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Brief Communication

Mice expressing the autism-associated neuroligin-3
R451C variant exhibit increased mucus density and
altered distributions of intestinal microbiota
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Abstract

The intestinal mucus layer protects the host from invading pathogens and is essential for maintaining a healthy mucosal microbial
community. Alterations in the mucus layer and composition of mucus-residing microbiota in people diagnosed with autism may
contribute to dysbiosis and gastrointestinal dysfunction. Although microbial dysbiosis based on sequencing data is frequently reported
in autism, spatial profiling of microbes adjacent to the mucosa is needed to identify changes in bacterial subtypes in close contact
with host tissues. Here, we analysed the spatial distribution of the mucin-2 protein using immunofluorescence as well as total bacteria,
Bacteroidetes, Firmicutes phyla, and Akkermansia muciniphila using fluorescent in situ hybridization in mice expressing the autism-
associated R451C variant in the Neuroligin-3 gene. We show that the Neuroligin-3 R451C variant increases mucus density adjacent to the
distal ileal epithelium in mice. The relative density of total bacteria, Firmicutes, and A. muciniphila was increased whereas the density
of Bacteroidetes was decreased closer to the epithelium in Neuroligin-384>1C mice. In summary, the autism-associated R451C variant in
the Neuroligin-3 gene increases mucus density adjacent to the epithelium and alters microbial spatial distribution in the mouse distal

ileum.
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The intestinal mucus layer demarcates the enteric microbiota
from the interior of the body and serves as the sole source of
energy for mucus-residing bacteria [1]. Individuals with autism
are at high risk of hospitalization due to gastrointestinal (GI)
dysfunction [2], but the cause is unknown. An altered abundance
of mucolytic bacteria and GI dysfunction [3, 4] and changes in the
ratio of Bacteroidetes and Firmicutes phyla in individuals with
autism [5, 6] have been reported. Although microbial dysbiosis
has been identified in autism patients using 16S rRNA sequencing,
spatial localization patterns of bacterial communities within the
intestine have not been reported.

Mice expressing the autism-associated R451C variant encoding
Neuroligin-3 (Nlgn3), a membrane protein located at neuronal
synapses, show GI dysfunction, microbial dysbiosis and reduced
macrophage density in caecum [/, 8]. Expression of Nlgn3 in
most enteric neurons, glial cells [9], and enteroendocrine cells
(Supplementary Fig. 1) suggests that NLGN3 plays an important
role in neurally mediated gut function. The R541C variant reduces
Nlgn3 expression in enteric neurons [9] and could contribute to GI
dysfunction observed in Nign3®*>'¢ mice. Given that the enteric
nervous system (ENS) is involved in maintaining the integrity

of the mucus layer ([10], reviewed in Herath et al., 2020), alter-
ations in the ENS potentially affect mucus properties. However,
the impact of this variant on intestinal mucus density and the
distribution of mucosal microbial communities has not been
investigated.

Here, we investigated the effects of the Nign3 R451C variant
on mucus layer density and the mucosa-associated microbial
community in the mouse ileum. We combined a mucus preser-
vation method (methanol Carnoy’s fixation), mucus immunos-
taining (using MUC2C3) and fluorescent in situ hybridization to
localize bacteria within the mucus layer of the mouse distal
ileum. Using the MATLAB-based BacSpace image analysis plat-
form [11], the spatial distribution of Bacteroidetes and Firmi-
cutes phyla as well as the mucus-degrading species Akkermansia
muciniphila adjacent to the mucosal surface in wild-type (WT)
and Nlgn3**1¢ mice was compared (two-way ANOVA). Firstly, Bac-
Space identifies the epithelial boundary via the spatial gradient
of the DAPI signal, both automatically and manually. The “Sub-
tract debris” tool distinguishes and subtracts microbial fluores-
cence from auto-fluorescent objects like plant material and shed
epithelial cells in mucus. BacSpace calculates the mucus layer
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Figure 1. Ileal mucus layer density variation in the presence of the Nlgn3 R451C variant. Confocal images of transverse sections of the distal ileum in
(A1) WT and NIgn3R4>1€ mutant mice. (A2) Mucus density variation from the mucosal to luminal direction averaged over the length of the epithelium in
WT and Nlgn3®*51€ mutant mice. (A3) Comparison of the average mucus density at the epithelium in WT and Nign3®4>1€ mice. (A4) The average mucus
density comparison at 11 um from the epithelium in WT and Nign3®4>1€ mice. (A5) Low-resolution confocal images of the distal ileun labelled with
the universal bacterial marker EUB338, and DAPI, DNA marker in WT and Nign3®>1¢ mutant mice. Dashed insets: bacterial density in close proximity
to the epithelium. (A6) Spatial distribution profile of total bacteria in WT and Nlgn3®>1€ mutant mice. A6’ (enlarged area of interest indicated by a
rectangle in (A6): Local distribution pattern of bacteria within 20 um from the epithelium. Images captured using a Zeiss LSM800 confocal microscope,
NA 0.8. Data are mean-subtracted and divided by the standard deviation for normalization (n=5 in both groups). **P < .01, scale bar=100 um.

