intragastricaly), mice underwent social interaction, self-
grooming, marble-burying, and open-field tests on 4 consec-
utive days. At 24 h after completion of the open-field task,
mice were sacrificed for Western blot analysis and received
electrophysiological recordings. All behavioral recordings
were implemented by camera-assisted ANY-Maze software
(Stoelting Co., Wood Dale, IL, USA).

Sociability and Social Novelty Testing

Sociability testing was carried out using a three-chamber
black plastic box apparatus as previously published proto-
col [22]. The three-chamber box (45 X 30 X 20 cm) included
dividing walls with 10x 12 cm openings allowing free access
to each chamber. Test mice were correspondingly sex- and
strain-matched with novel animals with which they had not
received any prior contact. At the start of the test, a selected
animal was individually placed in an empty central cage,
with the selected novel animal being placed in a wire cage
(12 cm diameter) in the left compartment, and an empty wire
cage (novel object) being placed in the right chamber. After
a 5-min acclimation period, sociability tests were performed
for 10 min. For social novelty preference tests, a different
unfamiliar mouse was positioned within the wire cage in the
right compartment, and the study subject was returned to
the empty central cage. Animal movements during the fol-
lowing 10 min were then monitored, which was allowed to
freely explore three chambers.
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Self-Grooming

Self-grooming testing was conducted for repetitive and
compulsive behavior, which is another prominent symp-
tom of ASD [23]. The conditioning chamber is com-
posed of a rectangular box (44 X22x 10 cm) with 2 cm
of bedding. The time mice spent grooming was counted
for 10 min. Grooming behavior included all sequences of
face-wiping, scratching/rubbing of head and ears, and full-
body grooming.

Marble-Burying Assay

A marble-burying test was used to assess for stereotyped
behaviors in mouse model of ASD [24]. A 6-cm layer of
chipped cedar wood bedding was applied to the bottom of
clean cages (length X wide X height, 30X 18 X 16 cm). Ani-
mals were then added to cages for 10 min. On this, 16 glass
marbles (13 mm diameter) were spaced evenly in a 3 x4
array. The number of marbles that were buried (to at least
2/3 their depth) after 10 min was counted, with digging
being considered as coordinated limb movement that dis-
placed the bedding.

Open-Field Test

Open-field tests were performed as in our prior reports
[1]. Animals were placed into the central area of a 50 cm
(W)x54 cm (L)x42 cm (H) chamber, and both the time
spent in the central area (16 X 16 cm) and the total distance
traveled were calculated for 10 min.

Immunoprecipitation

Immunoprecipitation was used to detect the interaction
between Narp and GluA4. Briefly, the BLA tissues were
obtained as described above. The supernatant from BLA
was collected and supplemented with 40 ul protein A/G-
agarose beads (Sigma, USA) overnight at 4 °C on a wheel.
The beads were then allowed to sediment at the bottom of
the tube, and the supernatant was collected. The anti-Narp
(1:1000, Abcam; Cat#305257) and anti-GluA4 (1:1000, Cell
signaling technology; Cat#8070) antibodies were incubated
in equal amounts with the supernatant. Protein A-/G-agarose
beads were added to the supernatant, and the supernatant
was incubated for 2 h at room temperature. The beads were
then washed 4 times with RIPA buffer (Beyotime) and sub-
mitted to SDS-PAGE. The mixture was boiled at 95 °C for
5 min. The Western blots were detected using Narp and
GluA4 antibodies for immunoprecipitation.
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TAT Peptides

Cell-permeable peptides were synthesized by Shanghai Sci-
ence Peptide Biological Technology (Shanghai, China) (TAT
control, YGRKKRRQRRR-TETWGQRSIE; TAT-GluA4,
YGRKKRRQRRR-LGKVAPWSDQ). The peptide was puri-
fied by HPLC, and the purity was 98%. In some experiments,
peptides (dissolved in saline) were injected into mice tail
veins (20 mg/mL) using 25-gauge needle at 30 min before
behavioral testing. A scrambled TAT peptide was injected
in parallel as controls.

