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Abstract

Background—The pathophysiology of autism spectrum disorder (ASD) involves genetic and 

environmental factors. Mounting evidence demonstrates a role for the gut microbiome in ASD, 

with signaling via short-chain fatty acids (SCFA) as one mechanism. Here, we utilize mice 

carrying deletion to exons 4–22 of Shank3 (Shank3KO) to model gene by microbiome interactions 

in ASD. We identify SCFA acetate as a mediator of gut-brain interactions and show acetate 

supplementation reverses social deficits concomitant with alterations to prefrontal cortex (mPFC) 

transcriptional regulation independent of microbiome status.

Methods—Shank3KO and wild-type (Wt) littermates were divided into control, Abx, Acetate 

and Abx+Acetate groups upon weaning. After six weeks, animals underwent behavioral testing. 

Molecular analysis including 16S and metagenomic sequencing, metabolomic and transcriptional 

profiling were conducted. Additionally, targeted serum metabolomic data from Phelan McDermid 

Syndrome (PMS) patients (who are heterozygous for the Shank3 gene) were leveraged to assess 

levels of SCFA’s relative to ASD clinical measures.

Results—Shank3KO mice were found to display social deficits, dysregulated gut microbiome 

and decreased cecal levels of acetate – effects exacerbated by Abx treatment. RNA-sequencing 

of mPFC showed unique gene expression signature induced by microbiome depletion in the 

Shank3KO mice. Oral treatment with acetate reverses social deficits and results in marked changes 

in gene expression enriched for synaptic signaling, pathways among others, even in Abx treated 

mice. Clinical data showed sex specific correlations between levels of acetate and hyperactivity 

scores.

Conclusion—These results suggest a key role for the gut microbiome and the neuroactive 

metabolite acetate in regulating ASD-like behaviors.

(1) Introduction

Autism spectrum disorder (ASD) is a potentially serious neurodevelopmental disorder 

characterized by deficits in social function and stereotyped and repetitive behaviors1. 

The pathophysiology of ASD is complex and involves a combination of genetic and 

environmental risk factors. While significant strides have been made in determining the 

genetic basis of ASD with over 100 high risk gene loci identified (e.g. Fmr1, Shank3)2–4, 

environmental contributions to ASD remain less well defined. There is a growing body of 

evidence suggesting the resident bacteria of the gastrointestinal tract (GI), known as the gut 

microbiome play a key role in host brain development and behavior through a mechanism 

known as the gut-brain axis5, which has been implicated in neurodevelopmental disorders.

Clinical data shows higher rates of co-occurring GI disturbances4,6, as well as changes 

in microbiome composition6–8 and metabolic profile9,10 in patients with ASD compared 

to neurotypical controls. Moreover, early studies in mice lacking a microbiome (germ 

free) show marked deficits in social behaviors and brain region specific gene expression 

changes11–13. Additionally, mice who have had their microbiomes depleted with antibiotics 
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(Abx) show deficits in social behavior, cognitive flexibility, and multiple other ASD-like 

behaviors7,18,19. At a cellular and molecular level, disruption of the microbiome with 

prolonged Abx leads to changes in neuronal and glial structure, changes in cell firing 

patterns, and altered transcriptional and epigenetic signatures in in the brain14–17. Despite 

this accumulating evidence, the exact bacterial species and metabolites similarly altered 

across studies in ASD and the mechanisms by which gut bacteria influence the brain remain 

elusive.

The strongest literature suggests the production of neuroactive metabolites by the 

microbiome as a key gut-brain signaling mechanism16,18,19. Among the best studied 

metabolites in this gut-brain axis are the short-chain fatty acids (SCFA) which are produced 

in the process of bacterial fermentation of fiber and can cross the blood-brain barrier, 

influence chromatin structure and gene expression in behaviorally relevant ways20,21.

While the literature demonstrating a gut-brain connection in ASD is robust and continues 

to grow, there are few studies specifically modeling gene by microbiome interactions. 

An attractive gene candidate for this line of research is the Shank3 gene which encodes 

a synaptic scaffolding protein and is the causative gene underlying Phelan McDermid 

Syndrome (PMS). Importantly, patients with PMS manifest features of ASD with cognitive 

impairments and co-occurring gastrointestinal issues4 suggesting a potential for a gut brain 

link. Indeed, studies found changes in the gut microbiome composition in relation to ASD-

like phenotypes in mice and zebrafish lacking specific Shank3 isoforms22–24.

Here we utilize a mouse model with deletion of exons 4–22 of the Shank3 gene resulting 

in lack of all functional isoforms of Shank3 (Shank3KO)25. Using 16S and metagenomic 

sequencing, and targeted metabolomics we identify changes in microbiome form and 

function driven by Shank3 genotype. Additionally, Shank3KO mice are particularly sensitive 

to behavioral and metabolic effects of microbiome alterations. Using RNA-sequencing of 

the frontal cortex we identify a unique gene expression signature induced by microbiome 

depletion in the Shank3KO mice. Oral treatment with the SCFA acetate was found to 

reverse social deficits and markedly altered cortical transcriptional regulation, even in mice 

lacking a microbiome. Finally, correlations between levels of acetate and ASD behavioral 

phenotypes in patients with PMS were identified. Taken together, our data build on 

existing work identifying important gene by microbiome interactions in ASD and provide a 

mechanism of this interaction via identification of a specific microbial metabolite.

(2) Materials and Methods

2.1 Mice

Both male and female mice wild-type (Wt) or homozygous (KO) for the Shank3 gene were 

generated from heterozygous Shank3 breeders on a C57BL/6J background25. Littermates 

were weaned at PND21, separated by sex and caged with 2–4 other littermates with a 

mixture of genotypes per cage to avoid cage effects on analysis. Food was available ad 

libitum throughout experiments, and drinking water was modified as described below. The 

colony room was maintained at constant temperature of 21°C and 55% humidity with a 

12-hour light dark cycle (on 0700/off 1900). Animal procedures were approved by the 

Osman et al. Page 3

Brain Behav Immun. Author manuscript; available in PMC 2024 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Institutional Animal Care and Use Committee of the Icahn School of Medicine at Mount 

Sinai.

