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Abstract
Altered expression of SHANK3 proteins has been implicated in multiple neurodevelopmental disorders, including Phelan-McDermid syndrome 
(PMS), schizophrenia (SZ), and autism spectrum disorders (ASDs). SHANK3B is a postsynaptic density protein that physically links ionotropic 
NMDA receptors to metabotropic mGlu5 receptors through interactions with scaffolding proteins, a connection essential for long-term potentiation. 
Previous studies have demonstrated that endosomal trafficking within dendritic spines regulates receptor insertion and recycling, processes 
fundamental to maintaining excitatory/inhibitory (E/I) balance. Here, we investigated endosomal protein expression and E/I regulatory proteins in a 
SHANK3B mouse model to better understand sex-dependent contributions to neurodevelopment. Using immunoblotting and immunohistochemistry, 
we identified sex-specific alterations in hippocampal expression of endosomal trafficking proteins and E/I markers. These findings represent a 
novel dimension of SHANK3B-related pathology. To assess behavioral relevance, we paired these molecular analyses with the open field test, the 
forced swim test, and seizure induction assays. Notably, we observed no significant behavioral differences between groups. Together, these results 
suggest that sex-dependent molecular alterations in endosomal and E/I pathways occur in SHANK3B mice in the absence of overt behavioral 
phenotypes. These findings advance our understanding of how SHANK3B deficiency shapes neurodevelopmental processes and highlight the 
importance of incorporating sex as a biological variable in studies of synaptic dysfunction.
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Introduction 
SHANK3B codes for a key postsynaptic density (PSD) protein that 

interacts with PSD95 and Homer to physically link ionotropic NMDA receptors 
to metabotropic mGlu5 receptors, a linkage necessary for inducing synaptic 
plasticity [1-5]. Mutations in SHANK3 have been reported in neurodevelopmental 
disorders schizophrenia (SZ), autism spectrum disorder (ASD), and Phelan-
McDermid syndrome (PMS), which are also associated with learning deficits, 
increased anxiety, and developmental delay [6-10].

SHANK3B mutant mice demonstrate altered dendritic spine morphology 
and dendritic spine composition. In previous studies that examined SHANK3 
mutations associated with ASD and SZ, there was a significant decrease in 
spine density, a significant decrease in spine length, and a significant increase 
in spine head width [11,12]. Reduced levels of the glutamate receptor subunits 
GluR2, NR2A, and NR2B have been reported in shank3b -/- mice [8]. SHANK3 
regulates AMPA receptor insertion [13], which requires endosomal trafficking for 
clustering and insertion of the AMPARs [14-19]. 

Each of the subcompartments within the endosomal system is regulated 
by specific Arfs, Arf GTPase activating proteins (GAPs), Arf guanine exchange 
factors (GEFS), coat proteins, and coat-associated proteins [20,21]. AGAP1 
is an Arf1 GAP that is localized to endosomes in the dendrites and dendritic 

spines Altered expression of AGAP1 in the hippocampus alters the endosomal 
trafficking kinetics and shifts dendritic spines morphology from a mature, stubby 
spine to an immature, thin spine [19]. AGAP1 interacts with the heterotetrameric 
coat protein adaptor protein 3 (AP3). AP3 regulates coat proteins and vesicle 
formation specifically at the level of the early endosome and is necessary for 
transport of specific cargo to the axon terminal [19,22-26] AGAP1 and AP3 have 
been implicated in neurodevelopment disorders including ASD, Rett Syndrome 
(RTT), and SZ, which indicates potential role of endosomal trafficking in proper 
neuronal development [19,23,27-38] The mRNA levels of AGAP1 and AP3 are 
decreased in the hippocampus of the SHANK3B heterozygote mice but the 
protein expression of these endosomal proteins in the SHANK3B mice has not 
yet been described.

Reduction of SHANK3B protein results in spatial memory deficits, increased 
anxiety, and alterations in excitatory neurotransmission [39-43]. Previous 
work in the open field test (OFT) demonstrated shank3b−/− mice showed 
similar levels of activity and thigmotaxis. However, rearing, a form of vertical 
exploration considered to be anxiogenic for mice, was significantly reduced in 
the shank3b−/− mice [8]. Additional studies in shank3b+/− mice demonstrated 
no observational change in the time in center and time in the perimeter in the 
OFT; however, mouse sex was not considered [44]. Finally, shank3−/− mice 
carrying the human Q321R mutation on both alleles demonstrate decreased 
susceptibility to PTZ-induced seizures [45]. 

Based on the altered spine morphology, dendritic spine composition, 
the genetic disruptions observed in human neurodevelopmental disorders, 
and behavioral characteristics, SHANK3B mice are a highly impactful model 
to further understand neurodevelopment, specifically, learning and memory. 
As human development has a sex component, we wanted to analyze these 
questions in a sex dependent manner. Because endosomal trafficking regulates 
spine morphology and the endosomal proteins AGAP1 and AP3 have reduced 
mRNA in the hippocampus of heterozygote SHANK3B mice, we wanted to 
measure the protein levels of AGAP1 and AP3 in the hippocampus of SHANK3B 
heterozygote mice in a sex-dependent manner. We wanted to measure the 
protein levels of E/I markers in the hippocampus because AGAP1 regulates, 
in part, the dendritic morphology that contributes to E/I balance. Because E/I 
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balance impacts animal behavior, we wanted to measure animal behavior. As 
the previous OFT with the heterozygote mice showed no difference in time 
in the center, we wanted to examine if there was any sex difference for OFT. 
Additionally, we want to determine if there is any sex difference for the forced 
swim test (FST) and seizure induction. Investigating the molecular mechanisms 
and behavioral characteristics of the SHANK3B mice will further our greater 
understanding of how neurodevelopment is impacted by sex. 

Materials and Methods

Mice
B6.129-Shank3tm2Gfng/J mice were purchased from Jackson Laboratories 

(Bar Harbor, Maine) and were maintained according to an approved IACUC 
protocol. The Shank3B- knockout allele has a neo cassette replacing the PDZ 
domain (exons 13-16) of the Shank3 gene, resulting in altered expression of 
the Shank3b isoform. For this study, we utilized 12-week-old heterozygote 
mice for the mutation, noted as shank3b +/-, and littermate controls.  
Genotype PCR was performed according to the protocols defined by Jackson 
Laboratories. The common primer was GAGACTGATCAGCGCAGTTG, the 
wild-type primer was TGACATAATCGCTGGCAAAG, and the mutant primer 
was GCTATACGAAGTTATGTCGACTAGG

Antibodies
The following antibodies were used for immunoblotting and 

immunohistochemistry during these experiments: Mouse anti-actin (DHSB, 
The University of Iowa), mouse anti AP3 (DHSB, The University of Iowa), rabbit 
anti-SCN1A (DHSB, The University of Iowa), mouse anti-SCN1A (Almone 
Labs, Jerusalem, Israel), rabbit anti-CAV1.2 (EMD Millipore, Burlington MA), 
mouse anti-beta tubulin (DHSB, The University of Iowa), rabbit anti-NKCC1 
(Cell Signaling Technology, Attleboro, MA), rabbit anti-AGAP1 (Sigma, St. 
Louis, Missouri), mouse anti-PARV (DHSB, The University of Iowa), rabbit 
anti-VGLUT1 (Synaptic Systems, Gottingen, Germany), goat anti-mouse 
HRP (EMD Millipore, Burlington MA), goat anti-rabbit HRP (EMD Millipore, 
Burlington MA), donkey anti-mouse HRP EMD Millipore, Burlington MA), goat 
anti-mouse 488 (EMD Millipore, Burlington MA), goat anti-rabbit 488 (EMD 
Millipore, Burlington MA), donkey anti-goat 488 (EMD Millipore, Burlington MA)  
donkey anti-rabbit 555 (EMD Millipore, Burlington MA), donkey anti-mouse 
555 (EMD Millipore, Burlington MA), donkey anti-goat 555 (EMD Millipore, 
Burlington MA).