Surface Biotinylation

Surface proteins of nNOS-expressing interneurons in the
BLA were performed as we described earlier [10], which
were prepared with a Mem-PER Plus Membrane Protein
Extraction Kit (Thermo scientific, Waltham, MA). Briefly,
the BLA tissues were rinsed with ice-cold PBS containing
I mM MgCl, and 0.01 mM CaCl, and then incubated on
ice with PBS/MgCl,/CaCl, containing 1 mg/ml Sulfo-NHS
Biotin (Pierce, Rockford, Illinois, USA) for 45 min. The tis-
sues were rinsed with 100 mM glycine to quench unreacted
biotin. nNOS-containing interneurons were scraped in ice-
cold lysis buffer (in mM, 150 NaCl, 50 Tris—HCI pH 7.5, 1%
Triton X-100, 10 sodium pyrophosphate, 10 EDTA, 0.2%
SDS, 50 NaF, and protease inhibitors) and then sonicated
and centrifuged for 20 min. To detect the total expression of
GluA4, 10% of the cell lysate was boiled at 98 °C for 10 min
in SDS-containing buffer with 5% p-mercaptoethanol. To
detect the surface expression of GluA4, 80% of the cell
lysate was added to streptavidin magnetic beads (Pierce,
Rockford, Illinois, USA) and rotated at 4 °C for 2 h. After
4 times of washing, the precipitated sample was resolved
via SDS-PAGE and immunoblotting using the indicated
antibodies.

Slice Electrophysiology

Whole-cell patch-clamp recording was performed as
described previously [1, 25, 26]. Mice were anesthetized
with isoflurane and transcardially perfused with ice-cold
carbogenated (95% O,, 5% CO,) cutting solution contain-
ing the following (in mM): 75 sucrose, 88 NaCl, 2.5 KCl,
1.26 NaH,PO,, 25 NaHCO;, 8 MgCl,, and 0.5 CaCl, (pH
7.3-7.4, 300-310 mOsm/L). Coronal slices of 300 pm
containing the BLA were prepared using a Campden 5100
mz vibrating microtome (Campden Instruments, Lough-
borough, England). The perfusion flow rate was 2 ml/min.
Whole-cell patch-clamp recordings were made under infra-
red differential interference contrast visualization at 32 °C
in artificial cerebral spinal fluid (ACSF) containing the fol-
lowing (in mM): 125 NaCl, 11 glucose, 5 KCI, 25 NaHCO;,
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1.25 NaH,PO,, 2 MgSO,, and 2.5 CaCl, (pH 7.3-7.4,
300-310 mOsm/L).

GFP-positive nNOS interneurons in the BLA were held
at—70 mV under a voltage clamp mode to record AMPA
miniature excitatory postsynaptic currents (mEPSCs).
AMPA-mediated mEPSCs were measured in the presence
of tetrodotoxin (TTX, 1 uM), bicuculline (10 mM, Sigma),
and D-2-amino-5-phosphonovaleric acid (AP-5, 50 puM,
Sigma) from 5 min after establishing the whole-cell con-
figuration. Furthermore, AMPA receptor-evoked EPSCs
were recorded from the identified nNOS interneurons in
the presence of picrotoxin (100 uM) and AP-5 (50 uM).

A

B

Membrane voltage was held at+40 mV. A concentric stimu-
lating electrode (FHC, USA) was placed near the external
capsule, 200-250 pm lateral to the recorded cell. Stimulation
pulses were given at 0.05 Hz to evoked AMPA receptor-
mediated EPSCs. The internal solution in the patch pipette
contained the following (in mM): 8 NaCl, 10 HEPES, 0.4
Na;GTP, 4 Na,ATP, 10 EGTA, 2 QX-314, 5 4-aminopyri-
dine, 4 MgCl,, 1 CaCl,, and 125 CsMeSO,. After a short
washing step in ACSF, the slices were treated with the
respective 10 uM TAT fusion proteins. The resistance of
patch electrodes was 3—6 MQ. Data were sampled at 10 kHz
and filtered at 2 kHz using an EPC 10 amplifier and Patch
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Fig.1 Confirmation of nNOS re-expression in a mouse model of
autism spectrum disorder (ASD). A GFP expression indicated by
dotted lines in the BLA of VPA-exposed mice was detected on
day 7 post-LV injection. B nNOS protein levels were measured
in nNOS overexpressing of VPA-treated mice on day 21 post-LV
injections. Normalized intensity bands for nNOS are presented.
Lane 1, LV-GFP-exposed group; lane 2, LV-nNOS-treated group.
n=6 mice in each group. “p<0.01. Student’s z-test. Data are pre-
sented as means +SEM. C Representative protein bands of P-PI3K,

