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Abstract

Autism spectrum disorder (ASD) is a heterogenous neurodevelopmental disorder with complex
pathophysiology including both genetic and environmental factors. Recent evidence demonstrates the gut
microbiome and its resultant metabolome can influence brain and behavior and have been implicated in
ASD. To investigate gene by microbiome interactions in a model for genetic risk of ASD, we utilize mutant
mice carrying a deletion of the ASD-associated Shank3 gene (Shank3"°). Shank3*° have altered
microbiome composition and function at baseline in addition to social deficits. Further depletion of the
microbiome with antibiotics exacerbates social deficits in Shank3°, and results in transcriptional changes
in the frontal cortex. Supplementation with the microbial metabolite acetate leads to reversal of social
behavioral phenotypes even in mice with a depleted microbiome, and significantly alters transcriptional
regulation in the prefrontal cortex. These results suggest a key role for the gut microbiome and the
neuroactive metabolite acetate in regulating ASD-like behaviors.


https://doi.org/10.1101/2020.04.29.065821
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.29.065821; this version posted February 7, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Introduction

Autism spectrum disorder (ASD) is a potentially serious neurodevelopmental disorder characterized
by deficits in social function and stereotyped and repetitive behaviors'. The prevalence of ASD is
remarkably high, with recent estimates approximating 1 in 44 children aged 8 and under affected®. Despite
this, there are currently no disease modifying pharmacotherapies for treatment of ASD. This is in part due
to a complex pathophysiology that is driven by combination of genetic and environmental risk factors. Large
scale genetic studies have identified more than 100 gene loci associated with increased risk of ASD?, and a
number of single gene causes of ASD have been identified (e.g. Fmr1, Shank3)*°. While host genetics is
a key factor in ASD, a more comprehensive understanding of non-genetic environmental contributions and
how to mitigate them represents an attractive area of research to understand and reduce the development
and progression of ASD.

A growing body of evidence suggests that the resident bacteria of the gastrointestinal tract,
collectively known as the gut microbiome, play a key role in host brain development and behavior through a
mechanism known as the gut-brain axis®, which has been implicated in neurodevelopmental disorders.
Disruptions to the gut microbiome lead to alterations in gene expression and epigenetic regulation in the
brain as well as alterations in neuronal activity patterns and synaptic plasticity in multiple limbic
substructures’. Clinical data examining patients with ASD compared to neurotypical controls has
corroborated changes in microbiome composition'®'2 and metabolic profile''*. However, specific microbial
and metabolic changes associated with a diagnosis have varied between studies. Additionally, patients with
both idiopathic and syndromic forms of ASD report gastrointestinal issues at rates much higher than the
general population®'2,

Evidence linking the microbiome to ASD is further supported by findings from murine models for
ASD. Early studies showed that germ-free mice (i.e. mice that are raised completely sterile with no internal
or external microbiome) have marked deficits in social behaviors and in gene expression profiles in multiple
brain regions related to regulation of these behaviors'>'". Additionally, mice who have had their
microbiomes depleted with antibiotics show deficits in social behavior, cognitive flexibility, and multiple
other ASD-like behaviors”'8'°. At a cellular and molecular level, disruption of the microbiome with
prolonged antibiotics leads to changes in neuronal and glial structure, changes in cell firing patterns, and
altered transcriptional and epigenetic signatures in multiple brain structures’2°-22,

Although the exact mechanisms by which gut bacteria influence the brain are not completely
understood, the strongest literature suggests the production of neuroactive metabolites by the microbiome
as a key gut-brain signaling mechanism’??23, 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 and influence chromatin structure and gene expression among other
effects®*%.

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 using available mouse models.
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 impairment, and also have very high rates of
gastrointestinal issues® — suggesting a potential for a gut brain link. Indeed, several studies have examined
the microbiota in mouse lines lacking specific Shank3 isoforms and have found changes in the gut
microbiome composition that relate to ASD-like phenotypes?®?’.

Here we utilize a recently characterized mouse model with a deletion of exons 4-22 of the Shank3
gene resulting in deletion of all functional isoforms of Shank3 ( Shank3X°)®. Using 16S and metagenomic
sequencing, and targeted metabolomics we identify changes in microbiome form and function driven by
Shank3 genotype. Additionally, using antibiotic induced microbiome depletion we see an exacerbation in
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metabolic alterations and that Shank3X° mice are particularly sensitive to behavioral effects of microbiome
disruption. Using RNA-sequencing of the frontal cortex we identify a unique gene expression signature
induced by microbiome depletion in the Shank3° mice. Finally, targeting and replenishing depleted levels
of the SCFA acetate were found to reverse social deficits and markedly altered cortical transcriptional
regulation even in mice lacking a complex microbiome. Taken together, our data build on existing work
identifying important gene by microbiome interactions in ASD and provide a preliminary mechanism of this
interaction via identification of a specific metabolite.

Materials and Methods
Mice

All animal procedures were approved by the Institutional Animal Care and Use Committee of the
Icahn School of Medicine at Mount Sinai. Shank3X° mice who are homozygous for the Shank3 gene were
generated from breeders heterozygous Shank3 gene?, and litermate mice were used for all experiments.
Both male and female mice were weaned at 21 days of age and caged according to sex with at least one
littermate from each genotype, with cages containing 2-5 littermates per cage. Food was available ad
libitum throughout the experiments, and drinking water was modified as described below. The mouse
holding room was maintained at a constant temperature of 21°C and 55% Humidity with a 12-hour light
dark cycle (on 0700 / off 1900).

Drink Solutions

Immediately after weaning, mice were split equally into control or Abx treatment groups for
Experiment 1 (Fig. 2) and into control, Abx, Acetate, or Abx + acetate (Ab/Ac) treatment groups for
experiment 2 (Fig. 4). Control mice were provided with standard drinking water from the tap. 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)?. Acetate treatment groups received drinking
water containing 100 mM acetate (Sigma #S5636). Abx+Ac groups received Abx and Acetate at the
described concentrations. Mice were maintained on these treatments from PND21 till the end of behavioral
testing on approximately PNDG5. Bottle as well as mouse weights were recorded biweekly for first two
weeks of treatment for a subset of mice, and then weekly afterwards to ensure mice were maintaining
health. Antibiotic containing solutions were changed weekly to maintain antibiotic efficacy.