Immunoblotting
Detailed procedures for mouse tissue preparation, indirect 

immunofluorescence microscopy, and quantification procedures were 
described in our previous work [26,27]. Briefly, at 12 weeks postnatal, animals 
were anesthetized using CO2 and rapidly decapitated.  The hippocampus was 
dissected and transferred to ice cold phosphate buffered saline (PBS) with 
a protease inhibitor (Sigma Aldrich). Hippocampal lysates were separated 
for SDS-PAGE and transferred to PVDF membranes (BioRad, Hercules, 
CA, USA). Membranes were probed with primary antibodies, followed by 
incubation with secondary antibodies, HRP-conjugated secondary antibodies. 
Secondary antibodies were detected using Supersignal West Dura Extended 
Duration substrate (Pierce Chemical, Rockford, IL, USA) and developed on 
film. Relative intensities of the protein bands were quantified by scanning 
densitometry via the NIH ImageJ Software. Background-corrected values 
of each sample were normalized to their respective background-corrected 
β-actin value. Relative protein levels are expressed as a ratio of the normalized 
value obtained, reported as means ± SEM of 3-4 samples of shank3b +/- and 
shank3b +/+ mice per sex, each run on 3-4 blots.

Immunohistochemistry
60 micron coronal brain slices were prepared from 12-week-old mice. Mice 

were exposed to CO2 until loss of consciousness, then transcardially perfused 
with Ringer’s solution, followed by perfusion of fixative (4% paraformaldehyde 
with 0.1% glutaraldehyde in PBS). After fixation, brains were post-fixed in 
4% paraformaldehyde. Following post-fixation, the brains were sectioned 

into 60 μm slices using a vibrating microtome. Brain sections containing the 
hippocampal formation were incubated for 20 min in 1% sodium borohydride. 
Sections were rinsed with PBS, then incubated for 60 min in pre-incubation. 
Pre-incubation was removed, and primary antibodies were added and 
incubated overnight. Tissues were washed 3 x 5 min with 1X PBS and then 
incubated in secondary antibodies for 60 min. Tissues were then incubated in 
cupric sulfate (for 100mL, 0.3854g ammonium acetate, 0.1596 cupric sulfate, 
in dH2O, pH 5.0) and then washed 3 x 5 min with 1X PBS. Finally, tissues 
were mounted onto glass slides with Vectashield (Vector Laboratories) and 
sealed. Relative protein levels are expressed as a ratio of the normalized 
value obtained, reported as means ± SEM of 3-4 samples of shank3b +/- and 
shank3b +/+ mice per sex, examined in triplicate experiments.

Open Field Test
The open field consisted of a 44.45 x 44.45 cm2 arena enclosed with 

opaque Plexiglas. The center zone was defined as a 14.8 x 14.8 cm2 area in 
the center of the arena. At the beginning of the test, each mouse was placed 
along one side of the chamber and allowed to explore for 10 minutes. A total 
of 20 shank3b +/- (13 males and 7 females) and 10 shank3b +/+ littermates 
(4 males and 6 females) were evaluated. Mice were videotaped and scored 
manually, with the experimenters blind to the genotype and gender. Behaviors 
scored included the time spent in the center zone, the time spent in the 
perimeter, the number of vertical jumps, and the number of rears. 

Forced Swim Test
The forced swim test utilizes a 25.4 cm x 13.9 cm2 cylindrical tank filled 

with room temperature water approximately three-quarters of the way full. Mice 
were placed individually into each tank and allowed to swim for 10 minutes. 
Mice were videotaped and scored manually for the time spent immobile and 
the time mobile for a total of 20 shank3b +/-  (13 males and 7 females) and 10 
shank3b +/+ littermates (4 males and 6 females). The first 2 minutes of each 
test were not scored as mice were acclimatizing to the water. The next six 
minutes were evaluated for our data points. Immediately after each session, 
each mouse was removed from the water and placed on a heating pad to 
regulate body temperature for 10 minutes before returning to their home cage. 

Seizure Induction
Picrotoxin seizure induction was done to determine the seizure susceptibility 

of the shank3b +/- mice. The chemoconvulsant model was employed using 
intraperitoneal (IP) administration of picrotoxin (10 mg/kg, dissolved in 
0.9% sterile saline; Sigma Aldrich), a noncompetitive antagonist of GABAA 
receptors. Mice were weighed immediately prior to injection to ensure accurate 
dose delivery. Mice were continuously observed for 20 minutes post-injection, 
and latencies to each seizure stage were recorded. Mice that did not exhibit 
full seizure activity were monitored for over 20 minutes. Seizure behavior 
was scored using a modified six-point Racine scale to assess progression 
and severity. Stage-1 was defined as behavioral arrest, characterized by 
prolonged staring or immobility with reduced exploratory activity. Stage-2 
involved myoclonic jerks, consisting of isolated, sudden movements of the 
head or upper body. Stage-3 was marked by forelimb clonus, represented 
by repetitive paw waving or rhythmic forelimb movements without rearing. 
Stage -4 included rearing and falling, with sustained forelimb clonus 
accompanied by loss of balance. Stage-5 corresponded to generalized 
tonic-clonic seizures (GTCS), featuring full-body convulsions and loss of 
postural control. Stage -6 indicated mortality through hind-limb extension 
as a direct result of seizure activity. A total of 16 shank3b +/-  (11 males 
and 5 females) and 8 shank3b +/+ littermates (4 males and 4 females) 
were evaluated.

Statistical analysis for the molecular data
For the immunoblotting and immunohistochemistry, relative protein 

levels are expressed as a ratio of the normalized value obtained, reported as 
means ± standard error of the mean (SEM) of 3-4 samples of shank3b +/- and 
shank3b +/+ mice per sex. A two-way ANOVA was used to identify statistically 
significant differences between genotypes and sex. Statistical significance was 
defined as p < 0.05.
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Statistical analysis for the behavioral data
For the open field, forced swim, and seizure induction tests, A One-Way 

Analysis Of Variance (ANOVA) followed by Tukey’s post-hoc analysis was 
used to identify statistically significant differences between genotype and sex. 
No statistically significant differences were found. Therefore, all data presented 
represents the combined sex. 

To determine statistically significant differences between genotypes in the 
open field, forced swim tests and seizure induction, the Student T-test was 
used. Data are represented as mean ± standard error of the mean (SEM). 
Statistical significance was defined as p < 0.05.

Results
Endosomal pathways regulate the trafficking of neurotransmitters 

and receptors throughout neurons as well as regulating proper dendritic 
morphology. AGAP1 and AP3 are part of the endosomal machinery that 
regulate proper dendritic spine morphology. To gain a deeper understanding 
of the role of endosomal trafficking in neurodevelopment in a sex-dependent 
manner, we analyzed the protein expression using immunoblotting and 
immunohistochemistry of the hippocampus in a sex-dependent manner 
using a Shank3B heterozygote mouse model, which better aligns with clinical 
observations.