2.2 Drink Solutions

For Experiment 1 (Fig.1), immediately after weaning (on ~PND21), mice were maintained 

on standard vivarium drinking water as control animals. For Experiment 2 (Fig.2 & 3), 

immediately after weaning mice were split into control (H2O) or Abx treatment groups 

and for Experiment 3 (Fig.4,5 &6) mice were split into control (H2O), Abx, Acetate, 

and Abx+Acetate (Ab/Ac) groups. In all three experiments, control mice were provided 

with standard vivarium drinking water. Abx mice received drinking water containing a non-

absorbable antibiotic cocktail (Abx - Neomycin 2 mg/ml, Pimaricin 1.2 ug/ml, Vancomycin 

0.2 g/ml, and Bacitracin 0.5 mg/ml)16. Acetate treatment groups received drinking water 

containing 100 mM Sodium Acetate (Sigma #S5636). Ab/Ac groups received Abx and 

Acetate at the described concentrations. Mice were maintained on treatments for the 

duration of the experiments. Bottle weights and body weights were collected from a subset 

of mice twice a week for the first two weeks of treatment then weekly afterwards.

2.3 Behavioral assessments

2.3.1 Three chambered Social Interaction Test—Sociability was assessed using the 

three chambered apparatus according to standard procedures71. The three chambers of the 

arena were designated using the Noldus software. Mice were first allowed to habituate to 

the middle chamber for 5 minutes, then habituate to the whole 3 chamber box without the 

empty wire cups for 10 minutes. The final stage consisted of placing an unfamiliar mouse 

under a wire cup in one chamber and an empty cup in another chamber. The amount of 

time test subjects spends in each chamber containing empty cup or unfamiliar mouse was 

automatically calculated using Noldus Ethovision-full details in Supplemental Methods.

2.3.2 Open field—For anxiety-like behavior, mice were placed in the center of an open 

field arena and allowed to move freely for 1 hour. The arena was virtually divided into 

central and peripheral regions using the Noldus software. The total distance travelled, 

as well as the total time spent in the center were calculated by video tracking (Noldus 

Ethovision)- full details in Supplemental Methods.

2.3.3 Elevated Zero Maze—To further assess anxiety-like behavior, mice were placed 

in the center of an open arm of an elevated zero maze (Maze Engineers) and allowed 

to move freely for 5 minutes. The arena was virtually divided into open and closed 

regions using the Noldus software. Mouse activity was recorded by video tracking (Noldus 

Ethovision). The duration and frequency of entries into the open arms were calculated- full 

details in Supplemental Methods.

2.3.4 Behavior Statistical Analysis—All behaviors were analyzed with two-way 

ANOVAs with Holm-Sidak post hoc tests as appropriate for 2×2 experiments, and as two-

tailed T-tests for pairwise comparisons.
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2.4 16s-Sequencing and Data Analysis

DNA from flash frozen cecal content was isolated using QiaAmp DNA stool kit (Qiagen) 

according to manufacturer instructions17. Data analysis was performed using QIIME 

v1.8.026 with standard settings. Full details in Supplemental Methods.

2.5 Shotgun Metagenomic Sequencing and Data Analysis

Bacterial genomic DNA was isolated from frozen cecal samples as described for 16S 

analysis and subjected to metagenomic sequencing. Metagenomic data were pre-processed 

using Sunbeam27. DIAMOND28 was used to align reads to all prokaryotic protein sequences 

from KEGG29. For pathway analysis, KEGG Orthologs (KOs) with differential abundance 

between genotypes and treatment groups were identified using DESeq230. Full details in 

Supplemental Methods.

2.6 Cecal Metabolomics

Levels of both SCFAs and amino acids were quantified from cecal content collected 

from test animals using a Water Acquity uPLC System with a Photodiode Array Detector 

using standard methods from the UPenn metabolomics centre-full details in Supplemental 

Methods.

2.7 RNA-Sequencing and Data Analysis

RNA isolation from mPFC, assessment of RNA integrity, Poly-A library preparation, 

and 2×150bp paired-end sequencing were performed according to standard procedures. 

For differential gene expression (DGE) analysis, aligned reads were subjected to voom 

normalization31. DGE signatures between samples were identified using moderated t-test in 

the LIMMA package31. The following covariates were included in the LIMMA model to 

adjust for their potential confounding influence on gene expression between group main 

effects: treatment group, sex and genotype. Additionally, a surrogate variable analysis 

was conducted which identified and regressed out 5 variables besides treatment, sex and 

genotype on DGE signatures32. Statistical significance threshold was set as a surrogate 

adjusted nominal p-value of < 0.01 to generate gene lists for functional characterization. 

Given the complexity of the experimental design (eight total groups), all pairwise 

comparisons shown were conducted to the ultimate control group (Wt-H2O). Gene ontology 

enrichment analysis was performed using G:Profiler with default settings33, and predicted 

transcriptional regulators were identified utilizing Enrichr software with the ENCODE and 

CHEA databases33. Additional details as per Supplemental Methods.

2.8 Mouse Serum Metabolomics and Data Analysis

Targeted SCFA and untargeted metabolomic analysis using liquid chromatography-mass 

spectrometry (LC/MS) was conducted on serum samples collected from test animals using 

chemical isotope labeling and pathway analysis as described previously34. Full details in 

Supplemental Methods.
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2.9 Human Plasma Metabolomics and Statistical Analysis

We leveraged published plasma metabolomic profiles derived from 32 PMS probands and 

28 controls (siblings n=27; parent n=1)35. A targeted panel of eight SCFA metabolites 

was generated. Data quality control was conducted as previously described35. A moderated 

t-test from LIMMA was used to assess the effect of categorical variables on SCFA levels. 