density and bacterial density based on the immunofluorescence
gradient perpendicular to the epithelium, averaging the fluores-
cence signal intensity along the epithelium and normalizing it
by distance from the epithelium into the lumen (Supplementary
Methods 1).

The relative mucus layer density was significantly higher
within 0-20 um from the epithelium in NIgn3**'¢ mice com-
pared to WT (P < .0001). In both WT and NIgn3k*¢ mice,
maximal mucus density was reached approximately 11 um from
the mucus-epithelial border (WT: 0.8440.3, Nign3**1C mice:
2.5540.2, P=.003, Fig. 1A1-A4).

We compared total bacterial, phylum Bacteroidetes, phylum
Firmicutes, and A. muciniphila density profiles from 0 to 20 um
from the epithelial border. The relative total bacterial density
was increased in Nign3®**'¢ mice compared to WT (P <.0001)
(Fig. 1A5 and A6). NIgn3R*1¢ mice showed a lower density of
Bacteroidetes 0-20 um adjacent to the mucosa compared to
WT (P<.0001).) (Fig. 2B1, B2). The density of Firmicutes within
20 um of the epithelial boundary was higher in Nign3*°1¢ mutant
mice compared to WT (P<.0001) (Fig. 2B3, B4). The density of
A. muciniphila, however, was significantly reduced close to the
mucosa (within 10 um of the mucosa), but increased above WT
levels at a greater distance (i.e. further than 10 um from the
epithelium) in Nign3®**1¢ mice (P <.0001) (Fig. 2B5, B6). Overall,
bacterial density and localization patterns immediately adjacent
to the mucosa (i.e. 0-20 um from the mucosal barrier) were
disturbed by the Nign3 R451C variant.

In the intestine, alterations in the mucosal microbiome are
highly likely to occur together with changes in mucus layer
properties because mucolytic bacteria such as A. muciniphila rely
on mucus as the sole source of energy and nutrition. Because
bacterial retention is commonly associated with increased
mucus density [12], mucus accumulation may result in bacterial
retention adjacent to the mucosa in the Nlign3**¢ mouse
ileum. Although no previous studies have assessed the spatial
distribution of bacteria in Nlgn3**°1¢ mice, Earle and coworkers
showed increased bacterial density within 20 pum adjacent to the
distal colon mucosal epithelium in mice fed a diet deficient in
microbiota-accessible carbohydrate compared to controls [11].

An imbalance in fecal Bacteroidetes and Firmicutes phyla
was previously reported in autism [5, 13]. Similar to current
findings in Nign3*IC mice, several studies reported lower
Bacteroidetes:Firmicutes ratios in autism populations [6, 14, 15].

We show that A. muciniphila density is inversely correlated
with mucus density in Nign3®*°1¢ mice. Pores in the mucus allow
bacteria to penetrate the mucus layer and access carbohydrates,
including O-glycan for use as nutrients and energy source [16].
Mucolytic species such as A. muciniphila exclusively feed on mucus
O-glycans [17]; however, expansion of mucus structure is needed
(regulated via pH and calcium levels, reviewed in Herath et al,,
2020) for bacteria to penetrate and access tightly packed gly-
can chains. Impaired mucus expansion in Nign3%*¢ mice might
reduce accessibility to these O-glycans resulting in lower density
of mucolytic bacteria.
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Autism shapes gut microbe location
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Figure 2. The R451C variant drives changes in bacterial localization in the distal ileum. (B1) Representative confocal images of distal ileum labelled
with the BAC303 probe for the phylum Bacteroidetes® and DAPI, a DNA marker for host nuclei in WT and Nlgn38#°1¢ mutant mice. White inset:
Bacterial density adjacent to the epithelium. (B2) Spatial distribution of Bacteroidetes (n=5 WT and n=5 Nign3**>1C mice). (B2") (enlarged area of
interest indicated by black rectangle in B2): Bacteroidetes density within 20 um from the epithelium. (B3) Confocal micrographs of distal ileum
samples labelled with LGC354 FISH probe for the phylum Firmicutes? and DAPI in WT (n=3) and Nign3®41°C mice (n=3). White insets: bacterial density