Sex dependent changes in endosomal trafficking proteins
First, we analyzed protein levels of endosomal proteins in the hippocampus 

of 12-week-old shank3b+/+ and shank3b+/- mice using immunoblotting (Figure 
1A and B). Using a two-way ANOVA, we analyzed a minimum of triplicate blots, 
which analyzed a minimum of 3 hippocampi per genotype per sex.

From the immunoblotting, we determined that sex had no significant effect 
on AGAP1 levels (p = 0.3750), however, genotype demonstrated a significant 
difference (p = 0.0321), meaning that loss of one allele of SHANK3B results 
in a loss of AGAP1 levels. This matches the mRNA data reported by For AP3, 
sex (p = 0.1248) and genotype (0.6696) did not have an alter protein levels in 
the hippocampus. 

As the immunoblot analyzes the total hippocampus, we next 
analyzed endosomal protein levels in a region-specific manner using 
immunohistochemistry in the hippocampus of 12-week-old shank3b+/+ mice 
and shank3b+/- mice (Figure 1 C - L). To quantify changes observed in staining, 
we determined the fluorescent intensity of our protein of interest relative to that 
of synaptophysin to create a ratio. For AGAP1, sex has a statically significant 
effect on protein levels in the DG (p < 0.0001), the CA1 (p < 0.0001), and the 
CA3 (p < 0.0001) with a higher level of AGAP1 protein in the females than 
the males, but genotype did not have an effect in the DG (p = 0.5) or CA1 
(p=0.7034). shank3b+/- did have a significant decrease in protein levels of 
AGAP1 in the CA3(p = 0.0172) compared to control. 

For AP3, sex has a statistically significant effect on protein levels, with a 
higher level of AP3 in the females than in the males in the DG (p = 0.0143) and 
the CA1 (p = 0.0409), but not in the CA3 (p = 0.3173).   For AP3, there was no 
significant effect on protein levels based on genotype in the DG (p = 0.5725), 
CA1 (p = 0.3398), or CA3 (p = 0.5618). For the endosomal proteins, the 
immunohistochemistry results are novel. The fact that AGAP1 has a genotype 
result in the CA3 only is an interesting find. It is also important to note that 
there were sex differences noted between the groups in the DG, CA1 for AP3, 
and for all regions of the hippocampus for AGAP1. The immunoblotting and 
immunohistochemistry data in shank3b+/- mice demonstrate a sex-dependent 
and region-dependent protein expression pattern of endosomal trafficking 
proteins that regulate dendritic spine morphology.

Sex dependent changes in E/I proteins
As the SHANK3B protein regulates excitatory synapses and endosomal 

trafficking regulates E/I balance in the hippocampus, we next wanted to 
analyze key E/I protein markers in the hippocampus. We measured protein 
levels of key markers involved in E/I balance in the hippocampus of 12-week-

old shank3b +/+ and shank3b +/- mice (Figure 2A and B). Using a two-way 
ANOVA, we analyzed a minimum of triplicate blots, which analyzed a minimum 
of 3 hippocampi per genotype per sex.

For the calcium channel CAV1.2, sex (p = 0.5349) and genotype (0.1172) 
did not have a significant effect on protein levels in the hippocampus. For the 
chloride channel NKCC1, sex (p = 0.5340) and genotype (p = 0.6376) did 
not have a significant effect on protein levels in the hippocampus. Sex has a 
significant effect on parvalbumin (PARV) protein levels in the hippocampus (p 
= 0.0009), with higher levels of PARV in females compared to males, whereas 
genotype has no significant effect (p = 0.4056). For the sodium channel SCN1A, 
sex (p = 0.5155) and genotype (0.1304) did not have a significant effect on 
protein levels in the hippocampus. For vesicular glutamate transporter VGLUT, 
sex (p = 0.2615) and genotype (0.8983) did not have a significant effect on 
protein levels in the hippocampus. For the immunoblotting, the only significant 
result observed was a difference between sexes for parvalbumin. 

Next, we analyzed E/I protein levels in a region-specific manner using 
immunohistochemistry in the hippocampus of 12-week-old shank3b+/+ and 
shank3b+/- mice (Figure 2C-L). To quantify changes observed in staining, we 
determined the fluorescent intensity of our protein of interest relative to that of 
synaptophysin to create a ratio. For CAV1.2, sex has a statistically significant 
effect on protein levels in the DG (p = 0.05) and CA3 (0.0078), where CAV1.2 
was higher (on average) in the females in the DG and in the males in the 
CA3, but not in CA1 (p = 0.08). For CAV1.2, there was no significant effect 
on protein levels based on genotype in the DG (p = 0.079), CA1 (p = 0.235), 
or CA3 (p = 0.836). For NKCC1, sex has a statistically significant effect on 
protein levels in the DG (p = 0.005), where NKCC1 protein levels were higher 
in the females, but not in CA1 (p = 0.325) or CA3 (0.326.   For NKCC1, there 
was no significant effect on protein levels based on genotype in the DG (p = 
0.2564), CA1 (p = 0.926), or CA3 (p = 0.829). For PARV, sex has a statistically 
significant effect on protein levels in the CA3(p < 0.0001) where PARV protein 
levels were higher in the females, but not DG (p = 0.08), or CA1 (p = 0.5222).   
For PARV, there was no significant effect on protein levels based on genotype 
in the DG (p = 0.95), CA1 (0.2393), or CA3 (p = 0.2269). 

For SCN1A, sex has a statistically significant effect on protein levels in the 
CA3 (p = 0.0421) where SCN1A protein levels were higher in the females, but 
not DG (p = 0.617), or CA1 (p = 0.3132).   For SCN1A, there was no significant 
effect on protein levels based on genotype in the DG (p = 0.41), CA1 (p = 
0.0932), or CA3 (p=0.7707). For VGLUT1, sex has a statistically significant 
effect on protein levels in the DG (p < 0.0001), where protein levels were higher 
in females, and CA3 (p < 0.0001) where protein levels were higher in males, and 
in CA1 (p = 0.0439) where protein levels were higher in males. For VGLUT1, 
there was no significant effect on protein levels based on genotype in the DG 
(p = 0.529), CA1 (0.9370), or CA3 (0.8203). The E/I immunohistochemistry 
results were fascinating. There were no results that were significant based on 
genotype. However, there were several findings that were significant based on 
sex in sub-regions of the hippocampus. CAV1.2 and VGLUT1 had a significant 
difference between the sexes in CA3 and the DG, but in CA1. For NKCC1 and 
SCN1A, there was a difference in the DG only. For PARV, the difference was 
only in the CA3.  These sub-region, sex-dependent changes are novel and 
enhance our understanding of the complexity of neurodevelopment.

Shank3B+/- mice display normal behavior
Based on our molecular findings indicating alterations in proteins involved 

in regulating E/I balance, we sought to determine whether this imbalance 
impacts behavior in Shank3B+/- mice. To assess these potential behavioral 
effects, we conducted both the open field and forced swim tests. Previous 
studies using the Shank3B+/− mice demonstrated no change in the time in 
center and time in the perimeter in the OFT [44]. Previous studies with the 
Shank3B−/− mice showed similar levels of activity and thigmotaxis in the OFT 
but with an observed decrease in rearing [5].