Correlative analysis was also conducted using LIMMA to assess the effect of quantitative 

variables on levels of SCFA’s. Empirical Bays method was used to calculate moderated t 

and F statistics for both types of analysis. Adjusted p <0.05 was accepted as statistically 

significant. Full details in Supplemental Methods.

2.10 Figures

Graphs of all figures were created in Graphpad Prism and R. Experimental timelines were 

generated in BioRender with full permission to publish.

(3) Results

3.1 Deletion of the Shank3 Gene Results in a Dysregulated Gut Microbiome and 
Metabolic Output

To identify effects of Shank3 gene deletion on microbiome composition and metabolic 

output, both 16S ribosomal and shotgun metagenomic sequencing was performed on cecal 

contents of untreated Wt and Shank3KO mice in adulthood (~P60) (Fig. 1A-Experiment 

1). To control for potential maternal and environmental confounds, analysis was performed 

on littermates caged according to sex, with each cage containing 2–5 mice of various 

genotypes. 16S-seq showed alpha diversity, which calculates the richness and evenness of 

diversity within samples36, is significantly decreased in Shank3KO mice when calculated 

by both the Simpson (Fig. 1B– p = 0.01) and Shannon (Fig. 1C– p = 0.03) diversity 

indices. Shifts in relative expression of bacterial phyla in the two genotypes are qualitatively 

presented (Fig. 1D). The most abundant bacterial phyla in the gut are the Bacteroidetes 

and Firmicutes, and their presence and relative abundance have been tied to health of the 

microbiome37. Shank3KO exhibit a significant decrease in the Firmicutes phylum (Fig. 1E– 

p = 0.003) a trend toward an increase in Bacteroidetes phylum (Fig. 1F– p = 0.08) and 

a significant decrease in Firmicutes/Bacteroidetes ratio (Fig. 1G– p = 0.02). All statistical 

results are summarized in Table S1.

Next, examination of phylogeny within Firmicutes down to the species level showed 

class Bacilli, order Lactobacillales, family Lactobacillaceae, and genus Lactobacillus were 

significantly reduced in Shank3KO (Fig. 1H- main effect of genotype F(1,55)=196.4 p < 0.001 

and main effect of taxonomical class F(4,55)=7.990; p < 0.001; all significant by Holm-Sidak 

post-hoc testing p < 0.001). A list of changes at each taxonomical level is in Table S2. These 

microbial changes translated to an altered metagenomic profile characterized by increases in 

KEGG pathway relative counts corresponding to Fatty Acid degradation (Fig. 1I p = 0.02) 

and phenylalanine metabolism (Fig. 1J- p = 0.006). This is of note as both pathways are 

important in gut brain signaling15. A full list of metagenomic pathways altered by genotype 

can be found in Table S3.
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Given the production of neuroactive metabolites is implicated in gut-brain signaling, 

targeted metabolomics analysis was performed on levels of SCFA and amino acids from 

cecal contents of Wt and Shank3KO mice38,39. Shank3KO have a specific significant decrease 

in acetate (Fig. 1K– main effect of genotype F(1,33)=5.847 p = 0.0213). Genotype differences 

in several amino acids including essential amino acids leucine and phenylalanine are 

also present (Fig. 1L– main effect of genotype F(1,46)=18.81 p < 0.0001). These results 

demonstrate Shank3KO mice have marked disruptions of gut microbiome composition and 

function at baseline.

3.2 Microbiome depletion interacts with Shank3 genotype to affect microbial, metabolic 
and behavioral phenotypes

To interrogate effect of microbiome composition in Shank3 deficient mice, experiments 

using Abx induced microbiome depletion starting immediately after weaning (~P21) and 

continuing through adulthood (~P60) were conducted, with all behavioral assessments 

occurring at ~P60 (Fig. 2A - Experiment 2). By reducing microbiome bulk and diversity, 

interaction between Shank3 genotype and microbiome status can be assessed. Abx treatment 

did not affect weight gain over time (Fig. 2B-main effect of time: F(1.44, 24.40) = 260.0 

- p<0.0001) or levels of drinking (Fig. 2C- p = 0.35) and reduced microbial diversity as 

assessed by Shannon alpha diversity index (Fig. 2D-main effect of Abx - F(1,16) = 19.82; 

p=0.0004) and beta (Fig. 2E) diversity measures. Furthering our targeted metabolomics, 

levels of acetate are decreased by microbiome depletion and this effect is particularly 

pronounced in Shank3KO mice (Fig. 2F-main effect of genotype: F(1,17) = 9.615; p=0.007 

and main effect of Abx: F(1,17) = 12.67; p=0.002. Pairwise Holm-Sidak post-hoc results in 

Table S1).

To test how manipulations to microbiome would affect Shank3KO behavioral phenotypes, 

control and Abx treated mice were assessed on a series of ASD relevant behavioral 

paradigms. On a three-chamber social interaction task, a strong group by social stimulus 

interaction was observed (Fig. 2G - F(3,108) = 6.35; p=0.0005), but no main effects of 

genotype or treatment. Wt mice form the expected preference for the social chamber (2G-
light blue-p = 0.0046), however Wt-Abx mice did not express significant social preference 

(2G-dark blue - p = 0.4). Shank3KO-H2O mice showed no baseline social preference as 

expected (2G-pink- p = 0.4), and Shank3KO-Abx mice showed a significant aversion for 

the socially paired chamber (2G-red bars – p = 0.01). Thus, demonstrating that both 

microbiome manipulation and Shank3 deletion impair sociability, with stronger effects in 

microbiome depleted Shank3KO mice.