16s-Sequencing

Bacterial genomic DNA was isolated from frozen cecal samples using the QiaAmp DNA stool kit (Qiagen)
according to standard protocols with a modification that included an additional step of bead beating

to ensure uniform lysis of bacterial cells®®. Extracted DNAs were checked for quality and quantity by
spectrophotometric measurements with NanoDrop (ThermoFisher Scientific Inc) and stored at -20C until
processed for amplification. PCR amplification used primers 341F (5-CCTACGGGNGGCWGCAG-3') and
805R (5'-GACTACHVGGGTATCTAATCC-3') targeting regions (V3-V4) of the 16S rRNA gene. The libraries
were sequenced using illumina NovaSeq (2 x 250 bp paired-end) platform using standard parameters.

16S Sequencing Data Analysis

Amplicons were trimmed, merged using FLASH'® and chimera filtered using Vsearch (v2.3.4).
Sequences with 297% similarity were assigned to the same operational taxonomic units (OTUSs).
Representative sequences were chosen for each OTU, followed by taxonomic assignment using the RDP
(Ribosomal Database Project) classifier®®. The differences of the dominant species in different groups and
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multiple sequence alignment were conducted by mafft software (v7.310). Alpha diversity for analyzing
complexity of species diversity were calculated by Quantitative Insights Into Microbial Ecology (QIIME)
v1.8.0%. Principle coordinates analysis plots were generated using the Unifrac distance as an assessment
of beta diversity, also using the (QIIME) package. Statistical significance for alpha diversity was analysed
using a 2x2 between subjects ANOVA with genotype and drink solution provided as fixed factors.

Shotgun Metagenomic Sequencing and Data Analysis

Bacterial genomic DNA was isolated from frozen cecal samples using the QiaAmp DNA stool kit
(Qiagen) as described above was subjected to metagenomic sequencing. Metagenomic data were pre-
processed using Sunbeam®. In brief, reads were trimmed of adapters using cutadapt. Reads were quality-
trimmed using trimmomatic®. Low-complexity reads were removed using Komplexity
[https://github.com/eclarke/komplexity], and reads aligning to the mouse genome were removed using BWA
7. DIAMOND®® was used to align reads to all prokaryotic protein sequences from KEGG®. KEGG

Orthologs (KOs) that received fewer than 30 counts across all samples were removed. KEGG pathway
counts were computed by summing the counts for all KOs belonging to each pathway. KOs and pathways
with differential abundance between WT/HET and KO samples were identified using DESeq2’. A
significance threshold of FDR p < 0.2 was applied. Absolute counts were provided to DESeq2, but relative
counts (each count divided by the sum of per-sample counts) were used for box plots.

Cecal Metabolomics

Cecal contents were collected and flash frozen on dry ice and then stored at -80°C until processing.
Samples were processed by the metabolomics core at University of Pennsylvania according to standard
protocols. Short chain fatty acids and amino acids were quantified using a Water Acquity uPLC System with
a Photodiode Array Detector and an autosampler (192 sample capacity). For short chain fatty acids
samples were analyzed on a HSS T3 1.8 pm 2.1x150 mm column with a flow rate of 0.25 mL/min, an
injection volume of 5 uL, a column temperature of 40°C, a sample temperature of 4°C, and a run time of 25
min per sample. Eluent A was 100 mM sodium phosphate monobasic, pH 2.5; eluent B was methanol; the
weak needle wash 0.1% formic acid in water; the strong needle wash 0.1% formic acid in acetonitrile, and
the seal wash is 10% acetonitrile in water. The gradient was 100% eluent A for 5 min, gradient to 70%
eluent B from 5-22 min, and then 100% eluent A for 3 min. The photodiode array is set to read absorbance
at 215 nm with 4.8 nm resolution. Amino acid concentrations were quantified via ultra-performance liquid
chromatography (Waters Acquity UPLC system) with an AccQ-Tag Ultra C18 1.7um 2.1x100mm column
and a photodiode detector array. Analysis was performed using the UPLC AAA H-Class Application Kit
(Waters Corporation, Milford, MA) according to manufacturer’s instructions.

For both assays, standards were run at the beginning and end of each metabolomics run. Quality
control checks (blanks and standards) were run every eight samples. Results were rejected if the standards
deviate by greater than +5%. Samples were quantified against standard curves of at least five points run in
triplicate. All chemicals and reagents are mass spectrometry grade.

Behavioral assessments

Behavioral experiments were conducted between 10:00 am and 18:00 during the light phase of the
light/dark cycle in soundproof cubicles designated for behavioral testing under red lights. Mice were brought
to the room of the testing area an hour prior to testing in order to habituate to the new environment. Mice
from genotype and treatment groups were tested on the same day in random order to control for any
potential circadian influences.

Open field
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Mice were tested in a square arena (45 x 45 cm) and enclosed by 25cm high walls (Plexiglass). The
test mouse was placed in center of arena and allowed to move freely for 10 minutes or 1 hour. Mice activity
was recorded by video tracking (Noldus Ethovision). 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.

Elevated Zero Maze

Mice were tested in an annular black Plexiglas runway, 5 cm wide, 60 cm in diameter and raised 60
cm off the ground (Maze Engineers). The runway was divided equally into four equal quadrants. Two
opposite quadrants were “open” enclosed only by a 1 cm inch lip; the remaining two quadrants were
“closed” surrounded by a 25 cm high dark, opaque walls. Outer walls were constructed of dark grey plastic,
inner walls were black Plexiglas. All test subject was placed in the centre of an open arm and allowed to
move freely for 5 minutes. Mouse activity was recorded by video tracking (Noldus Ethovision). The arena
was virtually divided into open and closed regions using the Noldus software. The duration frequency of
entries into the open arms were calculated.

Three chambered Social Interaction Test

Sociability was tested in a three chambered apparatus according to standard procedures’". The test
consisted of three stages. The first two were for habituation to the chamber, and the third was the
measured test phase. During the first stage the test subject was placed into the central neutral chamber
with both dividers closed and was allowed to explore the middle chamber for 5 minutes. During the second
stage of the test, the two dividers were removed, and the test subject explored all three chambers for 10
minutes without another mouse present. During the final stage of the test the mouse was returned to the
middle chamber with both dividers closed, and an empty wire cup and a wire cup containing a novel
interactor mouse were placed in the two outside chambers. The wire cups allow for olfactory, visual,
auditory and tactile contact contacts between mice but not sexual contact or fighting. The doors between
chambers were then opened, and the test subject was allowed to explore all three chambers again for 10
minutes. All three sessions were video tracked (Noldus Ethovision) and the amount of time spent in each
chamber as well as the time spent interacting with either empty cup or unfamiliar mouse was automatically
calculated. If a mouse spent 70% more time in one chamber than the other during the habituation stage
(stage 2) they were dropped from the analysis. Mice used as interactors were adult C57BL/6J mice of the
same age and sex as the test mouse. Interactor mice were ordered from Jackson labs and allowed at least
one week to habituate to the colony room prior to any testing. Twenty-four hours to testing, the interactor
mice were habituated to the interaction apparatus and the wire cup to prevent any confounding effects of
novelty stress.