In the open field test (Figure 3A–D), we assessed several anxiety-related 
behaviors, including time spent in the center (Figure 3A: +/+: 55.1 ± 8.4 s 
vs. +/-: 42.1 ± 4.7 s, p = 0.08), time spent in the perimeter (Figure 3B: +/+: 
541.9 ± 8.4 s vs. +/-: 557.8 ± 4.7 s, p = 0.08), the average number of vertical 
jumps (Figure 3C: +/+: 1.1 ± 0.7 vs. +/-: 1.4 ± 0.7, p = 0.8), and the average 
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Figure 1. Alterations of protein expression of endosomal trafficking proteins in Shank3B+/+ and Shank3B+/- mice observed by immunoblotting and immunohistochemistry. A). 
Representative immunoblots from the hippocampus of 12-week-old Shank3B+/+ and Shank3B+/- mice using immunoblotting with 3-5 Shank3B+/+ mice and 4 - 5 Shank3B+/- mice per 
blot. Each series of blots was completed in triplicate at minimum. B). Bar graph of the mean of each ratio of the endosomal protein of interest to the loading control, actin. Two-way 
ANOVA measured that sex had no significant effect on AGAP1 levels (p= 0.3750). Genotype demonstrated a significant decrease (p = 0.0321) in AGAP1 levels. For AP3, sex (p = 
0.1248) and genotype (0.6696) did not have an alter protein levels in the hippocampus. C). Immunohistochemistry of AGAP1 in green with SY38 in red in the DG, CA1 and CA3 in 
the hippocampus of 12-week-old Shank3B+/+ mice in 3 control mice, and 3-4 Shank3B+/- mice. D). Bar graph of the mean of each ratio of the AGAP1 to the staining control, Sy38. 
These results were analyzed by a two-way ANOVA. For AGAP1, sex has a statically significant effect on protein levels in the DG (p < 0.0001), the CA1 (p < 0.0001), and the CA3 (p 
< 0.0001) but genotype not in the DG (p = 0.5) or CA1 (p=0.7034). Shank3B+/- did have a significant decrease in protein levels of AGAP1 in the CA3(p = 0.0172) compared to control. 
E). Immunohistochemistry of AP3 in green with SY38 in red in the DG, CA1 and CA3 in the hippocampus of 12- week-old Shank3B+/+ mice in 3 control mice, and 3-4 Shank3B+/- mice. 
F). Bar graph of the mean of each ratio of the AP3 to the staining control, Sy38. This was analyzed by a two-way ANOVA. For AP3, sex has a statically significant effect on protein 
levels in the DG (p = 0.0143) and the CA1 (p = 0.0409), but no in the CA3 (p = 0.3173). For AP3, there was no significant effect on protein levels based on genotype in the DG(p = 
0.5725), CA1 (p = 0.3398), or CA3 (p = 0.5618).

number of rears (Figure 3D: +/+: 71.5 ± 6.3 vs. +/-: 72.7 ± 3, p = 0.9). Across 
all measures, the Shank3B+/- mice did not exhibit significant differences 
compared to wild-type controls, suggesting normal anxiety-like behavior.

In the forced swim test (Figure 3E–F), we evaluated depressive-like 
behaviors by measuring time spent mobile (Figure 3E: +/+: 26.2 ± 6.3 s vs. 
+/-: 19.4 ± 5.1 s, p = 0.42) and time spent immobile (Figure 3F: +/+: 343.2 ± 
5.7 s vs. +/-: 338.6 ± 6.2 s, p = 0.64). Similarly, no significant differences were 
observed between groups, indicating that Shank3B+/- mice do not display 
depressive-like phenotypes.

Shank3B+/- mice have normal picrotoxin-induced seizure 
thresholds

Given the role of Shank3B in regulating excitatory synapses and our 
observed alterations in proteins associated with increased seizure susceptibility 
(e.g., SCN1A), we aimed to assess seizure thresholds in Shank3B+/- mice. In 
addition, previous studies reported that Shank3−/− mice carrying the human 
Q321R mutation on both alleles demonstrate decreased susceptibility to PTZ-
induced seizures [45]. To explore seizure induction in heterozygote mice, 

we utilized the picrotoxin (a GABAA receptor antagonist) seizure induction 
paradigm.

Using the chemoconvulsant picrotoxin, we induced seizures in Shank3B+/- 
mice and their wild-type littermates (Figure 4A–C). We evaluated the latency 
to the first myoclonic jerk (Figure 4A: +/+: 323 ± 71 s vs. +/-: 291 ± 40.3 s, p = 
0.68), latency to the first generalized tonic-clonic seizure (GTCS) (Figure 4B: 
+/+: 411.1 ± 110.2 s vs. +/-: 499.4 ± 80.9 s, p = 0.53), and the average seizure 
duration (Figure 4C: +/+: 425.1 ± 115.3 s vs. +/-: 442.4 ± 88.1 s, p = 0.90). 
Across all measures, Shank3B+/- mice did not exhibit increased susceptibility 
to picrotoxin-induced seizures, indicating normal neuronal excitability.

Discussion
In this study, we wanted to explore potential sex-dependent differences 

in a mouse model of neurodevelopmental disorders, SHANK3B. We utilized 
immunoblotting, immunohistochemistry, and behavioral analysis to analyze 
the mice.  From the immunoblotting, we determined that the genotype altered 
AGAP1 protein levels significantly. The genotype difference was predicted 
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Figure2. Alteration of protein expression of E/I balance proteins in Shank3B+/+ and Shank3B+/- mice observed by immunoblotting and immunohistochemistry. A). Representative 
immunoblots from the hippocampus of 12-week-old Shank3B+/+ and Shank3B+/- mice using immunoblotting with 3-5 Shank3B+/+ mice and 4 - 5 Shank3B+/- mice per blot. Each 
series of blots was completed in triplicate at minimum. B). Bar graph of the mean of each ratio of the endosomal protein of interest to the loading control, actin. The data was analyzed 
by a two-way ANOVA. For the calcium channel CAV1.2, sex (p = 0.5349) and genotype (0.1172) did not have a significant effect on protein levels in the hippocampus. For the chloride 
channel NKCC1, sex (p = 0.5340) and genotype (p = 0.6376) did not have a significant effect on protein levels in the hippocampus). Sex has a significant effect on parvalbumin (parv) 
protein levels in the hippocampus (p = 0.0009), whereas genotype has no significant effect (p = 0.4056). For the sodium channel SCN1A, sex (p = 0.5155) and genotype (0.1304) 
did not have a significant effect on protein levels in the hippocampus. For vesicular glutamate transporter VGLUT, sex (p = 0.2615) and genotype (0.8983) did not have a significant 
effect on protein levels in the hippocampus. C). Immunohistochemistry of CAV1.2 in green with SY38 in red in the DG, CA1, and CA3 in the hippocampus of 12-week-old Shank3B+/+ 
mice in 3 control mice, and 3-4 Shank3B+/- mice. D). Bar graph of the mean of each ratio of the CAV1.2 to the staining control, Sy38. We analyzed the data by two-way ANOVA. For 
CAV1.2, sex has a statically significant effect on protein levels in the DG (p = 0.05) and CA3 (0.0078), but not in CA1 (p = 0.08). For CAV1.2, there was no significant effect on protein 
levels based on genotype in the DG (p = 0.079), CA1 (p = 0.235), or CA3 (p = 0.836). E). Immunohistochemistry of NKCC1 in green with SY38 in red in the DG, CA1, and CA3 in the 
hippocampus of 12-week-old Shank3B+/+ mice in 3 control mice, and 3-4 Shank3B+/- mice. F). Bar graph of the mean of each ratio of the NKCC1 to the staining control, Sy38. We 
analyzed this data with a two-way ANOVA. For NKCC1, sex has a statically significant effect on protein levels in the DG (p = 0.005), but not in CA1 (p = 0.325) or CA3 (0.326. For 
NKCC1, there was no significant effect on protein levels based on genotype in the DG (p = 0.2564), CA1 (p = 0.926), or CA3 (p = 0.829). G). Immunohistochemistry of PARV in green 
with SY38 in red in the DG, CA,1 and CA3 in the hippocampus of 12-week-old Shank3B+/+ mice in 3 control mice, and 3-4 Shank3B+/- mice. H). Bar graph of the mean of each ratio 
of the PARV to the staining control, Sy38. We analyzed this data with a two-way ANOVA. For PARV, sex has a statically significant effect on protein levels in the CA3(p < 0.0001) but 
not DG (p = 0.08), or CA1 (p = 0.5222). For PARV, there was no significant effect on protein levels based on genotype in the DG (p = 0.95), CA1 (0.2393), or CA3 (p = 0.2269). I). 
Immunohistochemistry of SCN1A in green with SY38 in red in the DG, CA1, and CA3 in the hippocampus of 12-week-old Shank3B+/+ mice in 3 control mice, and 3-4 Shank3B+/- mice. 
J). Bar graph of the mean of each ratio of the SCN1A to the staining control, Sy38. We analyzed the data by two-way ANOVA. For SCN1A, sex has a statically significant effect on 
protein levels in the CA3(0.0421) but not DG (p = 0.617), or CA1 (p = 0.3132). For SCN1A, there was no significant effect on protein levels based on genotype in the DG (p = 0.41), 
CA1 (p = 0.0932), or CA3 (p=0.7707). K). Immunohistochemistry of VGLUT1 in green with SY38 in red in the DG, CA1, and CA3 in the hippocampus of 12-week-old Shank3B+/+ mice 
in 3 control mice, and 3-4 Shank3B+/- mice. L). Bar graph of the mean of each ratio of the VGLUT1 to the staining control, Sy38. We analyzed this by two-way ANOVA. For VGLUT1, 
sex has a statically significant effect on protein levels in the DG (p < 0.0001) and CA3 (p < 0.0001), and in CA1 (p = 0.0439). For VGLUT1, there was no significant effect on protein 
levels based on genotype in the DG (p = 0.529), CA1 (0.9370), or CA3 (0.8203).
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based on previous mRNA data reported. For E/I proteins, sex altered 
parvalbumin levels significantly. The sex difference for Parvalbumin was not 
predicted and is a novel finding. Understanding sex dependent expression of 
E/I proteins in neurodevelopmental models is essential.