Next, similarly treated Wt and KO mice were assessed for locomotor and anxiety-like 

behavior. On a 60-minute open field task, there was a marked effect of genotype on 

distance travelled (Fig. 2H F(1,57) = 11.15; p=0.0015) consistent with previous reports on 

this mouse line33. On this paradigm, there was no significant effect of time spent in the 

center (Fig. 2I-– All main effects and interactions p > 0.13) which is frequently used as 

a measure of anxiety-like behavior. Anxiety-like behavior was further assessed using an 

elevated zero maze, where there were no significant differences with genotype or treatment 

(Fig. 2J-All main effects and interactions p > 0.13). However, Shank3KO mice did show a 
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modest increase in the number of total open arm entries (Fig. 2K-main effect of genotype 

F(1,54 = 6.61; p=0.13). Interestingly, Post hoc pairwise comparison showed only KO-H2O 

mice displayed increased open arm entries compared to Wt-H2O (Fig. 2K p = 0.015), 
but not KO-Abx mice– suggesting that Abx treatment may serve to moderate anxiety-like 

behavior as assessed by the elevated zero maze. Together, we find no consistent effect of 

Shank3 deletion or microbiome depletion on anxiety like behavior, and genotype effects on 

locomotion when assessed over a longer period.

3.3 Microbiome depletion interacts with Shank3 genotype to affect transcriptional 
regulation in medial prefrontal cortex.

Following behavioral testing, medial prefrontal cortex (mPFC) was dissected for full 

transcriptomic profiling (Fig. 2A). This brain region was selected as a critical mediator 

of social behaviors40–42, is directly affected by Shank3 deletions43–45, and is affected 

by alterations in microbiome composition18,46,47. All pairwise comparisons made for this 

analysis were compared to the ultimate control group (Wt-H2O) to enable assessment of 

how each manipulation (genotype, treatment or both) led to deviations in gene expression 

from this baseline. The Wt-Abx vs.Wt-H2O comparison (Fig. 3A) which enables assessment 

of Abx effects on gene expression in Wt animals shows regulation of approximately 500 

genes. With increases in pathways related to cellular structure and decreases in pathways 

related to synaptic function among others (Fig. 3B; Full DEG lists for Fig. 3 available 

in Table S4, and all significant GO pathways in Table S5). The KO-H2O vs. Wt-H2O 

comparison (Fig. 3C), which enables assessment of Shank3KO effects on gene expression, 

showed regulation of just over 300 genes. With notable decreases in pathways related to 

metabolism and DNA binding (Fig. 3D). Interestingly, the KO-Abx (demonstrated the most 

robust effects on social interaction) vs Wt-H2O comparison, which enables assessment 

of both Shank3KO and Abx effects on gene expression, had the smallest number of 

differentially expressed genes at a total count of just over 200 genes (Fig. 3E). These genes 

were enriched for pathways related to cytosolic processes and anatomical processes (Fig. 

3F).

When gene expression patterns between Wt-Abx and KO-Abx mice relative to Wt-

H2O were examined in more detail, little overlap was found (Fig. 3G) indicating the 

genes changed by Abx treatment relative to Wt control in each genotype are distinct. 

Gene ontology analysis of Abx-regulated genes in each genotype showed pathways for 

protein metabolism, binding, and cellular anatomy were more altered in Wt-Abx mice 

than in Shank3KO-Abx mice (Fig. 3H). Similarly, Enrichr identified different predicted 

transcriptional regulators and epigenetic enzymes involved in the two Abx gene sets (Fig. 

3I). Together, this suggests Shank3 genotype significantly affects mPFC transcriptional 

response to microbiome depletion and provide evidence for the discrepant behavioral 

phenotypes observed.

3.4 Acetate Replenishment Rescues Social Deficits Caused by Shank3 Gene Deletion 
Independent of Microbiome Status

Levels of acetate were regulated by Shank3 genotype and microbiome depletion. Acetate 

inhibits histone deacetylases48, alters brain gene expression and behavior49, and plays a 
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role in regulating satiety mechanisms50. Given such evidence, manipulations to levels of 

acetate were performed in Shank3KO mice followed by behavioral assessment to determine 

its mechanistic function. For these experiments, both Wt and KO mice were again put 

on control or Abx drink solutions as described above for Experiment 2, with additional 

groups treated with acetate or Ab/Ac added to assess effects of acetate independent of 

microbiome status (Fig. 4A - Experiment 3). All genotypes and treatment groups were 

behaviorally tested in parallel. For analysis of results, control water treated groups were 

directly compared to acetate groups to enable assessment of acetate supplementation without 

microbiome manipulation on behavior. Similarly, to determine the effect of acetate in 

reversing effects of microbiome depletion, Abx groups were directly compared to Ab/Ac 

groups.

Importantly, Acetate and Ab/Ac treatment did not affect body weight gain overtime (Supp 

Fig. 1A - Main effect of time: F(1,29) = 253.0 - p<0.0001) or levels of drinking across the 

experiment (Supp Fig. 1B p>0.05). Interestingly, there is a significant treatment x genotype 

interaction on the Shannon index of alpha diversity (Fig. 4B Interaction F(1,17) = 8.927 

– p=0.0083). However, there were no main effects of acetate or genotype and individual 

post-hoc comparisons were not significant (Table S1).

In the three-chamber social interaction paradigm, treatment with Acetate resulted in a 

main effect of social stimulus (Fig. 4C - F(1,66) = 25.90; p < 0.0001) and a borderline 

social stimulus by group interaction (F(3,66) = 2.18; p =0.09). Planned pairwise Holm-Sidak 

post-hoc comparisons showed Wt-H2O mice form a significant preference for the social 

stimulus (4C blue bars – p = 0.0002) which was not affected by acetate supplementation 

(4C green bars – p = 0.006). As with our previous experiments, KO-H2O mice did not 

form a significant preference for the social stimulus (4C pink bars – p = 0.87). However, 

KO-Acetate mice showed a marked reversal of the Shank3 genotype effect and exhibit a 

significant preference for the social chamber (4C purple bars – p = 0.003). On measures of 

locomotion, acetate treatment induced a significant genotype by treatment interaction during 

a 1-hour open field test (4D - interaction F (1, 43) = 4.113 p=0.0488) where KO-Acetate mice 

no longer show the hypomobile phenotype seen in KO-H2O mice (4D - p = 0.0344). While 

there were no significant effects of genotype or acetate treatment on time in the center of 

the open field (Fig. 4E- p > 0.17 for all), further assessment of anxiety-like behavior using 

the elevated zero maze, showed a modest genotype effect on time in the open arms (Fig. 