T-PI3K, P-AKT, T-AKT, P-mTOR, T-mTOR, P-70S6K, T-70S6K,
P-elF4B, T-elF4B, and nNOS in the BLA. D The ratios of phos-
phorylated P-PI3K/T-PI3K, P-AKT/T-AKT, P-mTOR/T-mTOR,
P-70S6K/T-70S6K, P-elF4B/T-elF4B, and nNOS expression were
determined by western blot in NaCl, L-Arg, VPA, VPA +L-Arg, and
VPA +L-Arg+NVP-BEZ235 group. GAPDH was used to evaluate
protein loading. n=6 mice for each group. One-way ANOVA fol-
lowed by Tukey’s post hoc test. “p<0.01, ““p<0.001. Results are
shown as mean + SEM
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Master 2.54 software (HEKA, Lambrecht, Germany). Series
resistance of nNOS interneurons was in the range of 10-20
MQ and monitored throughout the experiments. If the series
resistance changed >20% during recording, the data were
excluded. Data analyses were performed using Mini Analy-
sis Software (Synaptosoft, Decatur, GA, USA).

Statistical Analysis

SPSS 18.0 software was used for all statistical analyses.
Data are expressed as mean + SEM. Data were measured
by unpaired two tailed Student’s t-test for comparison of
two groups or one-way ANOVA followed by post hoc Tuk-
ey’s multiple comparison test. Statistical significance was
accepted when p <0.05.
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Results

Establishment of Re-expressing nNOS in the BLA

To test the functional importance of nNOS in ASD, we
firstly began by overexpressing this protein in VPA-treated
mice via the injection of a nNOS-encoding lentivirus into
the BLA. On day 7 post-LV injection, GFP signal was evi-
dent in the BLA, consistent with successful sustained lenti-
viral delivery (Fig. 1A). Western blotting further confirmed
that nNOS protein levels were significantly increased in
VPA-exposed mice that had been injected with LV-nNOS
relative to LV-GFP injected control mice at day 21 post-LV
injections (p <0.01, Fig. 1B). These results suggested that
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«Fig. 2 Restoration of nNOS expression enhances mouse social inter-
actions and alleviates stereotyped/repetitive and anxiety-like behav-
iors. A, C In an assay testing for social novelty preferences, 129S-
and saline-treated mice spent significantly more time in the chamber
of the novel mouse relative to the unfamiliar object. In contrast,
administration of LV-GFP to VPA and VPA treatment was associ-
ated with these animals having spent equal amounts of time in the
compartment containing the unfamiliar mouse and the novel object.
VPA-treated mice overexpressing nNOS and mice injected with
L-Arg spent significantly more time in the chamber of the novel
mouse compared to LV-GFP- and VPA-treated animals. In sociabil-
ity tests analyzing interaction time, 129S- and saline-treated mice
spent significantly more time sniffing the novel mouse relative to the
unfamiliar object. VPA-exposed mice that had been injected with
LV-GFP and L-Arg spent similar amounts of time interacting with
the novel mouse and the unfamiliar object. Mice pretreated with LV-
nNOS and L-Arg exhibited more interactions with the novel mouse
as compared to the novel object. B, D In an assay testing for social
novelty preferences, 129S- and saline-treated mice spent signifi-
cantly more time in the chamber of the novel mouse compared with
the familiar mouse. VPA-exposed mice injected with LV-nNOS and
L-Arg preferred exploring the chamber containing the novel mouse
compared to familiar controls. In contrast, no significant difference
in the time spent exploring the chamber containing the novel mouse
was observed relative to the time spent exploring the familiar cham-
ber for VPA-exposed mice treated with LV-GFP and VPA group.
Similarly, 129S- and saline-exposed mice spent significantly more
time sniffing and engaging with the novel animal compared with the
familiar mouse. LV-GFP- and VPA-treated mice spent equal amounts
of time sniffing the novel mouse and the familiar animal. VPA +LV-
nNOS- and VPA +L-Arg-treated mice exhibited significant increases
in the time spent sniffing the unfamiliar mouse as compared to the
controls. **p<0.01,"*p<0.001 for novel mouse vs. novel object;
#1p <0.01, ¥ p <0.001 for novel side vs. familiar side. ns indicating
no statistical significance. n==8 animals per group. One-way ANOVA
with Tukey’s post hoc test. Data are means+SEM. E, H In the self-
grooming test, exposure to VPA+LV-GFP and VPA decreased the
time spent grooming compared with the 129S and saline-exposed
mice, respectively. In VPA-treated mice restoration of nNOS injected
with LV-nNOS and L-arginine markedly increased the time spent
grooming when compared to corresponding controls. F, J In a mar-
ble-burying test, VPA+LV-GFP and VPA treatment significantly
increased numbers of marbles buried when compared to 129S- and
saline-exposed group, respectively. VPA-exposed mice exposure to
LV-nNOS and L-Arg was associated with a lower number of buried
marbles relative to LV-GFP and VPA group. G, K In the open-field
test, treatment with VPA + LV-GFP and VPA was similarly associ-
ated with decreased time spent in the open arms relative to 129S- and
saline-exposed mice. nNOS re-expressing by treatment with LV-
nNOS and L-Arg in the VPA-exposed mice was similarly associated
with increased time spent in the open arms relative to LV-GFP- and
VPA-treated animals, whereas total distance traveled among groups
was unchanged. n=8 mice for each group. “p <0.01, ““p <0.001 vs.
the 129S group; #p <0.01, #¥p <0.001 vs. the VPA + LV-GFP group;
8835 <0.001 vs. the saline-exposed group; p<0.01, MAp <0.001
vs. the VPA group; ns indicates no statistical significance; one-way
ANOVA. Data are shown as means + SEM