For the immunohistochemistry, we determined that AGAP1 has a 
significant loss in the CA3 of the heterozygote mice is an interesting finding. It 
is also important to note that there were sex differences observed in the DG, 
CA1 for AP3, and for all regions of the hippocampus for AGAP1. Again, these 
sex differences were not predicted and are novel. For the E/I, there were no 
results that were significant based on genotype. However, for the E/I there were 
findings that were significant based on sex, which provides an interesting basis for 
sex-based studies in the future. CAV1.2 protein levels were increased in the female 
DG and in the male CA3. NKCC1 protein levels were increased in the female DG. 
PARV protein levels were increased in female CA3. For SCN1A, protein levels in 
the CA3 were higher in the females. Finally, for VGLUT1 protein levels in the DG 
were higher in females and in males in CA3 and CA1.

These sex-dependent differences reported here are novel and underscore 
the need to measure and report any sex differences in neurodevelopmental 
models. These differences are in the control mice and are not based on 
genotype, which is fascinating. We report sex differences in key E/I proteins 
in the hippocampus that were not dependent on genotype. This data should 
inform how we frame experimental design in neurodevelopment.

As we analyze our behavioral data, we conclude that there is more to know. 
To explore additional behavioral paradigms that look at detailed aspects of 
mouse behavior using 3D capture technology or very detailed cage recordings. 
The molecular work we have done captures fascinating sex-dependent 

differences in control mice as well as heterozygote mice for AGAP1. We can 
build on that to analyze how that translates into behavioral or developmental 
differences as we explore these genotypes in the future. 

Using the heterozygote mice allows us to mimic clinical phenotypes better; 
however, heterozygote mice present many challenges in data sensitivity. The 
endosomal pathway is essential for proper neuronal function, and as such, it 
follows that this pathway has compensatory mechanisms. We did detect sex 
and genotype differences in endosomal protein levels and E/I proteins that are 
regulated by this pathway, which is fascinating. But we did not observe any 
changes in behavior. However, what if there were changes, but there were 
compensatory mechanisms that may have regulated the behavior in a way that 
we were unable to observe the changes. Our lab recently published a paper on 
the sex-dependent differences in the gut microbiomes of the shank3b +/- mice 
[46-49]. In this publication, we report that the male shank3b +/- mice have a 
more permissive, more diverse microbiome, and that the females do not have 
as diverse a microbiome as compared to the littermate controls. Could the 
alterations in microbiomes compensate for the protein alterations we observed 
in such a way that we would not observe any changes in behavior? There are 
several ways we could test for this. Future studies could include behavioral tests 
that include fecal bowel transplants and microbiome sequencing to determine 
if the microbiome is influencing behavior in a sex-dependent manner.

References
1.	 Heavner, William E., John D. Lautz, Heather E. Speed, and Eric P. Gniffke, et al. 

"Remodeling of the Homer-Shank interactome mediates homeostatic plasticity." Sci 
Signal 14 (2021): eabd7325.

Figure 3. No Alterations in Anxiety or Depression-like Behaviors Observed in the Shank3B+/- mice. Shank3B+/- mice and their Shank3B+/+ littermates were evaluated for (A-D) 
anxiety-like and (E-F) depression- like behaviors in the open field and forced swim test, respectively. There were no differences in the time spent in A). center, B). perimeter, C). the 
number of vertical jumps, and D). rears in the Shank3B+/- compared to their Shank3B+/+ littermates. There were no differences in E). the amount of time spent mobile and F). immobile 
in the Shank3B+/- mice compared to the Shank3B+/+ littermates. Error bars represent SEM. * indicates significance of p < 0.05 compared with controls.

Figure 4. Shank3B+/- mice do not exhibit reduced susceptibility to picrotoxin-induced seizures. Shank3B+/- mice and their Shank3B+/+ littermates were evaluated for their susceptibility 
to picrotoxin-induced seizures. Their latency to the 1st myoclonic jerk A). Latency to the 1st GTCS B). Average total seizure duration were evaluated C). Compared to their Shank3B+/+ 
littermates. No differences were identified in any of the seizure measurements. Error bars represent SEM. * indicates significance of p < 0.05 compared with controls.

https://www.science.org/doi/abs/10.1126/scisignal.abd7325


J Brain Res, Volume 8:04, 2025Gregoretti S, et al.

Page 7 of 8

2.	 Jiang, Yu and Michael D. Ehlers. "Modeling autism by SHANK gene mutations in 
mice." Neuron 78 (2013): 8-27.

3.	 Mullin, Amy P., Anjali Gokhale, Andres Moreno-De-Luca and Sumantra Sanyal, 
et al. "Neurodevelopmental disorders: mechanisms and boundary definitions from 
genomes, interactomes and proteomes." Translational Psychiatry 3 (2013): e329. 

4.	 Grabrucker, Andreas M., Michael J. Schmeisser, Markus Schoen, and Tobias 
M. Boeckers. "Postsynaptic ProSAP/Shank scaffolds in the cross-hair of 
synaptopathies." Trends Cell Biol 21 (2011): 594-603.