Behavior Statistical analysis

All behavioral analyses were performed using GraphPad Prism with two-way ANOVAs with Holm-
Sidak post hoc tests as appropriate for 2 x 2 experiments, and as two-tailed T-tests for pairwise
comparisons.

RNA-Sequencing

Medial Prefrontal cortex (mPFC) samples were rapidly dissected from ~60-day old mice and flash
frozen on dry ice. Total RNA was isolated by homogenizing tissue in Qiazol (Qiagen) using a motorized
pellet pestle and purified using RNeasy mini kits from Qiagen (74106) with optional on-column DNAase
digestion (79254 ) per manufacturer’s protocol. The integrity and purity of total RNA were assessed using
Agilent Bioanalyzer and OD260/280 using Nanodrop. The RNA sequencing library was generated using
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NEBNext Ultra Il Directional RNALibrary Prep Kit for lllumina using manufacturer’s instructions (New
England Biolabs, Ipswich, MS, USA). The sequencing library was validated on the Agilent TapeStation
(Agilent Technologies, Palo Alto, CA, USA) and quantified by using Qubit 2.0 Fluorometer (ThermoFisher
Scientific, Waltham, MA, USA) as well as by quantitative PCR (KAPA Biosystems, Wilmington, MA, USA).
The libraries were then multiplexed and sequenced on an lllumina HiSeq 4000 instrument using a 2x150bp
paired-end configuration according to manufacturer’s instructions. Image analysis and base calling were
conducted by the HiSeq Control Software (HCS). Raw sequence data (.bcl files) generated from lllumina
HiSeq were converted into fastq files and de-multiplexed using lllumina bcl2fastq 2.20 software. One
mismatch was allowed for index sequence identification.

RNA-sequencing Data Analysis

The raw RNA-Seq reads for each sample were aligned and read counts generated using the cloud-
based BioJupies software package using the default settings’>. Raw count data measured at least 32,544
genes across all samples. Nonspecific filtering required more than 1 count per million (cpm) in at least 3
samples and retained 14,870 genes. Filtered raw count data was then subjected to voom normalization”®.
Normalized data were inspected for outlying samples using unsupervised clustering of samples (Pearson’s
correlation coefficient and average distance metric) and principal component analysis to identify outliers
outside two standard deviations from these grand averages. Based on these metrics, no significant outliers
were found. Differential gene expression (DGE) signatures between samples were identified using
moderated t-test in the limma package’. The following covariates were included in the model to adjust for
their potential confounding influence on gene expression between group main effects: treatment group, sex
and genotype. A surrogate variable analysis was also conducted to remove any hidden variables besides
treatment, sex and genotype on DGE signatures®. Statistical significance threshold was set as a nominal p-
value of < 0.01 to permit sufficient enough genes to move forward with functional characterization.
Identification of significantly enriched gene ontologies and upstream regulators was performed using
G:Profiler and Ingenuity Pathway Analysis (IPA) software packages as indicated’*"°.

Mouse Serum Metabolomics

Serum was isolated from trunk blood and stored at -80°C until processing. Targeted short chain
fatty acid and untargeted metabolomic analysis were performed using liquid chromatography-mass
spectrometry (LC/MS). Chemical isotope labelling of each sample was carried out by following the SOPs
provided in the labeling kits (Nova Medical Testing Inc., Product Numbers: NMT-4101-KT, NMT-4123-KT,
NMT-4145-KT, and NMT-4167-KT) to measure the total concentration of metabolites in a 25 L aliquot of
sample’®. Based on the total concentration of labelled metabolites, each sample was then normalized to the
same concentration of 1.2mM’’. An Agilent eclipse plus reversed-phase C18 column (150 x 2.1 mm, 1.8
pMm particle size) was then used to separate the labelled samples and Agilent 1290 LC linked to Bruker
Impact Il QTOF Mass Spectrometer was used to detect the labelled metabolites. Mobile phase A was 0.1%
(v/v) formic acid in water and mobile phase B was 0.1% (v/v) formic acid in acetonitrile. The LC gradient
setting was: t = 0 min, 25% B; t = 10 min, 99% B; t = 15 min, 99% B; t = 15.1 min, 25% B, t = 18 min, 25%
B. The flow rate was 400 pyL/min. The column oven temperature was 40 ‘C, mass spectral acquisition rate
was 220 to 1000 m/z. Raw mass data were exported to csv file using DataAnalysis 4.4 (Bruker Daltonics).
Data analysis was performed using IsoMS Pro 1.2.12 (Nova Medical Testing Inc.)’®. Metabolite
identification was subsequently carried out using a two-tiered approach against NovaMT Metabolite
Databases 2.0 (Nova Medical Testing Inc.). In tier 1 metabolites were searched against the in-house mass
spec labelled metabolite library based on accurate mass and retention time. In tier 2, the remaining peak
pairs were searched against a linked identity library based on accurate mass and predicted retention time
matched’®.
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Metabolomics Data Analysis

For metabolomic data analysis, all data was firstly normalized and re-scaled to set the median equal
to one. Next, any missing values were imputed to the minimum scaled value for each metabolite. Statistical
analyses were performed in Excel and other software. Principle Component Analysis (PCA) was performed
with (MetaboAnalyst 5.0%°. The heat map was generated using the Log Fold change of metabolites
identified in tier 1 and tier 2 analysis. For univariate analysis, a student’s t-test was used to calculate
significance of metabolites (p<0.05). FDR adjusted p-values were calculated using Store’s g-value (q <
0.25).

Human Plasma Metabolomics

We leveraged our published plasma metabolomic profiles derived from 32 PMS probands and 28
controls (siblings n=27; parent n=1) ascertained at the Seaver Autism Center for Research and Treatment
at the Icahn School of Medicine at Mount Sinai*. For these samples, a targeted panel of eight short chain
fatty acid metabolites were generated. Data quality control was conducted as previously described*. In
brief, any missing values were imputed to the minimum scaled value for each metabolite. Data were
normalized by log. transformation prior to performing any statistical analysis.