our lentiviral vector was able to successfully enhance nNOS
protein expression in cells within the BLA in vivo.

The mice were also divided into five group, including
saline group, L-arginine group, VPA group, VPA plus L-argi-
nine, and VPA plus L-arginine plus NVP-BEZ235 as well.
He et al. demonstrated a significant increase enhancement of

nNOS protein expression after intraperitoneal administration
of L-arginine [27]. Further, we investigated whether L-argi-
nine treatment could alter nNOS expression through PI3K-
AKT-mTOR pathway in VPA-treated mice. As expected,
we show substantially increased nNOS expression in the
BLA of VPA-exposed mice after injection of L-arginine.
NVP-BEZ235, a novel dual inhibitor of PI3K and mTOR,
inhibited augmented nNOS levels through PI3K-AKT-
mTOR-p70S6K/elF4B signal pathway (p <0.01, p <0.001,
Fig. 1C-D). Consequently, our observations support the idea
that L-arginine upregulates nNOS expression through PI3K-
AKT-mTOR signal pathway in these experimental mice.

Alleviation of Impaired Sociability and Social
Novelty Response Induced by Restoring nNOS
Expression

To examine the influences of nNOS re-expression on behav-
ioral alterations in mouse model of ASD, we next evaluated
their performance in tests assigned to measure social behav-
iors, as impairments in social interaction are a cardinal fea-
ture of ASD in humans [28]. As shown in Fig. 2A and C,
the results of a post hoc analysis performed using Tukey’s
test indicated that 129S- and saline-treated mice spent sig-
nificantly more time in the chamber of the unfamiliar ani-
mal compared to the novel object (p <0.001, p<0.001). In
sociability tests following VPA exposure, we determined
that LV-nNOS and L-arginine-treated mice spent more time
in the compartment containing a novel mouse relative to
the empty chamber (p <0.001, p <0.001). In contrast, this
was not true for mice treated with VPA +LV-GFP and VPA,
respectively (p > 0.05, p>0.05).

The total time spent sniffing the novel animal and unfa-
miliar object in each experimental condition was addition-
ally assessed for these experimental mice. As illustrated
in Fig. 2A and C, 129S- and saline-exposed mice spent
remarkably more time sniffing the novel animal com-
pared to the unfamiliar object (p <0.01, p <0.001). In the
VPA-induced ASD mouse model, LV-nNOS- and L-argi-
nine-treated mice also spent more time closely interacting
with the novel animal (p <0.001, p <0.01). LV-GFP- and
VPA-exposed mice did not display any particular prefer-
ence, in accordance with a lack of interest in the unfamil-
iar mouse (p >0.05, p>0.05). Hence, these results suggest
that nNOS re-expression can reverse altered interactions in
the VPA-induced rodent model of ASD.

Furthermore, the time spent in individual chambers dur-
ing social novelty preference testing was also assessed.
Noticeably, 129S- and saline-exposed mice spent more time
in the compartment of the novel mouse relative to that of
the familiar animal (p <0.001, p <0.001, Fig. 2B and D).
No corresponding differences were detected in the amount
of time spent exploring these two compartments among