4F- F(1,59) = 4.69; p =0.03). Similarly, the frequency of open arm entries was increased 

by Shank3KO status (Fig. 4G - F(1,60) = 8.70; p =0.0045). Interestingly, post hoc pairwise 

comparison showed only KO-H2O mice displayed increased open arm entries compared to 

Wt-H2O (Fig. 4G p = 0.0089), but not KO-Acetate mice– suggesting that acetate treatment 

may serve to moderate this behavioral phenotype.

Next, the effects of acetate supplementation on the behavioral effects of microbiome 

depletion in Wt and Shank3KO mice was assessed. As expected, treatment with acetate 

did not reverse Abx effects on microbiome diversity (Fig. 4H). In the three chambered 

social interaction task, there was a main effect of social stimulus (Fig. 4I - F (1, 56) = 7.598 

p=0.0079) and a social stimulus by group interaction (F(3,56) = 10.82; p <0.0001). As seen 

in the initial cohort, Wt mice treated with Abx did not exhibit significant preference for the 
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social stimulus (4I blue bars – p = 0.1) and KO-Abx mice exhibited a significant aversion of 

the social chamber (4I red bars – p = 0.004). However, when mice were treated with Abx in 

combination with acetate, Abx induced social deficits were completely reversed in both Wt 

(4I green bars – p < 0.0001) and KO mice (4I purple bars – p = 0.0005).

In the open field task, Ab/Ac treatment did not obviate the genotype effect of decreased 

locomotion at one hour (Fig. 4J- F(1,55) = 9.51; p =0.003), and there were no main effects 

or interactions on time in center of the open field (Fig. 4K- all main effects p >0.1 ). 

When anxiety-like behavior was assessed on the elevated zero maze there were no main 

effects on time in open arms (Fig. 4L all main effects p >0.1), but there was a significant 

effect of genotype in increasing number of open arm entries (Fig. 4M - F(1,43) = 9.263; p 
=0.004) as well as a main effect of treatment on reducing the number of open arm entries 

(Fig. 4M F(1,43) = 6.62; p =0.014). Interestingly, post-hoc pairwise comparison showed only 

Wt-Ab/Ac mice displayed a decrease in open arm entries compared to Wt-Abx (Fig. 4M p = 

0.019), suggesting that acetate treatment may serve to moderate this anxiety-like behavior as 

assessed by the elevated zero maze in a microbiome status and genotype dependent manner.

Importantly, serum metabolomics show a main effect of acetate treatment (Supplemental 

Fig. 2A- F(1,53) = 4.164; p =0.046) in increasing serum acetate with minimal other effects on 

the metabolome (Supplemental Fig 2B–F).

Taken together, these behavioral phenotypes suggest that acetate, which is reduced in 

Shank3KO and further reduced by antibiotics, robustly reverses social deficits caused 

by Shank3 genotype, microbiome status, and the interaction. Additionally, acetate 

supplementation has some more modest effects on microbiome diversity and other 

behavioral measures including hypolocomotion and anxiety-like behaviors.

3.5 Acetate Replenishment induces unique transcriptional patterns in the mPFC

To identify effects of acetate on central transcriptional regulation, RNA-sequencing on the 

mPFC was conducted. Here, again all pairwise comparisons made were compared to the 

ultimate control group (Wt-H2O) to enable assessment of how each manipulation led to 

deviations in gene expression from this baseline. Prolonged treatment with Acetate or Ab/Ac 

resulted in robust changes in gene expression in all groups relative to Wt controls (Fig. 

5A–D). Full list of regulated genes from these pairwise comparisons is found in Table S4. 

Given the ability of oral acetate treatment to rescue Shank3KO effects on social behavior, 

we next examined gene expression patterns between Shank3KO and Wt-acetate groups. Here 

considerable overlap in DGE was found between genotypes (Fig. 5E). Indicating the genes 

changed by acetate treatment relative to control in each genotype are similar. When the 

fold change of DGE in each genotype were assessed, symmetry in the direction of gene 

expression changes is apparent in genes common between the two genotypes (Fig. 5F “Sig. 

Both”), and genes unique to each genotype (5F “Sig. Wt/KO”). Similar patterns of gene 

overlap and directionality were seen in mice treated with Ab/Ac (Fig. 5G,H).

G:Profiler51 pathway analysis further revealed treatment with acetate and Ab/Ac resulted in 

significant regulation of genes involved in metabolic transcription pathways, with a more 

robust effect in Wt mice (Fig. 5I, bottom and middle – All pathways available in Table S5). 
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Interestingly, synaptic pathways were generally more enriched in Shank3KO mice (Fig. 5I, 

top). Enrichr analysis of predicted top transcription factors for each pairwise comparison 

identified numerous activity dependent transcription factors (Creb, Ubtf) and epigenetic 

regulators (Hdac2) are predicted to be upstream of significant DGE in Acetate and Ab/Ac 

groups with differential patterns between groups (Fig. 5J).

Given the complexity of our sequencing analysis, we next performed weighted gene 

coexpression network analysis (WGCNA)52,53 – a threshold free, data driven approach 

to identifying multiple genes which are coordinately expressed across genotypes and 

treatment groups which constitute biologically meaningful changes. Fig. 6A presents a 

dendrogram module assignment based on gene clustering and Fig. 6B highlights gene 

modules significantly associated with variables genotype, sex, Abx or Acetate treatment. 