Human metabolomics statistical analyses

A moderated t-test from limma was used to assess the effect of categorical variables such as
genotype, variant class, variant type, medication status, ADOS criteria, ADI criteria and Gl status on each
of the eight SCFAs in PMS patient compared to controls. Correlative analysis was also conducted using
limma to assess the effect of quantitative variables: log deletion size, raw deletion size, number of
medications, IQ/DQ, ADOS variables, RRB score, ADI variables, Vineland variables and ABC variables.
Empirical Bays method was used to calculate moderated t and F statistics for both types of analysis. These
analyses were adjusted for possible influence of demographic variables, age and race. Adjusted p <0.05
was accepted as statistically significant.

Figures
Graphs of all figures were created in Graphpad Prism and R. Experimental timelines were generated in
BioRender with full permission to publish.

Results
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 Shank3*° mice in adulthood. To control for potential maternal and environmental confounds, analysis
was performed on littermate mice co-housed by genotype. Measures of alpha diversity, which calculates
the richness and evenness of species in a microbial sample®®, show decreased alpha diversity in Shank3<°
mice when calculated by both the Simpson (Fig. 1A — p = 0.01) and Shannon (Fig. 1B — p = 0.03) diversity
indices. This decrease in diversity is apparent when the relative expression of bacterial phyla in the
microbiomes of the two genotypes are qualitatively compared (Fig. 1C). In mammals the most abundant
bacterial phyla in the gut microbiome are the Bacteroidetes and Firmicutes, and their presence and relative
abundance have been tied to the health of the microbiome®. Shank3*° mice have a significant decrease in
the abundance of bacteria from the Firmicutes phylum (Fig. 1D — p = 0.003), and a trend toward increase
in bacteria from the Bacteroidetes phylum (Fig. 1E — p = 0.08). When the ratio of these species from each
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Predicted functional amino acids Glycine, Phenylalanine, and Leucine were increased in Shank3X° mice. All data
consequences of these presented as mean + SEM *p<0.05 **p<0.01 ***p<0.001. n = 6-8 mice per group. Both male and
female mice used in equal ratios.

p < 0.001; all significant by

assessed at each taxonomical

changes were analyzed with
shotgun metagenomics followed by KEGG pathway analysis. From these analyses there were 37 pathways
that met statistical significance (p adj.<0.2). Of these, Fatty Acid (FA) degradation (Fig. 1H p = 0.02) and
phenylalanine metabolism (Fig. 11 p = 0.006) were significantly increased. This is of note as both pathways
are implicated in gut-brain signaling. A full list of pathways altered by genotype can be found in
Supplemental Table 2.

Given that the production of neuroactive metabolites is one of the most likely gut-brain signaling
pathways, targeted metabolomics analysis was performed on levels of short-chain fatty acids (SCFA) and
amino acids from cecal contents of Wt and Shank3X° mice®'®2. Analysis of the three main SCFA, acetate,
propionate, and butyrate demonstrated a significant decrease specifically in acetate in Shank3*° (Fig. 1J —
p =0.03). Analysis of select amino acid metabolites revealed genotype differences in multiple amino acids
including the essential amino acids leucine and phenylalanine (Fig. 1K).

Antibiotic throughout development exacerbates microbial, metabolic, and behavioral
phenotypes in Shank3*° mice.

To further interrogate the effect of the gut microbiome in Shank3 deficient mice, a series of
experiments using antibiotic-induced microbiome depletion (Abx) starting immediately after weaning (~P21)
and continuing through early adulthood (~P60 — Fig. 2A) were conducted. By robustly reducing microbiome
bulk and diversity, the full extent of interaction between Shank3 genotype and microbiome status can be


https://doi.org/10.1101/2020.04.29.065821
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.29.065821; this version posted February 7, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

assessed.
Importantly,
this
intervention
did not affect
body weight
gain over
time (Fig. 2B;
Main effect of
time: F(1_44,
24.40) = 260.0 -
p<0.0001) or
levels of
drinking
across the
experiment
(Fig. 2C; p =
0.35). As
expected,
Abx
treatment
markedly
reduced
diversity of
the
microbiome
using alpha
(Fig- 2D;
Main effect of
Abx - F1,16) =
19.82;
p=0.0004)
and beta
(Fig. 2E)
diversity
measures.
From our
targeted
metabolomics
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Figure 2: Antibiotic Treatment Throughout Development Exacerbates Metabolic and Social Deficits Caused by
Shank3 Deletion (A) Study design for Experiment 1 and mPFC collection. (B) Wild-type and Shank3*® mice show
normal body weight growth over time regardless of genotype or treatment and (C) drink the same amount of control or
Abx treated water. (D) Antibiotics results in marked depletion of microbial diversity in both Wt and Shank3*° mice. (E)
Unweighted PCOA plot of beta diversity shows a marked shift induced by antibiotic treatment in both genotypes. (F)
Levels of Acetic Acid were decreased in control Shank3%©

WT KO

mice and further decreased by Abx treatment. (G) In the three-
chambered social interaction task, Wt-H20 mice spent increased time in the chamber containing the novel social
interactor while Shank3 ¥°-H.0 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. (H) Wt and Shank3X°® mice of both
treatment groups exhibit similar amounts of locomotor activity during a ten-minute open field task. (I) Shank3%° mice
show decreased locomotion in 60-minute open field not affected by antibiotics. (J) No genotype or treatment differences
are seen on time in center of an open field. (K) In the elevated O-maze no significant differences in total time spent in the
open arms in an elevated zero task. (L) Shank3X°-H.O mice display increased frequency of entries into the open arm of
the elevated O-maze. All data presented as mean + SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001]. n = 3-19

analysis levels of acetate are affected by microbiome depletion (Main effect of Abx: F¢1,17) = 12.67; p=0.002)
and that this effect is particularly pronounced in Shank3“° mice (Fig. 2F — Main effect of genotype: F117) =
9.615; p=0.007).

To test how manipulations to microbiome composition would affect Shank3X° behavioral
phenotypes, control and antibiotic treated mice from both genotypes were assessed on a series of well-
established ASD relevant behavioral paradigms. First, on a three chamber social interaction task there was
no main effect of Group (F.108) = 0.21; p=0.89) or Social Stimulus (F1,108) = 0.52; p=0.47), however there
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was a strong Group by Interactor interaction (Fig. 2G - F(3,108) = 6.35; p=0.0005). Pairwise post-hoc testing

demonstrates that Wt mice form the expected preference for the mouse interactor chamber vs the control
cup (2G light blue bars - p = 0.0046), however Wt mice treated with Abx did not express significant social
preference (2G dark blue bars - p = 0.4). Shank3*°-H,O mice showed no baseline social preference as
expected (2G pink bars - p = 0.4), and Shank3X°-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 Shank3X° mice.