@ Springer



6606

Molecular Neurobiology (2024) 61:6599-6612

Fig.3 nNOS re-expression
upregulates surface expression
of Narp and GluA4 in VPA-
treated mice. A—D Western blot
analysis of the surface expres- 3
sion of Narp and GluA4 in the A & &
BLA tissues from in VPA-
treated mice exposure to LV-
nNOS (A) and L-arginine treat-
ment (C). B For the purposes

of quantification, relative band
intensity of surface Narp/total
Narp and surface GluA4/total
GluA4 in VPA-treated mice

of for 129S, VPA + LV-GFP,
VPA +LV-nNOS, VPA +LV-
nNOS + TAT-scrambled, and
VPA +LV-nNOS + TAT-GluA4
group. D Relative band intensity
of surface Narp/total Narp and C -
surface GluA4/Total GluA4 .
in VPA-treated mice of for
NaCl, VPA, VPA +L-Arg,

VPA + L-Arg + TAT-scrambled,
and VPA +L-Arg+ TAT-GluA4
group. n=06, one-way ANOVA
followed by Tukey’s post hoc
test. “'p<0.001, "p <0.001.
Results represent mean + SEM.
E-F Immunoprecipitation

of VPA-treated mice in BLA
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VPA + LV-GFP- and VPA-treated mice (p > 0.05, p>0.05,
Fig. 2B and D). However, VPA-treated mice injected with
LV-nNOS and L-arginine preferred exploring the chamber
containing the novel animal (p <0.001, p <0.001, Fig. 2B
and D).

As shown in Fig. 2B and D, active interactions (based
on sniffing time) in the individual chambers in animals
were additionally calculated. 129S- and saline-treated
mice spent significantly more time sniffing and engag-
ing with a novel mouse compared to a familiar animal
(»<0.001, p<0.001). LV-nNOS and L-arginine injection
was associated with mice having spent more time inter-
acting with the unfamiliar animal relative to the famil-
iar mouse (p <0.001, p <0.01). In contrast, VPA + LV-
GFP- and VPA-treated mice spent a similar amount of
time sniffing the novel animal and the familiar mouse
(p>0.05, p>0.05). Overall, these data were in line with
the findings of the sociability test, suggesting that nNOS
re-expression can remediate altered social novelty prefer-
ences in these experimental mice.

@ Springer

nNOS Re-expression Attenuates Stereotyped/
Repetitive and Anxiety-Like Behaviors

The self-grooming and marble-burying tests were adopted to
study repetitive and compulsive-like behaviors [24, 29]. In
the self-grooming test, VPA +LV-GFP and VPA treatment
substantially increased the time spent grooming compared
with the corresponding controls, respectively (p <0.001,
p<0.001, Fig. 2E and H). In VPA-treated mice, restoration
of nNOS expression injected by LV-nNOS and L-arginine
markedly decreased the time spent grooming when com-
pared to LV-GFP and VPA group (p <0.01, p<0.01, Fig. 2E
and H). Furthermore, in the marble-burying test, exposure
to VPA +LV-GFP and VPA significantly increased the num-
bers of marbles buried compared with 129S- and saline-
exposed group, respectively (p <0.01, p<0.001, Fig. 2F
and J). nNOS re-expression by treatment with LV-nNOS and
L-arginine in the VPA exposure model was also associated
with reduced numbers of marbles buried relative to lentiviral
and VPA treatment (p <0.01, p<0.01, Fig. 2F and J).
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As shown in Fig. 2G and K, we next conducted open-field
tests in which the re-expression of nNOS by treatment with
LV-nNOS and L-arginine in VPA-treated mice was associ-
ated with increased time spent in the center of the open-field
compared with injection with lentiviral and VPA (p <0.001,
p<0.001). Treatment with VPA +LV-GFP and VPA remarka-
bly decreased the time spent in the center of the open-field rel-
ative to controls (p <0.001, p<0.001). The total distance trave-
led in these groups was also comparable (p >0.05, p>0.05).
Together, our data from animal models of ASD confirm that
nNOS re-expression can relieve core ASD-related phenotypes
including repetitive and anxiety-like behaviors.

nNOS Re-expression Upregulate
Surface Expression of GluA4

Further, we have recently demonstrated that AMPA receptors
GluA4 subunits are decreased in association with ASD-like
phenotypes [10]. Accumulating evidence suggests that GluA4
receptor subunits are transported by membrane trafficking
[12, 30]. To determine whether nNOS re-expression altered
GluA4 trafficking, we compared Narp and GluA4 expression
in surface and total by Western blot. As shown in Fig. 3A-D,
in VPA-treated mice, a significant increase in surface expres-
sion of Narp and GluA4 was observed in the LV-nNOS and
L-arginine treatment group compared with the LV-GFP and
VPA group (p<0.01, p<0.001, p<0.01, p<0.01). In con-
trast, TAT-GluA4 peptides blocked enhancement in surface
Narp and GluA4 expression after injection of LV-nNOS and
L-arginine as compared with TAT-scrambled-exposed mice,
respectively (p <0.01, p<0.001, p<0.01, p<0.001). The total
Narp and GluA4 subunit expression was unchanged (p > 0.05,
p>0.05). These data suggest that nNOS re-expression does not
affect overall Narp and GluA4 expression but instead alters
Narp and GluA4 subcellular localization.