adjacent to the epithelial boundary. (B4) Spatial distribution of Firmicutes. (B4’) (enlarged area of interest indicated by black rectangle in B4): The
distribution of Firmicutes organization within 20 um of the epithelial boundary. (B5) Confocal micrographs of the distal ileum labelled with MUC1437

probe for a. muciniphila and DAPI, DNA marker in (B5) WT and Nlgn3®4°1€ mice. (B6) Spatial localization of A. Muciniphila in n=4 WT and n=5 Nign3k41¢
mice. (B6') (enlarged area of interest indicated by black rectangle in B6): Akkermansia muciniphila Density from 20 um adjacent to the epithelium.
Images captured using a Zeiss LSM800 confocal microscope, NA 0.8. Data are mean-subtracted and divided by the standard deviation for
normalization. Scale bar=100 um. After nomenclature changes, also known as 1Bacteroidota, ?Bacillota.
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Increased mucus density may lead to bacterial retention adja-
cent to the mucosa and impact overall microbial community
structure and function in Nlgn3R*>¢ mice. Decreased abundance
of Bacteroidetes alongside an increase in Firmicutes is associ-
ated with obesity and metabolic syndrome [18] and can lead
to increased energy harvest from the diet and fat deposition.
A. muciniphila also modulates the immune system, potentially
reducing inflammation and improving immune responses as well
as maintaining gut barrier function [19]. This study indicates
that the Nlgn3 R451C variant impacts mucus layer structure and
composition; however, further work is necessary to elucidate the
resulting microbial community level changes to function and
biological mechanisms underlying neurally mediated mucus reg-
ulation in autism.

Author contributions

M.H. together with E.H.-Y,, J.B,, and A.F. planned and designed the
experiments. M.H. conducted all of the experiments. MH drafted
the manuscript with the guidance of EH.-Y,, JB, and AF. All
authors contributed to the writing and review of the manuscript.

Supplementary material

Supplementary material is available at The ISME journal online.

Conflicts of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest. The authors
declare that there are no competing interests associated with the
manuscript.

Funding

MH received a Melbourne University PhD Stipend. This work
was supported by an Australian Research Council Future Fel-
lowship (FT160100126) and an RMIT Vice Chancellor’'s Senior
Research Fellowship to EH-Y. JB received an NHMRC project grant
(APP1158952).

Data availability

Data supporting this study are openly available at https://doi.
0rg/10.1101/2022.06.27.497808

References

1. Marcobal A, Southwick AM, Earle KA et al. A refined palate:
bacterial consumption of host glycans in the gut. Glycobiology
2013;23:1038-46. https://doi.org/10.1093/glycob/cwt040

2. Mcelhanon BO, Mccracken C, Karpen S et al. Gastrointestinal
symptoms in autism spectrum disorder: a meta-analysis. Pedi-
atrics 2014;133:872-83. https://doi.org/10.1542/peds.2013-3995

3. Luna RA, Oezguen N, Balderas M et al. Distinct microbiome-
neuroimmune signatures correlate with functional abdominal
pain in children with autism spectrum disorder. CMGH 2017;3:
218-30. https://doi.org/10.1016/j jcmgh.2016.11.008

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Wang L, Christophersen CT, Sorich MJ et al. Low relative abun-
dances of the mucolytic bacterium Akkermansia muciniphila
and Bifidobacterium spp. in feces of children with autism.
Appl Environ Microbiol 2011;77:6718-21. https://doi.org/10.1128/
AEM.05212-11

Strati F, Cavalieri D, Albanese D et al. New evidences on the
altered gut microbiota in autism spectrum disorders. Microbiome
2017;5:24. https://doi.org/10.1186/s40168-017-0242-1