Similarly treated mice were then assessed on an open field task. On a ten-minute test there was no
effect on distance travelled (Fig. 2H — All main effects and interactions p > 0.35). When open field activity
was assessed for 60 minutes there was a marked effect of genotype (Fig. 21 — Main effect of genotype:
Fa.s7 = 11.15; p=0.002) consistent with previous reports on this mouse line®. On this measure there was

no significant effect of time spent in the center (Fig. 2J — All p > 0.14) — 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 (Fig. 2K - F(1 53y = 2.7; p =0.11) or treatment
(Fus3) = 2.99; p=0.09). However, Shank3*° mice did show a modest increase in the number of total open
arm entries (Fig. 2L - F(154) = 6.61; p =0.013). Taken 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.

Microbiome depletion
interacts with Shank3
genotype to affect
transcriptional
regulation in medial
prefrontal cortex.
Following
behavioral testing, mice
were rapidly
decapitated and medial
prefrontal cortex
(mPFC) was dissected
for full transcriptomic
profiling via RNA
sequencing (Fig. 2A).
This brain region was
selected as it is known
to be critical for
mediating social
behaviors®*~¢ is
directly affected by
Shank3 deletions®
and is affected by
alterations in
microbiome
composition
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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-H.0 and Shank3X°-H,0O mice. (D) Select pathways
that are predicted to be regulated in Shank3X° mice. (E) Volcano plot of gene expression changes
comparing KO-H20 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-H20 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-H20 controls. n
= 3-6 mice per group. Both male and female mice used in equal ratios.
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with Abx had significant differential expression of 522 genes relative to Wt-H.O controls (Fig. 3A and Supp
table 3), and pathway analysis demonstrated that there were significant upregulations in genes related to
mMRNA translation and intracellular anatomical structures, and downregulation of pathways related to
synaptic signaling and protein folding among others (Fig. 3B). KO mice on control water had differential
expression of a similar number of genes (329 — Fig. 3C) with downregulation of pathways related to
regulation of transcription and metabolic processes (Fig. 3D). Interestingly, the interaction between
genotype and microbiome treatment was not as robust as the behavioral effects seen in Fig. 2G. There
were fewer total regulated genes and less robust pathway mapping in KO-Abx mice than either of the
previous conditions (Fig. 3E/F). All differentially regulated genes and pathway analyses are available as
Supplemental Tables 3-5.

When examined in more granular detail, there were marked contrasts between gene expression
patterns induced by Abx treatment in Wt and KO mice. When the differentially expressed gene lists were
compared, very little overlap was found, with distinct gene expression signatures after antibiotics in each
genotype (Fig. 3G). Gene ontology analysis of the unique Abx-regulated genes in each genotype found
that effects on pathways related to protein metabolism, binding, and cellular anatomy were markedly more
affected in Wt-Abx mice than in Shank3*°-Abx mice (Fig. 3H). Similarly, when Enrichr was used to identify
transcriptional regulators and epigenetic enzymes involved in the two gene sets, there are significantly
different predicted regulators following Abx treatment in the two genotypes (Fig. 31). Taken together, these
findings suggest that Shank3 genotype significantly affects the mPFC transcriptional response to
microbiome depletion and may provide evidence for the discrepant behavioral phenotypes.

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

Given findings of disrupted microbiome composition and function in Shank3*° mice (Fig. 1),
decreased sociability that is exacerbated by microbiome depletion (Fig. 2), and significant effects of both
Shank3 knockout and microbiome depletion on gene expression in the mPFC (Fig. 3), was next
investigated a potential role for gut-derived metabolites that may account for these phenotypes As shown
above, levels of the SCFA acetate are decreased in the cecum of Shank3*© mice, and further diminished
by Abx treatment. SCFA’s are a class of molecules produced almost exclusively by the gut microbiome,
secondary to fermentation of insoluble fibers, and have been shown to play numerous roles in gut brain
signaling®. Acetate in particular is known to inhibit histone deacetylase activity*?, alter gene expression in
the brain and behavioral responses to alcohol*, and play a role in regulating central satiety mechanisms*.
Given such evidence, manipulations to levels of acetate were performed in Shank3“° mice followed by
behavioral assessment to determine its mechanistic function.

For these experiments, both Wt and KO mice were put on the same treatments and time course as
experiments described above, with additional groups treated with Acetate only or Abx+Acetate (Ab/Ac)
(Fig. 4A). To assess effects of Acetate supplementation without microbiome manipulation on behavior,
control water treated groups were directly compared to Acetate groups. 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(129) = 253.0 - p<0.0001) or levels of drinking across the experiment (Supp Fig. 1B p>0.1).
Treatment with Abx again markedly reduced diversity of the microbiome when compared to controls using
beta diversity (Supp Fig 1C) and alpha diversity (Supp Fig 1D and 1E: Simpson Main effect of Abx F(1,1g) =
59.40 - p<0.0001 and Shannon Main effect of Abx F F1,18) = 658.7 - p<0.0001 respectively). Interestingly,
treatment with acetate interacts with genotype to influence microbiome diversity (Supp Fig 1F and 1G:
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Simpson Interaction
F(1,17) = 7.734 -
p<0.01) and Shannon
Interaction F1,17) =
8.927 - p<0.01
respectively) when
compared to control
animals. As
expected, treatment
with acetate did not
reverse Abx effects
on microbiome
diversity (Supp Fig
1H and 11 p >0.3).