A direct interaction could strongly alter GluA4 surface
trafficking [12]. Thus, we tested the binding between Narp
and GluA4 in vivo by coimmunoprecipitation experiments
in VPA-treated mice exposure to LV-nNOS and L-arginine
treatment. The results indicated coimmunoprecipitation of
Narp and GluA4 by anti-Narp antibodies, demonstrating
the interaction of Narp and GluA4, and this interaction was
validated by reciprocal coimmunoprecipitation of these two
proteins by anti-GluA4 antibodies (Fig. 3E and F). Taken
together, these results clearly demonstrate that a stable asso-
ciation between both Narp and GluA4 is required for their
postsynaptic trafficking.

Re-expression of nNOS Corrects AMPA-Mediated
Miniature EPSCs

It has been demonstrated that AMPA receptor hypofunc-
tion in mice was associated with deficits in social and

communicative functioning as well as elevated repetitive
behaviors [6, 7] and alterations in GluA4 receptor subunits
probably contribute to excitatory neurotransmission. We
assessed whether the nNOS re-expression can affect AMPA-
mediated miniature excitatory postsynaptic currents (AMPA
mEPSCs) of nNOS-positive interneurons in the BLA. As
illustrated in Fig. 4A-D, using whole-cell patch recording
of acute brain slices, we observed a significant augmentation
of AMPA mEPSC frequencies and amplitudes in nNOS-con-
taining interneurons of VPA-treated animals injected with
LV-nNOS and L-arginine as compared with LV-GFP and
VPA group (p <0.001, p<0.001). Conversely, TAT-GluA4
peptides blocked enhancement in frequency and amplitude
of AMPA mEPSCs as compared to TAT-scrambled-exposed
mice, respectively (p <0.001, p <0.001). Thus, our obser-
vations support the idea that restoration of nNOS expres-
sion rescues AMPA-mediated mEPSCs via increased sur-
face expression of GluA4 receptors.

Enhancement in Evoked AMPA-Mediated Excitatory
EPSCs Induced by nNOS Re-expression

We further assessed whether the restoration of nNOS expression can
impact AMPA-mediated evoked excitatory postsynaptic currents
(eEPSCs) in VPA-treated animals. nNOS re-expression resulted in
significant increases in AMPA receptor-mediated eEPSC ampli-
tudes in nNOS interneurons of VPA-exposed mice in LV-nNOS
and L-arginine treatment group compared with the LV-GFP and
VPA group (p<0.001, p<0.001, Fig. 5A and B). In contrast, TAT-
GluA4 peptides blocked enhancement of evoked AMPA receptor-
mediated EPSC amplitude with administration of LV-nNOS and
L-arginine compared to TAT-Scrambled-exposed mice (p<0.001,
p<0.001, Fig. 5C and D). These experiments demonstrated that
nNOS re-expression upregulates evoked GluA4-containing AMPA-
mediated synaptic responses by increased surface expression of
GluA4 receptors in mouse models of ASD.

Discussion

Here, we show that overexpression of nNOS and L-arginine
supplementation activating PI3K-AKT-mTOR signaling
prevents behavioral aberrations in mouse model of ASD.
Of particular note, restoration of nNOS enhanced surface
expression of Narp and GluA4 in nNOS-positive interneu-
ron in theses experimental animals. At the synaptic level,
restoring nNOS also reverted AMPA receptor-mediated
excitatory transmission, which was suppressed by interrupt-
ing the interaction between Narp and GluA4. Together, our
data further the understanding of the molecular mechanisms
underlying the effect of nNOS re-expression and verify the
efficacy and breadth of its application as a potential treat-
ment strategy for ASD.
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Fig.4 nNOS re-expression enhances AMPA-mediated miniature
excitatory postsynaptic currents(AMPA mEPSCs) in nNOS-positive
interneurons of VPA-treated mice. Continuous recordings of AMPA
mEPSCs (A) and summary graphs showing the amplitude and fre-
quency (B) for 129S, VPA +LV-GFP, VPA +LV-nNOS, VPA+LV-
nNOS + TAT-scrambled, and VPA +LV-nNOS + TAT-GluA4 group.