5.	 Foss-Feig, Jennifer H., Brian D. Adkinson, Jing L. Ji, and Guang Yang, et al. 
"Searching for cross-diagnostic convergence: Neural mechanisms governing 
excitation and inhibition balance in schizophrenia and autism spectrum disorders." 
Biol Psychiatry 81 (2017): 848-861.

6.	 Rees, Elliott, George Kirov, Michael C. O’Donovan and Michael J. Owen. "De Novo 
mutation in schizophrenia." Schizophrenia Bulletin 38 (2012): 377–381. 

7.	 Gauthier, Jacques, Nicolas Champagne, Rémi G. Lafrenière, and Long Xiong, et al. 
"De novo mutations in the gene encoding the synaptic scaffolding protein SHANK3 in 
patients ascertained for schizophrenia." Proc Natl Acad Sci USA 107 (2010): 7863-
7868.

8.	 Peça, Joao, Carlos Feliciano, Joshua T. Ting and Wei Wang, et al. "Shank3 mutant 
mice display autistic-like behaviours and striatal dysfunction." Nature 472 (2011): 
437–442. 

9.	 Bonaglia, Maria C., Roberto Giorda and Stefania Beri, "Molecular mechanisms 
generating and stabilizing terminal 22q13 deletions in 44 subjects with Phelan/
McDermid syndrome." PLoS Genet 7 (2011): e1002173.

10.	Costales, Jaime L. and Alexander Kolevzon. "Phelan-McDermid syndrome and 
SHANK3: Implications for treatment." Neurotherapeutics 12 (2015): 620-630.

11.	Huang, Chen, Mary M. Voglewede, Eda N. Ozsen, and Hailong Wang, et al. 
"SHANK3 mutations associated with autism and schizophrenia lead to shared 
and distinct changes in dendritic spine dynamics in the developing mouse brain." 
Neuroscience 528 (2023): 1-11.

12.	Jacot-Descombes, Stéphanie, Nandini U. Keshav, David L. Dickstein, and Bartosz 
Wicinski, et al. "Altered synaptic ultrastructure in the prefrontal cortex of Shank3-
deficient rats." Mol Autism 11 (2020): 89.

13.	Lee, Jaewon, Changjoon Chung, Sooyoung Ha, and Dohoon Lee, et al. "Shank3-
mutant mice lacking exon 9 show altered excitation/inhibition balance, enhanced 
rearing, and spatial memory deficit." Front Cell Neurosci 9 (2015): 94.

14.	Park, Minchul, Elizabeth C. Penick, Joseph G. Edwards, Julie A. Kauer and Michael 
D. Ehlers. "Recycling endosomes supply AMPA receptors for LTP." Science 305 
(2004): 1972–1975. 

15.	Park, Minchul, Jose M. Salgado, Liset Ostroff and Thomas D. Helton, et al. "Plasticity-
induced growth of dendritic spines by exocytic trafficking from recycling endosomes." 
Neuron 52 (2006): 817–830. 

16.	Blanpied, Thomas A. and Michael D. Ehlers. "Microanatomy of dendritic spines: 
emerging principles of synaptic pathology in psychiatric and neurological disease." 
Biol Psychiatry 55 (2004): 1121-1127.

17.	Blanpied, Thomas A., Jason M. Kerr and Michael D. Ehlers. "Structural plasticity with 
preserved topology in the postsynaptic protein network." Proc Natl Acad Sci USA 
105 (2008): 12587-12592.

18.	Lu, Jun, Thomas D. Helton, Thomas A. Blanpied and Balazs Rácz, et al. 
"Postsynaptic positioning of endocytic zones and AMPA receptor cycling by physical 
coupling of dynamin-3 to Homer." Neuron 55 (2007): 874–889. 

19.	Arnold, Miranda, Rebecca Cross, Kaela S. Singleton and Stephanie Zlatic, et al. 
"The Endosome Localized Arf-Gap Agap1 Modulates Dendritic Spine Morphology 
Downstream of the Neurodevelopmental Disorder Factor Dysbindin." Front Cellular 
Neurosci 10 (2016): 218.

20.	Bonifacino, Juan S. and Benjamin S. Glick. "The mechanisms of vesicle budding and 
fusion." Cell 116 (2004): 153-166.

21.	Randazzo, Paul A., Javier Andrade, Koji Miura and Michael T. Brown, et al. "The Arf 
GTPase-activating protein ASAP1 regulates the actin cytoskeleton." Proceedings 
of the National Academy of Sciences of the United States of America 97 (2000): 
4011–4016. 

22.	Cuthbert, Emily J., Katherine K. Davis and Jorge E. Casanova. "Substrate 
specificities and activities of AZAP family Arf GAPs in vivo." Am J Physiol Cell 
Physiol 294 (2008): C263-C270.

23.	Nie, Zhaohui, Jian Fei, Richard T. Premont and Paul A. Randazzo. "The Arf GAPs 
AGAP1 and AGAP2 distinguish between the adaptor protein complexes AP-1 and 
AP-3." Journal of Cell Science 118 (2005): 3555–3566. 

24.	Nie, Zhaohui, Michael Boehm, Eric S. Boja and William C. Vass, et al. "Specific 
regulation of the adaptor protein complex AP-3 by the Arf GAP AGAP1." 
Developmental Cell 5 (2003): 513–521. 

25.	Nie, Zhaohui, Kendra T. Stanley, Sarah Stauffer and Kevin M. Jacques,  et al. 
"AGAP1, an endosome-associated, phosphoinositide-dependent ADP-ribosylation 
factor GTPase-activating protein that affects actin cytoskeleton." Journal of Biological 
Chemistry 277 (2002): 48965–48975. 

26.	Larimore, Julie, Patrick V. Ryder, Kyung-Yoon Kim, and Laura A. Ambrose, et 
al. "MeCP2 regulates the synaptic expression of a dysbindin-BLOC-1 network 
component in mouse brain and human induced pluripotent stem cell-derived 
neurons." PLoS One 8 (2013): e65069.

27.	Larimore, Julie, Stasa A. Zlatic, Michelle Arnold, and Kristina S. Singleton, et al. 
"Dysbindin deficiency modifies the expression of GABA neuron and ion permeation 
transcripts in the developing hippocampus." Front Genet 8 (2017): 28.

28.	Jung, Nicolas H., Wolfgang G. Janzarik, Ingo Delvendahl, and Alexander Münchau, 
et al. "Impaired induction of long-term potentiation-like plasticity in patients with high-
functioning autism and Asperger syndrome." Dev Med Child Neurol 55 (2013): 83-
89.

29.	Moretti, Paolo, Jerry M. Levenson, Francesca Battaglia and Richard Atkinson, et al. 
"Learning and memory and synaptic plasticity are impaired in a mouse model of Rett 
syndrome." Journal of Neuroscience 26 (2006): 319–327. 

30.	Yun, Sun H. and Bruce L. Trommer. "Fragile X mice: reduced long-term potentiation 
and N-Methyl-D-Aspartate receptor-mediated neurotransmission in dentate gyrus." 
J Neurosci Res 89 (2011): 176-182.

31.	Orozco, Ivan J., Philipp Koppensteiner, Indira Ninan and Ottavio Arancio. "The 
schizophrenia susceptibility gene DTNBP1 modulates AMPAR synaptic transmission 
and plasticity in the hippocampus of juvenile DBA/2J mice." Molecular and Cellular 
Neuroscience 58 (2014): 76–84. 