Abx and acetate treatment were robustly negatively associated with the Purple module 

(Fig. 6C) which is enriched for processes including nucleic acid binding, and RNA 

metabolic processing (Fig. 6D). STRING analysis showed a highly interactive network of 

functional connections between gene products of the purple module, with interconnections 

far exceeding those predicted by chance Fig. 6E–F. The Brown module was found to 

be negatively associated with only acetate treatment and is enriched for immune system 

processes, developmental processes, and response to stress among others (Fig. 6G–J). 

Interestingly, the GreenYellow module was found to be positively associated with acetate 

treatment and is enriched for synaptic pathways and cellular localization (Fig. 6K–N). 

Full pathway analyses from these modules is found in Table S6. Taken together these 

data demonstrate robust transcriptional effects of acetate in key behaviorally relevant brain 

regions.

3.6 Levels of Acetate in the serum of patients with Phelan McDermid Syndrome Correlate 
with ABC Hyperactivity Scores in a Sex Dependent Manner

To assess the relevance of changes in SCFA observed in the Shank3KO model to humans, 

we generated metabolomic data targeting levels of eight SCFAs including acetate across 

a subset of 32 PMS probands (heterozygous for the Shank3 gene) and their unaffected 

controls (Fig.7A). The main sociodemographic and clinical characteristics of study 

participants are shown in Table S7. Levels of Isobutyric acid and Propionic acid negatively 

correlated with Vineland communication scores (Fig. 7B). Moreover, sex specific analysis 

showed levels of acetate negatively correlate with ABC hyperactivity scores in males only 

(Fig. 7C). A Spearman’s correlation confirmed the significant negative correlation (R= 

−0.58 p<0.05; Fig. 7D). See Supplemental Results for more detail. Taken together, clinical 

findings lend further evidence supporting targeting altered levels of SCFAs in PMS patients 

to improve specific ASD behavioral phenotypes.

(4) Discussion

Here we investigate gene by microbiome interactions in ASD by applying microbiome 

and metabolite manipulations to a mouse model lacking all isoforms of the Shank3 gene. 

Shank3KO mice have markedly disrupted gut microbiome composition and function (Fig. 

1). Shank3KO mice display social deficits and reduced levels of the microbial metabolite 
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acetate, deficits further exacerbated by antibiotic treatment (Fig. 2). Moreover, mPFC 

transcriptional responses to Abx treatment were found to be significantly altered by Shank3 
genotype (Fig. 3). Oral treatment with acetate reverses both Shank3 and microbiome 

depletion effects on social interaction (Fig. 4), and results in marked transcriptional changes 

in the mPFC related to synaptic signaling, DNA binding, and metabolism (Fig. 5 and 6). 

Finally, we verify correlations between levels of acetate and specific behavioral phenotypes 

in patients with Phelan-McDermid Syndrome – a condition driven by Shank3 mutations 

(Fig. 7). These findings highlight acetate as a key mediator of gut-brain signaling in the 

Shank3KO model and provide mechanistic evidence for gene by microbiome interaction in 

ASD.

A key finding from this study is Shank3 genotype causes a significant decrease in bacterial 

diversity and the ratio of Firmicutes and Bacteroidetes. Changes in this ratio are a marker 

of microbiome dysregulation54, are associated with behavioral responses to social stress55 

and the production of SCFA metabolites56. Our findings are supported by a study utilizing 

Shank3 mutant mice lacking the α and β isoforms of Shank3, which reported a shift in 

the ratio of Firmicutes/Bacteroidetes (F/B)57. However, while this group found a similar 

decrease in bacterial diversity, the opposite change in F/B ratio is reported. Similarly, human 

studies report some patients with ASD present with a decreased Firmicutes/Bacteroidetes 

ratio58,59 while others show the opposite result60,61. Future studies should closely consider 

the exact type of genetic mutation associated with an ASD microbiome analysis. We also 

report that Lactobacillus bacteria are decreased in Shank3KO mice, consistent with two 

studies utilizing a model of Shank3B deletion23,24. These studies noted that supplementation 

with the Lactobacillus species L. reuteri rescued social deficits in Shank3B knockout mice. 

Together, our studies highlight specific bacterial groups associated with gut-brain signaling 

in specific Shank3 models of ASD.

Using the three-chambered social interaction task, Shank3 deficient mice were more 

sensitive to Abx induced social deficits compared to Wt counterparts (Fig. 2G). Global 

metabolomic analysis of serum further showed KO mice had a more pronounced response to 

Abx treatment, with 51 significantly altered metabolites compared to 19 in Wt Abx-treated 

mice which was reversed by acetate treatment (Supp Fig. 2C). Acetate treatment also 

reversed the decreases in sociability caused by microbiome depletion in both Wt and 

Shank3KO mice and normalized Abx effects on serum metabolic profile (Supp Fig. 2C). 

These effects of microbiome manipulations on sociability are not surprising and there is 

growing literature showing microbiome effects on social behaviors13,41,62. However these 

are among the first findings to demonstrate that broad microbiome effects can be reversed 

via treatment with a single microbiome derived metabolite.

Previous studies have demonstrated alterations to the gut leads to altered gene expression 

in the brain15,17,18,63. Indeed our analysis supports these findings, as RNA sequencing of 

the mPFC showed transcriptional effects on genes involved in metabolism and nuclear 

function. These effects were more pronounced in Wt compared to KO mice indicating gene 

by microbiome interactions on brain transcription. When mice were treated with acetate 

with or without antibiotics, we found more robust changes in gene expression patterns 

in the brain (Fig. 5A–D) with convergence in the number of genes that were regulated 
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in the two genotypes and greater symmetry in the direction of gene expression changes 

(Fig. 5E–H). WGCNA showed acetate treatment drove robust changes related to immune 

system processes, cell motility, and synaptic function (Fig. 6). Previous work, largely from 

the Berger lab, has shown that acetate metabolism can lead to transcriptional regulation 

and behavioral change in multiple paradigms49,64,65. Additionally, acetate can act as a 

histone deacetylase inhibitor and indirectly influence transcriptional patterns through these 

mechanisms48,50.