In the three-
chamber social
interaction paradigm,
treatment with
Acetate resulted in a
main effect of social
stimulus (Fig. 4B -
F(1,66) =25.90; p <
0.0001) no significant
main effect of group
(Fzee)=0.17; p
=0.91)and a
borderline social
stimulus by group
interaction (F66) =
2.18; p =0.09).
Planned pairwise
Holm-Sidak post hoc
comparisons showed
Wt-H>O mice form a
significant preference
for the social stimulus
(3B blue bars —p =
0.0002) which was
not affected by
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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 2 and mPFC collection. (B) In the three-chambered
social interaction task, Wt-H20 and Wt-Acetate mice spent increased time in the chamber containing the novel
social interactor (blue and green bars). Shank3°-H,O did not show a significant preference for the social
interactor at baseline as previous (pink bars). Acetate treatment rescues this social deficit in Shank3°® mice
(purple bars). (C) Representative Heatmap showing acetate treatment causes Shank3X°® mice to spend more
time in Mouse (M) chamber (Bottom). (D) Acetate treatment also reverses locomotor activity deficit in
Shank3%° on one-hour open field task. (E) No genotype or treatment effects on time spent in center of open
field in a 1-hour test session. (F) Shank3 © have main effect of genotype in time spent in open arms of
elevated zero maze with no interaction with acetate. (G) Shank3 X°-H,O mice display increased frequency of
entries into the open arm, but not those treated with acetate. (H) 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 reverses this phenotype (green bars). Shank3 X°-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). (I) Representative heatmap showing Ab/Ac treatment
causes Shank3X°to spend more time in the Mouse (M) chamber (Bottom). (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 1-hour test session. (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 O-maze compared to Wt-Abx mice. All data
presented as mean + SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. n = 6-19 mice per group. Both
male and female mice used in equal ratios.

acetate supplementation (4B green bars — p = 0.006). As with our previous experiments, KO-H>O mice did

not form a significant preference for the social stimulus (4B 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 (4B purple bars — p = 0.003). Similar effects of acetate were seen on distance traveled in a
1-hour open field task where there were no main effects of treatment or genotype (p > 0.05 for both), but

there was a significant genotype by treatment interaction (F1.43) = 4.11; p =0.04). Post hoc testing shows
that while the KO-H>O mice still exhibit the hypomobile phenotype, this effect is reversed by acetate

supplementation (Fig. 4D).While there were no significant effects of genotype or treatment on time in the
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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(1509) = 4.69; p
=0.03), but no significant effect of treatment or an interaction (p > 0.74 for both). As seen in our initial
cohorts, the frequency of open arm entries was increased by Shank3*© status (Fig. 4G - F(160) = 8.70; p
=0.0045). Interestingly, Post hoc pairwise comparison showed only KO-H>O mice displayed increased open
arm entries compared to Wt-H>O (p = 0.013), but not KO-Acetate mice— suggesting that acetate treatment
may serve to moderate this behavioral phenotype as well.

Next, the effects of acetate supplementation on the behavioral effects of microbiome depletion in Wt
and Shank3*° mice was assessed. In the three chambered social interaction task, treatment with Ab/Ac
resulted in a main effect of interactor (F1,56) = 7.26; p =0.009), no main effect of group (Fs6 = 0.87; p
=0.46), and a strong interactor by group interaction (Fig. 4H - F3s6) = 11.84; p <0.0001). As seen in the
initial cohort, Wt mice treated with Abx did not exhibit significant preference for the social stimulus (4H blue
bars — p = 0.1) and KO-Abx mice exhibited a significant aversion of the social chamber (4H red bars — p =
0.004). However, when mice were treated with antibiotics in combination with acetate, Abx induced social
deficits were completely reversed in both Wt (4H green bars — p < 0.0001) and KO (4H purple bars —p =
0.0003) mice. Importantly, serum metabolomics show a main effect of acetate treatment in increasing
serum acetate with minimal other effects on the metabolome (Supplemental Figure 2)

In the open field task, Ab/Ac treatment did not obviate the genotype effect of decreased locomotion
at one hour (Fig. 4J - F(155 = 9.51; p =0.003), and there were no main effects or interactions on time in
center of the open field (Fig. 4K). When anxiety-like behavior was assessed on the elevated zero maze
there were no main effects or interactions on time in open arms (Fig. 4L), but there was a significant effect
of genotype in increasing number of open arm entries (Fig. 4M - F(143) = 9.26; p =0.004) as well as a main
effect of treatment on reducing the number of open arm entries (F(1.43) = 6.62; p =0.01).

Taken together, these behavioral phenotypes suggest that acetate, which is reduced in Shank3<°
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.

Treatment with acetate induces unique transcriptional patterns in the mPFC

RNA-sequencing on the medial prefrontal cortex was next conducted on mice from the acetate
supplementation study, to identify effects of acetate on central transcriptional regulation. Prolonged
treatment with Acetate or Ab/Ac resulted in robust changes in gene expression in all groups relative to Wt
controls (Fig. 5A-D). Given the ability of acetate treatment to rescue Shank3“° genotype effects on social
behavior, we examined in detail the similarity in gene expression patterns between the two groups following
treatment. Here, we see that there is considerable overlap in the significantly regulated genes in Wt and
Shank3*° mice treated with acetate, but there are hundreds of uniquely regulated genes between the two
genotypes (Fig. 5E). When the fold change of these individual genes was assessed, it is seen that the
genes in common between the two lists were all changed in the same direction (Fig. 5F — Sig Both), and
that most genes significantly regulated in one genotype had the same direction of change in the other
genotype (5F — Sig Wt/KO). Similar patterns of gene overlap and directionality were seen in mice treated
with the combination Ab/Ac treatment (Fig. 5G-H).

To see how treatment with acetate or combination Ab/Ac affected gene regulation pathways
G:Profiler pathway analysis was performed’. Treatment with acetate and Ab/Ac resulted in robust
regulation of metabolic pathways in all groups with a more robust effect seen in Wt mice (Fig. 51 — bottom).
A similar pattern is seen with nuclear and transcription related genes which were robustly significant in Wt
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found that Figure 5: Acetate Replenishment With or Without Antibiotic Treatment on mPFC Gene Expression (A-D)
numerous Volcano plots of all Acetate and Ab/Ac treatment groups relative to Wi-H20 controls. (E) Venn diagram of all genes
L. significantly regulated in Wt-Acetate and KO-Acetate relative to Wt-H20. (F) Heatmap of fold change expression of all
act|V|ty genes from the previous panel. (G) Venn diagram of all genes significantly regulated in Wt-Ab/Ac and KO-Ab/Ac
relative to Wt-H20. (H) Heatmap of fold change expression of all genes from the previous panel. (I) Select pathways
dependent predicted to be enriched in uniquely regulated genes in Wt and KO mice from the four treatment groups. (J) Upstream

transcription
factors (Fos,

regulator analysis of top enriched gene transcription regulators in Wt and KO mice from the four acetate treatment
groups relative to Wt-H20 controls. n = 4-6 mice per group. Both male and female mice used in equal ratios.

Creb) and neurotrophic and gliotrophic factors (BDNF, Csf1) were predicted to be upstream of regulated
genes in these four Acetate and Ab/Ac treated groups (Fig. 5J). Full pathway analyses from these
comparisons are available in Supplemental Tables S5 & S8.