Our recent results showed the decreased nNOS expres-
sion in the BLA of VPA-treated animals. In the current
study, our lentiviral vector could successfully enhance nNOS
protein expression in cells within the BLA in vivo. Further,
mounting evidence indicates that hypoactive PI3K-AKT-
mTOR signaling pathway which impacts synaptic function
contributes to ASD-like behavioral deficits [20, 21, 31, 32].
The decreased phosphorylated and total PI3K, AKT, mTOR,
p70S6K, and total eIF4B protein expression in idiopathic
autistic individuals and valproic acid-exposed animals were
found [33, 34]. Hyperactive AKT-mTOR pathway was as a
therapeutic target for in Cntnap2-deficient mice model of
ASD [35]. Moreover, intraperitoneally administered L-argi-
nine, the nNOS protein content was drastically elevated as
measured by Western blot analysis [27]. In line with previ-
ous results, we found L-arginine supplement can upregu-
late nNOS expression by activation of PI3K-AKT-mTOR
pathway.

We next tested how restoration of nNOS expression in the
BLA may affect behavioral disturbances. Hallmark symp-
toms of ASD encompass impairment in social behaviors
[36]. A large amount of data has demonstrated that impaired
sociability and preference for social novelty in the animal
model of ASD induced by exposure to VPA [1, 37]. Previous
studies have established that low levels of PI3K-AKT-mTOR
are correlated with the severity of ASD symptoms [31, 32,
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Representative traces of AMPA mEPSC (C) and summary graphs
showing the amplitude and frequency (D) of AMPA mEPSCs for
NaCl, VPA, VPA+L-Arg, VPA+L-Arg+TAT-scrambled, and
VPA +L-Arg+TAT-GluA4 group. n=17 slices from 6 mice in
each group. ““p<0.001 one-way ANOVA. Data are shown as
means + SEM

38] and the effect on social behaviors in mouse models [39,
40]. Consistent with this notion, our experiments indicated
that re-expression of LV-nNOS and L-arginine treatment-
activating PI3K-AKT-mTOR signaling pathway also showed
improvements in social engagement and preference for a
social stimulus in mouse model of ASD. Together, these
data strongly suggest that there are key social interaction
defects that are irreversible by restoration of nNOS.

The repetitive and stereotyped behaviors are widely
known as core and defining features of ASD [24]. Many
lines of evidence have shown that VPA-treated mice exhib-
ited the increase in self-grooming and marble-burying [23,
24]. In support of this findings, we show that LV-nNOS
overexpression and L-arginine treatment-activating PI3K-
AKT-mTOR signaling restored the normal levels of marble-
burying in experimental animals. In addition, individuals
with ASD are at a risk for developing anxiety [29]. A grow-
ing body of studies has supported the notion that nNOS has a
dominant role in anxiety role [41, 42]. Data with L-arginine
would suggest the use of treating anxiety [42]. In agreement
with previous findings, we confirm re-expression of nNOS
reverses their repetitive/stereotyped behaviors and anxiety-
like traits, indicating that restoring nNOS can correct all
behavioral phenotypes.

Our experiments revealed that surface protein of AMPA
receptor subunits GluA4 increased in mice exposed to
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Fig.5 Restoration

of nNOS expression

increases evoked AMPA-medi-
ated excitatory synaptic currents
(AMPA eEPSCs) of nNOS-
expressing interneurons in
VPA-treated mice. Representa-
tive traces of AMPA eEPSC (A)
and summary graphs showing
the amplitude (B) of eEPSCs
for129S, VPA +LV-GFP,

VPA +LV-nNOS, VPA +LV-
nNOS + TAT-scrambled, and
VPA +LV-nNOS + TAT-GluA4
group. Representative traces of
AMPA eEPSC (C) and sum-
mary graphs showing the ampli-
tude (D) of AMPA eEPSCs

for NaCl, VPA, VPA +L-Arg,
VPA + L-Arg + TAT-scrambled,
and VPA +L-Arg+ TAT-GluA4
group. n= 14 slices from 6