32.	Savanthrapadian, Shashank, Andreas R. Wolff, Benjamin J. Logan and Michael 
J. Eckert, et al. "Enhanced hippocampal neuronal excitability and LTP persistence 
associated with reduced behavioral flexibility in the maternal immune activation 
model of schizophrenia." Hippocampus 23 (2013): 1395-1409.

33.	Larimore, Jennifer, Karine Tornieri, Pearl V. Ryder and Avanti Gokhale, et al. 
"The schizophrenia susceptibility factor dysbindin and its associated complex sort 
cargoes from cell bodies to the synapse." Molecular biology of the cell 22, no. 24 
(2011): 4854-4867.

34.	Rudolph, Hannah, Richard D. Cross, Laura Segura and Kyle S. Singleton, et al. 
"Neuronal endosomal trafficking: One of the common molecular pathways disrupted 
in autism spectrum disorders and schizophrenia." J Neurol Psychol (n.d.): 1-15.

35.	Wassink, Thomas H., Joseph Piven, Veronica J. Vieland and Lynn Jenkins, et al. 
"Evaluation of the chromosome 2q37.3 gene CENTG2 as an autism susceptibility 
gene." Am J Med Genet B Neuropsychiatr Genet 136B (2005): 36-44.

36.	Chapleau, Christopher A., Gabriel D. Calfa and Matthew C. Lane, and Amanda J. 
Albertson, et al. "Dendritic spine pathologies in hippocampal pyramidal neurons from 
Rett syndrome brain and after expression of Rett-associated MECP2 mutations." 
Neurobiol Dis 35 (2009): 219-233.

37.	Talbot, Kevin, William L. Eidem, Cheryl L. Tinsley and Michelle A. Benson, et al. 
"Dysbindin-1 is reduced in intrinsic, glutamatergic terminals of the hippocampal 
formation in schizophrenia." J Clin Invest 113 (2004): 1353-1363.

38.	Kleschevnikov, Alexander M., Pavel V. Belichenko, Angela J. Villar and  Charles 
J. Epstein, et al. "Hippocampal long-term potentiation suppressed by increased 
inhibition in the Ts65Dn mouse, a genetic model of Down syndrome." Journal of 
Neuroscience 24, no. 37 (2004): 8153-8160.

39.	Balaan, Catherine, Michael J. Corley and Tessa Eulalio, et al. "Juvenile Shank3b 
deficient mice present with behavioral phenotype relevant to autism spectrum 
disorder." Behav Brain Res 356 (2019): 137-147.

40.	Brown, Elizabeth A., John D. Lautz, Timothy R. Davis, and Eric P. Gniffke, et al. 
"Clustering the autisms using glutamate synapse protein interaction networks from 
cortical and hippocampal tissue of seven mouse models." Mol Autism 9 (2018): 48.

41.	Chen, Qiang, Christine A. Deister, Xinzhu Gao, and Bing Guo, et al. "Dysfunction 
of cortical GABAergic neurons leads to sensory hyper-reactivity in a Shank3 mouse 
model of ASD." Nat Neurosci 23 (2020): 520-532.

https://www.cell.com/neuron/fulltext/S0896-6273(13)00263-8
https://www.cell.com/neuron/fulltext/S0896-6273(13)00263-8
https://www.nature.com/articles/tp2013108
https://www.nature.com/articles/tp2013108
https://www.cell.com/trends/cell-biology/fulltext/S0962-8924(11)00137-1?_returnURL=http://linkinghub.elsevier.com%2Fretrieve%2Fpii%2FS0962892411001371%3Fshowall%3Dtrue&
https://www.cell.com/trends/cell-biology/fulltext/S0962-8924(11)00137-1?_returnURL=http://linkinghub.elsevier.com%2Fretrieve%2Fpii%2FS0962892411001371%3Fshowall%3Dtrue&
https://www.sciencedirect.com/science/article/pii/S0006322317313604
https://www.sciencedirect.com/science/article/pii/S0006322317313604
https://academic.oup.com/schizophreniabulletin/article-abstract/38/3/377/1867873
https://academic.oup.com/schizophreniabulletin/article-abstract/38/3/377/1867873
https://www.pnas.org/doi/abs/10.1073/pnas.0906232107
https://www.pnas.org/doi/abs/10.1073/pnas.0906232107
https://www.nature.com/articles/nature09965
https://www.nature.com/articles/nature09965
https://journals.plos.org/plosgenetics/article?id=10.1371/journal.pgen.1002173
https://journals.plos.org/plosgenetics/article?id=10.1371/journal.pgen.1002173
https://journals.plos.org/plosgenetics/article?id=10.1371/journal.pgen.1002173
https://www.sciencedirect.com/science/article/pii/S1878747923016070
https://www.sciencedirect.com/science/article/pii/S1878747923016070
https://www.sciencedirect.com/science/article/pii/S0306452223003263
https://www.sciencedirect.com/science/article/pii/S0306452223003263
https://link.springer.com/article/10.1186/s13229-020-00393-8
https://link.springer.com/article/10.1186/s13229-020-00393-8
https://www.frontiersin.org/articles/10.3389/fncel.2015.00094/full
https://www.frontiersin.org/articles/10.3389/fncel.2015.00094/full
https://www.frontiersin.org/articles/10.3389/fncel.2015.00094/full
https://www.science.org/doi/abs/10.1126/science.1102026
https://www.cell.com/neuron/fulltext/S0896-6273(06)00829-4
https://www.cell.com/neuron/fulltext/S0896-6273(06)00829-4
https://www.sciencedirect.com/science/article/pii/S0006322303010941
https://www.sciencedirect.com/science/article/pii/S0006322303010941
https://www.pnas.org/doi/abs/10.1073/pnas.0711669105
https://www.pnas.org/doi/abs/10.1073/pnas.0711669105
https://www.cell.com/fulltext/S0896-6273(07)00586-7
https://www.cell.com/fulltext/S0896-6273(07)00586-7
https://www.frontiersin.org/journals/cellular-neuroscience/articles/10.3389/fncel.2016.00218/full
https://www.frontiersin.org/journals/cellular-neuroscience/articles/10.3389/fncel.2016.00218/full
Bonifacino, Juan S. and Benjamin S. Glick. %22The mechanisms of vesicle budding and fusion.%22 Cell 116 (2004): 153-166.
Bonifacino, Juan S. and Benjamin S. Glick. %22The mechanisms of vesicle budding and fusion.%22 Cell 116 (2004): 153-166.
https://www.pnas.org/doi/abs/10.1073/pnas.070552297
https://www.pnas.org/doi/abs/10.1073/pnas.070552297
https://journals.physiology.org/doi/abs/10.1152/ajpcell.00292.2007
https://journals.physiology.org/doi/abs/10.1152/ajpcell.00292.2007
https://journals.biologists.com/jcs/article-abstract/118/15/3555/28484
https://journals.biologists.com/jcs/article-abstract/118/15/3555/28484
https://journals.biologists.com/jcs/article-abstract/118/15/3555/28484
https://www.cell.com/developmental-cell/fulltext/S1534-5807(03)00234-X?script=true&code=cell-site
https://www.cell.com/developmental-cell/fulltext/S1534-5807(03)00234-X?script=true&code=cell-site
https://www.sciencedirect.com/science/article/pii/S0021925819331436
https://www.sciencedirect.com/science/article/pii/S0021925819331436
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0065069
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0065069
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0065069
https://pubmed.ncbi.nlm.nih.gov/28344592/
https://pubmed.ncbi.nlm.nih.gov/28344592/
https://onlinelibrary.wiley.com/doi/abs/10.1111/dmcn.12012
https://onlinelibrary.wiley.com/doi/abs/10.1111/dmcn.12012
https://www.jneurosci.org/content/26/1/319.short
https://www.jneurosci.org/content/26/1/319.short
https://onlinelibrary.wiley.com/doi/abs/10.1002/jnr.22546
https://onlinelibrary.wiley.com/doi/abs/10.1002/jnr.22546
https://www.sciencedirect.com/science/article/pii/S1044743113001176
https://www.sciencedirect.com/science/article/pii/S1044743113001176
https://www.sciencedirect.com/science/article/pii/S1044743113001176
https://onlinelibrary.wiley.com/doi/abs/10.1002/hipo.22193
https://onlinelibrary.wiley.com/doi/abs/10.1002/hipo.22193
https://onlinelibrary.wiley.com/doi/abs/10.1002/hipo.22193
https://www.molbiolcell.org/doi/abs/10.1091/mbc.e11-07-0592
https://www.molbiolcell.org/doi/abs/10.1091/mbc.e11-07-0592
https://scholar.archive.org/work/d237y7reufbblpsyb4dapx22fi/access/wayback/http:/www.avensonline.org/wp-content/uploads/JNP-2332-3469-04-0032.pdf
https://scholar.archive.org/work/d237y7reufbblpsyb4dapx22fi/access/wayback/http:/www.avensonline.org/wp-content/uploads/JNP-2332-3469-04-0032.pdf
https://onlinelibrary.wiley.com/doi/abs/10.1002/ajmg.b.30180
https://onlinelibrary.wiley.com/doi/abs/10.1002/ajmg.b.30180
https://www.sciencedirect.com/science/article/pii/S0969996109000990
https://www.sciencedirect.com/science/article/pii/S0969996109000990
https://www.jci.org/articles/view/20425
https://www.jci.org/articles/view/20425
https://www.jneurosci.org/content/24/37/8153.short
https://www.jneurosci.org/content/24/37/8153.short
https://www.sciencedirect.com/science/article/pii/S0166432818304686
https://www.sciencedirect.com/science/article/pii/S0166432818304686
https://www.sciencedirect.com/science/article/pii/S0166432818304686
https://link.springer.com/article/10.1186/s13229-018-0229-1
https://link.springer.com/article/10.1186/s13229-018-0229-1
https://www.nature.com/articles/s41593-020-0598-6
https://www.nature.com/articles/s41593-020-0598-6
https://www.nature.com/articles/s41593-020-0598-6