Given the complexity of our sequencing analysis between all groups, we also performed weighted
gene coexpression network analysis (WGCNA)*. This analysis allows for data driven means of identifying
networks of genes that cluster together based on expression in individual treatment types. Fig. 6A presents
the dendrogram separating genes into modules. Associations of specific gene modules with genotype, sex,
Abx or Acetate treatment were performed, and significant associations are highlighted in Fig. 6B. To obtain
more detailed analysis of the gene expression effects of our treatments, we highlight multiple significant
modules. The purple module was found to be negatively associated with both Abx and Acetate treatment.
This association is highlighted on the z-scored heatmap of genes in the module, showing decreased
expression of all purple module genes in all treatment groups (Fig. 6C). This module was significantly
associated with nuclear processes including nucleic acid binding pathways, and RNA metabolic processing
(Fig. 6D). STRING analysis was used to identify the functional connections between resultant gene
products as shown in Fig. 6E, this produces a highly interactive network with interconnections far
exceeding those predicted by chance. Strongly regulated pathways are highlighted in Fig. 6F cloud
diagram.
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Figure 6: Weighted Gene Network Analysis Reveals Molecular Mechanisms Which correlate with Acetate
Replenishment With or Without Antibiotic Treatment (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 and PPI network enrichment for genes in Green Yellow module. n
= 4-6 mice per aroup. Both male and female mice used in equal ratios.

treatment led to regulation of genes associated with synaptic pathways and cellular localization (Fig. 6K-N).
Full pathway analyses from these modules is found in Supplemental Table 9. Taken together these data

demonstrate robust transcriptional effects of acetate in key behaviorally relevant brain regions.

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 the baseline changes in SCFA levels observed in the Shank3° model

to humans, we generated metabolomic data targeting levels of eight SCFA’s including acetate across a
subset of 32 PMS probands (who are heterozygous for the Shank3 gene) and their unaffected controls

(Fig.7A). The main sociodemographic and clinical characteristics of study participants are shown in Table

S11.

PCA analysis comparing PMS probands to controls showed PC1 explained 40.87% of variance in
the data (Fig.S4A). Next, we conducted a primary analysis to look for the effect of genotype (PMS or

control) variant class (mutation or deletion) variant type (frameshift, ring complex or simple deletion) as well
as size of deletion on circulating levels of SCFA (Fig. S4B). We report no significant effect of any of the

above variables on serum levels of SCFA’s, not even when the analysis is conducted in a sex dependent
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significant negative correlation with

L. . Figure 7: Serum Levels of Acetate Correlate with ABC Hyperactivity in Male PMS
ABC hyperaCthlty scores in males Only Patients (A) Study Design: Clinical scores as well as serum was collected from 32
(Fig. 7C n = 13 Adjusted p<0.05). A 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
Signiﬁcant negative correlation of Isobutyric acid and propanoic acid ( n =30) (C) Heatmap showing a significant
between levels of acetate and ABC negative correlation between Vineland Communication scores and levels of Isobutyric
acid and propanoic acid in females only (n =17) and significant negative correlation

Spearman’s correlation confirmed the

hyperactivity in males (R=-0.58

between ABC hyperactivity scores and Acetic Acid levels in males ( n= 13) (D)
p<0.05; Flg. 7D). Taken together, Spearman’s correlation confirming significant negative correlation between levels of

clinical findings Strengthen the acetic acid and ABC hyperactivity in males ( R=-0.5824). *p < 0.05; **p < 0.01
hypothesis that targeting altered levels of SCFAs in PMS patients may help improve specific clinical
measures including communication and hyperactivity.

Discussion

Here we demonstrate that mice lacking all isoforms of the Shank3 gene have marked disruptions of
gut microbiome composition and function at baseline (Fig. 1). Further depletion of the microbiome with
antibiotics leads to reduction in social preference in Wt mice, and further exacerbates the decreased social
preference of Shank3X° mice (Fig. 2). Microbiome depletion is also associated with dysregulation of the
transcriptome of the frontal cortex in both Wt and Shank3*° mice (Fig. 3). Importantly, we find that
Shank3*° mice are deficient in the microbial metabolite acetate, and this deficiency is further exacerbated
by antibiotic treatment (Fig. 2F). Oral treatment with acetate reverses both the Shank3 genotype effects,
and microbiome depletion effects in Wt and Shank3*° mice on the social interaction task (Fig. 4), and
reverses genotype effects on hypolocomotion with modest effects on anxiety like behaviors in Shank3°.
Mice treated with acetate show marked transcriptional changes in the medial prefrontal cortex of both
genotypes, with marked effects on pathways related to synaptic signaling, DNA binding, and metabolism
(Fig. 5). This was particularly evident given robust acetate responsive modules of gene coexpression
identified by WGCNA (Fig. 6). Finally, utilizing samples from a clinical population, we verify that there are
correlations between levels of acetate and specific behavioral phenotypes in patients with Phelan-

McDermid Syndrome — a condition driven by mutations in the Shank3 gene (Fig. 7). Together these
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findings provide additional important mechanistic evidence for gut-brain signaling in ASD.

Dysregulation of microbiome composition in Shank3X° mice

We find that Shank3*° mice display a significant decrease in bacterial diversity of their gut
microbiome with a decrease in the ratio of the two major phyla of bacteria, Firmicutes and Bacteroidetes
(Fig. 1). Greater than 90% of the mammalian microbiome is comprised of bacteria from the Firmicutes and
Bacteroidetes phyla, and changes in the ratio of these phyla are thought to be an important marker of
microbiome dysregulation*’. Shifts in this ratio are associated with behavioral response to social stress*® as
well as with changes in production of the important short chain fatty acid metabolites*. A recent study
utilizing a Shank3 mutant mouse lacking both the a and 8 isoforms of Shank3 also reported a shift in the
ratio of Firmicutes to Bacteroidetes®. However, while this group did find a similar decrease in bacterial
diversity, they found the opposite change in Firmicutes/Bacteroidetes ratio. Similarly, human studies report
some patients with ASD present with a decreased Firmicutes/Bacteroidetes ratio®'*? while others show the
opposite result®®54,

At the genus level we report a decrease in Lactobacillus bacteria across all phylogenetic levels
measured (Fig. 2G). This is in line with two additional studies that utilized a model of Shank3 B deletion
and report specific decreases in bacteria from the Lactobacillus genus in Shank3 B knockout mice®?’.
Additionally, these studies noted that supplementation with the Lactobacillus species L. reuteri was able to
rescue some level of social deficits in the Shank3 B knockout mice. Changes in Lactobacillus were not
noted in the report on Shank3 A/B mice®. Together, our studies lend strength to evidence supporting
reductions in Lactobacillus due to Shank3 mutations and begin to suggest this bacterial group may be an
important component of gut-brain signaling in Shank3 models of ASD.