mice in each group. “*p <0.001
one-way ANOVA. Data are
presented as means + SEM
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LV-nNOS and L-arginine activating PI3K-Akt-mTOR
signaling, indicating that re-expression of nNOS rescues
ASD-like behaviors through GluA4 subunits during post-
synaptic activation. Further, many proteins interact with
AMPA receptor subunits and affect their synaptic localiza-
tion. GluA4 receptors are continuously transported in and
out of synapses by membrane trafficking, which involves
insertion and internalization via specific vesicles [12]. Narp
is a neuronal immediate early gene belonging to a member
of the neuronal pentraxin family. It was demonstrated that
Narp stabilizes postsynaptic GluA4 in the parvalbumin-con-
taining interneurons [12, 43]. We have previous shown that
surface proteins of Narp and GluA4 in nNOS interneurons
were decreased in mice treated with VPA [10]. Currently,
we found that cell surface Narp and GluA4 expression was
increased in nNOS re-expression-treated mice, whereas total
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protein levels did not change, indicating increased GluA4
trafficking from intracellular pools to the cell surface. Simi-
lar to our findings, it was reported that Narp decrease could
be related to the massive GluA4 decrease in the prefrontal
cortex of fluoxetine-treated mice [44]. TAT-GluA4 interfer-
ing peptides were remarkably effective at preventing reduc-
tion of the surface expression of Narp and GluA4 in re-
expression in nNOS-treated mice caused by VPA. Therefore,
nNOS re-expression may increase the trafficking of GluA4
subunits, resulting in improving symptoms of ASD-like
behaviors.

Previous studies have indicated dysfunctional excitatory
synaptic transmission in interneurons in mouse model of
ASD [12, 45, 46]. In particular, knockdown of contactin-
associated protein-like 2 (CNTNAP2) or belson helper inte-
gration site-1 (AHI1) in layer 2/3 pyramidal neurons of the
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developing mouse prefrontal cortex reduced excitatory synap-
tic transmission, e.g., decreased amplitude of evoked EPSCs,
and impaired social interaction [7]. Guo et al. reported that
Shank3 deletion induced AMPA receptor-mediated synaptic
impairments in the anterior cingulate gyrus [6]. Likewise,
Vyas et al. demonstrated that Shank3-deficient human neu-
rons have reduced AMPA-mediated synaptic transmission
[5]. Further, in the present work, we determined the effect
of restoring nNOS on synaptic transmission in the BLA and
found that nNOS re-expression increased amplitude of AMPA
receptor-mediated mEPSC and eEPSC of nNOS-containing
interneurons in the VPA-treated mice. These findings are
consistent with previous reports that AMPA receptors are
targets for treating ASD-associated phenotypes. Kim et al.
reported that AMPA receptor modulators (antagonist for
VPA mice) can improve autistic symptoms by normalizing
the aberrant excitatory transmission in the respective animal
models [47]. Pharmacological enhancement of postsynaptic
AMPA receptor function effectively restored impaired social
behavior in both CNTNAP2- and AHI1-knockdown mice [7].
TAT-GluA4 interfering peptides were remarkably effective at
preventing AMPA-mediated mEPSC and eEPSC amplitude
in nNOS interneurons in re-expression nNOS-treated animal
caused by VPA.

Further, GluA4 is dramatically reduced in Narp-/- mice
with consequent reductions in the PV-expressing interneuron
AMPA receptor function (Chang et al., 2010). Very recently,
an elegant study revealed that knockdown of Narp decreased
AMPA receptor EPSCs in dorsal CA1 neurons after retrieval
[13]. It was shown that Narp stabilizes postsynaptic GluA4
in interneurons to enhance excitatory synaptic transmis-
sion [12, 43]. Following this line of reasoning, we conclude
that restoration of nNOS enhances GluA4 AMPA receptor-
mediated excitatory synaptic transmission, thereby inducing
alleviation of behavioral deficits of ASD.

To summarize, we demonstrate that the virus-mediated
overexpression of nNOS and L-arginine administration acti-
vating PI3K-AKT-mTOR signaling contributes to attenua-
tion of the core ASD-associated deficits ranging from the
enhanced excitatory synaptic transmission to behavioral fea-
tures that are associated with multiple symptomatic domains.
The increased Narp-mediated GluA4 AMPA receptors traf-
ficking to the plasma membrane by nNOS re-expression
can be used as an optimal target for autistic behaviors. Our
study provides evidence that may aid in the development
of alternative approaches to treat ASD through GluA4-con-
taining AMPA receptor-mediating excitatory neurotransmis-
sion. Future studies could aim to dissect the circuit-related
mechanisms by which the BLA regulates ASD-like pheno-
types by restoring nNOS expression. It would not only pro-
vide valuable insights into the neural substrates underlying
behavioral aberration characteristics to ASD but also help
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develop novel targeted therapeutics for ASD by tuning the
BLA-mediated circuit.
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