J Brain Res, Volume 8:04, 2025Gregoretti S, et al.

Page 8 of 8

42.	Cope, Emily C., Shan H. Wang, Ryan C. Waters, and Ian R. Gore, et al. "Activation of 
the CA2-ventral CA1 pathway reverses social discrimination dysfunction in Shank3B 
knockout mice." Nat Commun 14 (2023): 1750.

43.	Dhamne, Sameer C., Jacqueline L. Silverman, Cynthia E. Super, and Sietske H. T. 
Lammers, et al. "Replicable in vivo physiological and behavioral phenotypes of the 
Shank3B null mutant mouse model of autism." Mol Autism 8 (2017): 26.

44.	Liu, Jingyu, Jun Ye, Chuanhui Ji and Wei Ren, et al. . "Mapping the behavioral 
signatures of Shank3b mice in both sexes." Neuroscience Bulletin 40 (2024): 1299–
1314. 

45.	Yoo, Ye E., Tae Yoo, Sungho Lee and Jiwon Lee, et al. "Shank3 mice carrying 
the human Q321R mutation display enhanced self-grooming, abnormal 
electroencephalogram patterns, and suppressed neuronal excitability and seizure 
susceptibility." Front Mol Neurosci 12 (2019): 155.

46.	Turner, Felicia, Michael Williams, Stefano Gregoretti and Dana Bielamowicz, 
et al. "Gut microbiota diversity is altered in a sex-dependent manner in Shank3B 
heterozygote mice." Front Microbiomes (2025): 1-12.

47.	Larimore, Alexander M., Peter V. Belichenko, Ana J. Villar, and Charles J. Epstein, 
et al. "Hippocampal long-term potentiation suppressed by increased inhibition in the 
Ts65Dn mouse, a genetic model of Down syndrome." J Neurosci 24 (2004): 8153-
8160.

48.	Yoo, Tae, Ye E. Yoo, Hyojin Kang and Eunjoon Kim. "Age, brain region, and gene 
dosage-differential transcriptomic changes in Shank3-mutant mice." Front Mol 
Neurosci 15 (2022): 1017512.

49.	Yarmohammadi-Samani, Parvin and Javad Vatanparast. "Sex-specific dendritic 
morphology of hippocampal pyramidal neurons in the adolescent and young adult 
rats." Int J Dev Neurosci 84 (2024): 47-63.

How to cite this article: Gregoretti S, Kunnatha A, Gehner L, Williams M, 
Rice C, et al. “Heterozygote Shank3B Mice Exhibit Sex-Dependent Changes in 
Proteins Required for Excitatory/Inhibitory Balance.” J Brain Res 8 (2025): 303.

https://www.nature.com/articles/s41467-023-37248-8
https://www.nature.com/articles/s41467-023-37248-8
https://www.nature.com/articles/s41467-023-37248-8
Dhamne, Sameer C., Jacqueline L. Silverman and Cynthia E. Super, and Sietske H. T. Lammers, et al. %22Replicable in vivo physiological and behavioral phenotypes of the Shank3B null mutant mouse model of autism.%22 Mol Autism 8 (2017): 26.
Dhamne, Sameer C., Jacqueline L. Silverman and Cynthia E. Super, and Sietske H. T. Lammers, et al. %22Replicable in vivo physiological and behavioral phenotypes of the Shank3B null mutant mouse model of autism.%22 Mol Autism 8 (2017): 26.
https://link.springer.com/article/10.1007/s12264-024-01237-8
https://link.springer.com/article/10.1007/s12264-024-01237-8
https://www.frontiersin.org/articles/10.3389/fnmol.2019.00155/full
https://www.frontiersin.org/articles/10.3389/fnmol.2019.00155/full
https://www.frontiersin.org/articles/10.3389/fnmol.2019.00155/full
https://www.frontiersin.org/articles/10.3389/fnmol.2019.00155/full
https://www.frontiersin.org/journals/microbiomes/articles/10.3389/frmbi.2025.1628819/abstract
https://www.frontiersin.org/journals/microbiomes/articles/10.3389/frmbi.2025.1628819/abstract
https://www.jneurosci.org/content/24/37/8153.short
https://www.jneurosci.org/content/24/37/8153.short
https://www.frontiersin.org/articles/10.3389/fnmol.2022.1017512/full
https://www.frontiersin.org/articles/10.3389/fnmol.2022.1017512/full
Yarmohammadi-Samani, Parvin and Javad Vatanparast. %22Sex-specific dendritic morphology of hippocampal pyramidal neurons in the adolescent and young adult rats.%22 Int J Dev Neurosci 84 (2024): 47-63.
Yarmohammadi-Samani, Parvin and Javad Vatanparast. %22Sex-specific dendritic morphology of hippocampal pyramidal neurons in the adolescent and young adult rats.%22 Int J Dev Neurosci 84 (2024): 47-63.
Yarmohammadi-Samani, Parvin and Javad Vatanparast. %22Sex-specific dendritic morphology of hippocampal pyramidal neurons in the adolescent and young adult rats.%22 Int J Dev Neurosci 84 (2024): 47-63.