Changes in bacterial metabolites and functional pathways in Shank3*°

The gut microbiome is a highly metabolically active ecosystem that produces hundreds of
metabolites that are absorbed into circulation®. Some of the strongest evidence for gut-brain signaling
mechanisms is via bacterial production of neuroactive metabolites®”. The most widely studied class of these
metabolites are the SCFA’s, which are produced by bacterial fermentation of fiber. The three most
abundant of these — acetate, butyrate, and propionate - have been shown to be critical for regulation of
blood-brain barrier integrity, microglial function, behavioral response to drugs of abuse, and epigenetic
regulation in the brain?'?243%8 \We found that Shank3*° mice have marked decreases in the SCFA acetate,
an effect that was exacerbated by antibiotic treatment (Figs. 1J, 2F). Acetate is known to function as a
histone deacetylase inhibitor and it serves as a substrate for acetyl-CoA which is necessary for histone
acetylation, thus giving acetate the potential to serve as an important epigenetic regulator. Indeed, recently
published work has demonstrated that gut-derived acetate can affect levels of histone acetylation in the
brain in behaviorally significant ways*.

In addition to changes in SCFA, Shank3*° mice also exhibited increases in levels of multiple amino
acids (Fig. 1K). While functional consequences of these amino acid changes in the pathophysiology of
ASD is not fully clear, there are amino acids of note from our findings. Shank3"© leads to an increase in
levels of phenylalanine, increases in phenylalanine due to inborn errors of metabolism are well known to
produce autism-like behavioral symptoms amongst a constellation of other symptoms in patients with
phenylketonuria®®. While less well studied, changes in serum levels of phenylalanine have also been
reported in patients with idiopathic ASD®.

Moreover, KEGG Orthology metagenomic analysis confirmed an increase in Fatty Acid degradation
(Figs. 1H) and phenylalanine metabolism (Figs. 11) which likely corresponds to the decrease in levels of
acetate and increase in Phenylalanine measured at the metabolite level. Together these findings
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demonstrate a robust change in composition and functional status of the microbiome due to Shank3 gene
deletion.

ASD-like behavioral phenotypes and metabolic profiles are exacerbated by microbiome depletion
and rescued by treatment with acetate in Shank3*°

For these studies we measured effects of genotype and microbiome targeted interventions on social
behavior using the three chambered social interaction task. We find that Shank3*° mice have baseline
deficits in social behavior, and that depletion of the microbiome with antibiotics results in mice of both
genotypes displaying decreased social preference (Fig. 2G). In fact, the Shank3*°-Abx mice exhibited a
significant aversion for the socially paired chamber. This increased behavioral sensitivity to microbiome
depletion in KO mice is further corroborated by metabolomic analysis of serum showing KO mice had a
more exaggerated response to Abx treatment with 51 significantly altered metabolites compared to 19
metabolites in Wt Abx treated mice (Supp Fig. 2C). KO-Abx mice also showed enrichment of the nicotinate
and nicotinamide metabolism pathway (Supp Fig. 2D) a pathway highly implicated in a range of
neuropsychiatric disorders. Given that both Shank3 knockout and antibiotic treatment reduced the SCFA
acetate, we set out to determine if supplementation with acetate via the drinking water could ameliorate
behavioral effects. Indeed, we find that acetate treatment reverses the decreased sociability seen in
Shank3*° mice with an intact microbiome (Fig. 4B,C). Treatment with acetate also reversed the decreases
in sociability due to microbiome depletion in both Wt and Shank3° mice (Fig. 4H,l) as well as normalizing
Abx effects on serum metabolic profile, albeit to a larger extent in KO mice compared to Wt counterparts
(Supp Fig. 2C). These findings are particularly notable given that treatment with a single metabolite takes
Shank3*° Abx treated mice who have a baseline aversion for the social stimulus and returns it to a robust
preference. These effects of microbiome manipulations on sociability are not surprising and there is a
growing literature showing microbiome effects on social behaviors'”'**® however these are among the first
findings to demonstrate that these broad microbiome effects can be reversed via treatment with a single
microbiome derived metabolite.

Differential effects of microbiome depletion and acetate supplementation on cortical gene
expression in Wt and Shank3“° mice.

Previous reports have demonstrated that mice born germ free or with their microbiome altered by
antibiotics have differential gene expression in the brain”*?'. To assess how Shank3 gene deletion might
alter this, we performed RNA-sequencing of the medial prefrontal cortex (PFC). This region was chosen as
it is known regulator of social behavior**, and multiple previous studies have shown it to be sensitive to
depletion of the gut microbiome”#%#'. In our antibiotic only treatment groups, we found that microbiome
depletion led to distinct patterns of gene expression in the two genotypes, with more robust effects on
metabolism, and cytoplasm related genes being seen in the Wt-Abx mice (Fig. 3). 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 more convergence in the number of genes that were regulated in the two genotypes
and greater symmetry in the direction of gene expression changes (Fig. 5E-H). Acetate drove expression in
pathways related to synaptic function, transcription and metabolism and many of the genes that were
altered by acetate treatment are predicted to be downstream of key activity dependent transcription factors
(Fig. 51-J). Gene coexpression network analysis also provided granular insight into acetate sensitive gene
networks and that acetate treatment drove 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 paradigms**©'%2_ Additionally,
acetate can act as a histone deacetylase inhibitor and indirectly influence transcriptional patterns through
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these mechanisms*?*.

Clinical correlates of acetate in patients with Phelan-McDermid Syndrome.

To examine the translational relevance of our findings from the Shank3X°® mouse model, we also
assessed serum levels of acetate in patients diagnosed Phelan-McDermid Syndrome, a condition caused
by mutations in the Shank3 gene, compared to neurotypical controls. Despite not observing any genotype
effects on levels of acetate, which may be due to the low n number of patients in our study. We observe
that levels of acetate exhibit negative correlations with the ABC hyperactivity scale in male patients (Fig.
6D). These findings suggest a potential for use of acetate as a biomarker or therapeutic intervention in
patients with ASD.

Conclusions

Here we utilized a genetically valid model of ASD lacking both copies of the Shank3 gene. We find
that these mice have marked differences in the composition and functional output of their gut microbiome.
Additionally, these mice were 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. These experiments provide important additional data for a gene by microbiome
interaction in the pathophysiology of ASD and have the potential to lead to bench to bedside translational
research in ASD.
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