Finally, examination of the translational relevance of our findings from the Shank3KO mouse 

model revealed no significant genotype effects on levels of acetate in patients with PMS 

compared to neurotypical controls. However, levels of acetate were found to correlate 

with ABC hyperactivity scores in male patients (Fig. 6D). Together with our preclinical 

data, these findings suggest a potential for use of acetate as a biomarker or therapeutic 

intervention in patients with ASD.

In conclusion, this study shows mice lacking both copies of the Shank3 display differences 

in the composition and function of their gut microbiome and are more susceptible 

to the behavioral metabolic and transcriptional effects of gut microbiome depletion. 

Importantly, these effects can be reversed by treatment with the gut-derived metabolite 

acetate independent of microbiome status. These findings provide additional data for a gene 

by microbiome interaction in the pathophysiology of ASD and carry the potential for bench 

to bedside translational research in ASD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Shank3KO mice have decreased microbiome diversity and decreased social 

preference. Depletion of the microbiome further decreases social preference.

• Levels of the microbiome derived metabolite acetate are decreased in 

Shank3KO mice and are further decreased by antibiotic depletion of the 

microbiome.

• Supplementation of acetate via the drinking water reverses social deficits in 

Shank3KO mice, both in those with an intact microbiome and those with a 

depleted microbiome.

• Acetate induces unique transcriptional patterns in the medial prefrontal cortex 

affecting gene expression related to synaptic plasticity and immune function.

• Patients with Phelan McDermid Syndrome, who carry mutations to the 

Shank3 gene, exhibit correlations of acetate with clinical hyperactivity scores.
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Figure 1: Deletion of the Shank3 Gene Results in a Dysregulated Gut Microbiome and 
Metabolome
(A) Study design for experiment 1 and cecal content collection. Shank3 KO mice show 

decreased microbiome diversity by Simpson. (B) and Shannon. (C) diversity metrics. 

(D) Donut charts showing the relative Phylum composition of Wt and Shank3KO mice. 

(E) Relative composition of bacteria from the Firmicutes phylum was decreased in 

Shank3KO. (F) but no significant difference in Bacteroidetes. (G) The ratio of Firmicutes 

to Bacteroidetes is significantly decreased in Shank3KO mice. (H) Relative abundance of 
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phylogenies containing Lactobacillus showed decreases across all taxonomic levels, n = 

6–7 mice per genotype for 16S analysis. (I) Functional KEGG pathway counts for Fatty 

Acid degradation and (J) Phenylalanine metabolism were both significantly increased in 

Shank3KO mice, n = 7–8 mice per genotype for Shotgun metagenomic analysis. (K) 
Targeted metabolomics shows levels of Short Chain Fatty Acid (SCFA) Acetic Acid are 

significantly decreased in Shank3KO mice. (L) Levels of amino acid Phenylalanine were 

significantly increased in Shank3KO mice. n = 6–8 mice per group for cecal targeted 

metabolomic analysis. All data presented as mean ± SEM *p<0.05 **p<0.01 ***p<0.001. 

Male and female mice were used in all analysis.
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Figure 2: Antibiotic Treatment Throughout Development Exacerbates Metabolic and Social 
Deficits Caused by Shank3 Deletion
(A) Study design for Experiment 2 and mPFC collection. (B) Wild-type and Shank3KO mice 

show normal body weight growth over time regardless of genotype or treatment n = 4–7 

mice per genotype for weight gain analysis. (C) mice of both genotypes drink the same 

amount of control or Abx treated water; n = 12 mice per treatment group. (D) Antibiotics 

result in marked depletion of microbial diversity in both Wt and Shank3KO mice by Shannon 

diversity index. (E) Unweighted PCOA plot of beta diversity shows a marked shift induced 
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by antibiotic treatment in both genotypes. (F) Levels of Acetic Acid were decreased in 

control Shank3KO mice and further decreased by Abx treatment n = 3– 8 mice for both 16S 

and targeted metabolomic analysis. (G) In the three-chambered social interaction task, Wt-

H2O mice spent increased time in the chamber containing the novel social interactor while 

Shank3KO-H2O did not show a significant preference for the social interactor. Treatment 

with Abx caused Wt mice to lose social preference and exacerbated social deficits in KO 

mice, n = 9–19 mice per genotype and treatmen.t (H) Shank3KO mice show decreased 

locomotion in 60-minute open field not affected by antibiotics. (I) No genotype or treatment 

differences are seen on time in center of an open field, n = 12–19 mice per genotype and 

treatment for open field. (J) In the elevated O-maze no significant differences in total time 

spent in the open arms is found. (K) Shank3KO-H2O mice display increased frequency of 

entries into the open arm of the elevated zero maze, n = 11–19 mice per genotype and 

treatment. All data presented as mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 

0.0001. Male and female mice were used for all analysis.
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Figure 3: Effects of Shank3 Deletion and Antibiotic Treatment on mPFC Gene Expression.
(A) Volcano plot of gene expression changes comparing Wt-H2O and Wt-Abx. (B) Select 

gene pathways regulated in Abx treated Wt mice. Dotted line at 1.3 indicates significance 

(FDR corrected p<0.05). (C) Volcano plot of gene expression changes comparing Wt-H2O 

and Shank3KO-H2O mice. (D) Select pathways that are predicted to be regulated in 

Shank3KO mice. (E) Volcano plot of gene expression changes comparing KO-H2O and 

KO-Abx. (F) Select pathways that are predicted to be regulated in KO-Abx mice. (G) Venn 

diagram of all significant genes in Wt-Abx and KO-Abx relative to Wt-H2O controls shows 

the two genotypes have highly disparate responses to prolonged microbiome depletion. (H) 
Gene ontology analysis of regulated genes in Wt and KO mice following Abx. (I) Top 

Transcription Factors (TF) predicted to be upstream from differentially expressed genes in 

Wt-Abx and KO-Abx groups relative to Wt-H2O controls. n = 3–6 mice per genotype and 

treatment group. Male and female mice were used for all analysis
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Figure 4: Acetate Replenishment Rescues Social Deficits Caused by Shank3 Deletion 
Independent of an Intact Microbiome
(A) Study design for Experiment 3 and mPFC collection. (B) Acetate treatment interacts 

with genotype to slightly alter microbiome diversity by Shannon diversity index. n = 6–7 

mice per group for 16S analysis. (C) In the three-chambered social interaction task, Wt-H2O 

and Wt-Acetate mice spent increased time in the chamber containing the novel social 

interactor (blue and green bars). Shank3KO-H2O did not show a significant preference for 

the social interactor at baseline as previous (pink bars). Acetate treatment rescues this social 
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deficit in Shank3KO mice (purple bars). n = 6–15 mice per genotype and treatment. (D) 
Acetate treatment also reverses locomotor activity deficit in Shank3KO in a 60 minute open 

field task. (E) No genotype or treatment effects on time spent in center of open field in a 60 

minute test session. n = 6–16 mice per genotype and treatment for open field. (F) Shank3KO 

control and acetate treated spend more time spent in open arms of elevated zero maze. (G) 
Shank3 KO-H2O mice display increased frequency of entries into the open arm, but not 

those treated with acetate n = 12–20 mice per genotype and treatment for zero maze. (H) 
Treatment with acetate does not reverse Abx effects on microbiome diversity by Shannon 

diversity index. n = 6–7 mice per group for 16S analysis. (I) In the three-chambered social 

interaction task, Wt-Abx mice do not show a significant preference for the novel social 

interactor (blue bars). Treatment with acetate in microbiome depleted (Ab/Ac) mice reverse 

this phenotype (green bars). Shank3 KO-Abx mice again demonstrate an aversion for the 

social stimulus (red bars), but this is reversed when acetate is supplemented to the antibiotics 

(Ab/Ac – purple bars). n = 4–10 mice per genotype and treatment for 3 chamber. (J) Abx 

or Ab/Ac do not alter Shank3 genotype effects on locomotion in a 1-hour open field test 

session. (K) No genotype or treatment effects on time spent in center of open field in a 

60-minute test session. n = 12–19 mice per genotype and treatment for open field. (L) 
Treatment with Abx or Ab/Ac does not alter Shank3 genotype effects on time spent in 

open arms of the o-maze. (M) Wt Ab/Ac mice display decreased frequency of entries into 

the open arm of the elevated zero maze compared to Wt-Abx mice. n = 10–14 mice per 

genotype and treatment for zero maze. All data presented as mean ± SEM. *p < 0.05; **p < 

0.01; ***p < 0.001; ****p < 0.0001. Male and female mice were used in all analysis.
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Figure 5: Treatment with acetate induces unique transcriptional patterns in the mPFC
(A-D) Volcano plots of all Acetate and Ab/Ac treatment groups relative to Wt-H2O controls. 

(E) Venn diagram of all genes significantly regulated in Wt-Acetate and KO-Acetate relative 

to Wt-H2O. (F) Heatmap of fold change expression of all genes from the previous panel 

(G) Venn diagram of all genes significantly regulated in Wt-Ab/Ac and KO-Ab/Ac relative 

to Wt-H2O. (H) Heatmap of fold change expression of all genes from the previous panel 

(I) Select pathways predicted to be enriched in uniquely regulated genes in Wt and KO 

mice from the four treatment groups. (J) Transcription factors predicted to be upstream of 

significantly regulated genes relative to Wt-H2O controls. n = 4–6 mice per genotype and 

treatment group. Male and female mice were used for all analysis.
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Figure 6: Weighted Gene Network Analysis Reveals Acetate Treatment Alters Transcription of 
Genes involved in metabolism, Immune system and Synpatic Function
(A) Dendrogram of WGCNA analysis. (B) Module-trait relationship table showing modules 

of interest. Each cell reports the Pearson correlation value and if significant the p-value 

in parentheses. Columns describe the variable, and the rows show the module name (C) 
Heatmap showing unsupervised hierarchical clustering of all genes in Purple module. 

(D) Gene ontology enrichment of the differentially expressed genes in Purple module. 

(E) Protein-protein interaction (PPI) network enrichment for the Purple module from 

the STRING database. (F) Select pathways from full PPI network enrichment for the 

purple module from STRING database. (G-J) Heatmap, gene ontology enrichment and PPI 

network enrichment for genes in Brown module. (K-N) Heatmap, gene ontology enrichment 
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and PPI network enrichment for genes in Green Yellow module. n = 4–6 mice per group. 

Male and female mice were used for all analysis.
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Figure 7: Serum Levels of Acetate Correlate with ABC Hyperactivity in Male PMS Patients
(A) Study Design: Clinical scores as well as serum was collected from 32 PMS probands 

and 28 unaffected family controls. Serum was then analyzed for levels of 8 SCFAs using 

liquid chromatography-mass spectrometry (LC/MS) (B) Heatmap showing a significant 

correlation between Vineland Communication scores and levels of Isobutyric acid and 

propanoic acid n =30) (C) Heatmap showing a significant negative correlation between 

Vineland Communication scores and levels of Isobutyric acid and propanoic acid in females 

only (n =17) and significant negative correlation between ABC hyperactivity scores and 

Acetic Acid levels in males ( n= 13) (D) Spearman’s correlation confirming significant 
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negative correlation between levels of acetic acid and ABC hyperactivity in males (R= 

−0.5824). *p < 0.05; **p < 0.01
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