Tomova A, Husarova V, Lakatosova S et al. Gastrointestinal
microbiota in children with autism in Slovakia. Physiol Behav
2015;138:179-87. https://doi.org/10.1016/j. physbeh.2014.10.033
Hosie S, Ellis M, Swaminathan M et al. Gastrointestinal dys-
function in patients and mice expressing the autism-associated
R451C mutation in neuroligin-3. Autism Res 2019;12:1043-56.
https://doi.org/10.1002/aur.2127

Lee CYQ, Balasuriya GK, Herath M et al. Impaired cecal motility
and secretion alongside expansion of gut-associated lymphoid
tissue in the Nlgn3(R451C) mouse model of autism. Sci Rep
2023;13:12687. https://doi.org/10.1038/s41598-023-39555-y
Herath M, Cho E, Franks AE et al. Quantitative spatial analysis
of neuroligin-3 mrna expression in the enteric nervous system
reveals a potential role in neuronal-glial synapses and reduced
expression in Nign3R451C mice. Biomol Ther 2022;13:1063.
Specian RD, Neutra MR. Mechanism of rapid mucus secretion
in goblet cells stimulated by acetylcholine. JCB 1980;85:626-40.
https://doi.org/10.1083/jcb.85.3.626

Earle KA, Billings G, Sigal M et al. Quantitative imaging of gut
microbiota spatial organization. Cell Host Microbe 2015;18:478-38.
https://doi.org/10.1016/§.chom.2015.09.002

Dorsey J, Gonska T. Bacterial overgrowth, dysbiosis, inflam-
mation, and dysmotility in the cystic fibrosis intestine. JCF
2017;16:S14-23. https://doi.org/10.1016/1.jcf.2017.07.014

Gibiino G, Lopetuso LR, Scaldaferri F et al. Exploring bac-
teroidetes: metabolic key points and immunological tricks of
our gut commensals. Dig Liver Dis 2018;50:635-9. https://doi.
0rg/10.1016/j.d1d.2018.03.016

Williams BL, Hornig M, Buie T et al. Impaired carbohy-
drate digestion and transport and mucosal dysbiosis in the
intestines of children with autism and gastrointestinal distur-
bances. PLoS One 2011;6:€24585. https://doi.org/10.1371/journal.
pone.0024585

Zhang M, Ma W, Zhang J et al. Analysis of gut microbiota pro-
files and microbe-disease associations in children with autism
spectrum disorders in China. Sci Rep 2018;8:13981. https://doi.
0rg/10.1038/541598-018-32219-2

Johansson ME, Larsson JM, Hansson GC. The two mucus layers of
colon are organized by the MUC2 mucin, whereas the outer layer
is a legislator of host-microbial interactions. PNAS 2011;108:
4659-65. https://doi.org/10.1073/pnas. 1006451107

Derrien M, Vaughan EE, Plugge CM et al. Akkermansia muciniphila
gen. Nov, sp. nov, a human intestinal mucin-degrading
bacterium. JSEM 2004;54:1469-76. https://doi.org/10.1099/ijs.0.
02873-0

Chakraborti CK. New-found link between microbiota and obe-
sity. WJGP 2015;6:110-9. https://doi.org/10.4291/wjgp.v6.14.110
Zheng M, Han R, Yuan Y et al. The role of Akkermansia muciniphila
ininflammatory bowel disease: current knowledge and perspec-
tives. Front Immunol 2023;13:1089600. https://doi.org/10.3389/
fimmu.2022.1089600

© The Author(s) 2025. Published by Oxford University Press on behalf of the International Society for Microbial Ecology. This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/

By/40), which permits unrestricted reuse,distribution, and reproduction in any mediur, provided the original work T properly cited
2 i

e ISME Journal, 2025, 19(1), wraf037
https://doi.org/10.1093/ismejo/wraf037
Brief Communication


https://academic.oup.com/ismej/article-lookup/doi/10.1093/ismejo/wraf037#supplementary-data
https://doi.org/10.1101/2022.06.27.497808
https://doi.org/10.1101/2022.06.27.497808
https://doi.org/10.1101/2022.06.27.497808
https://doi.org/10.1093/glycob/cwt040
https://doi.org/10.1093/glycob/cwt040
https://doi.org/10.1093/glycob/cwt040
https://doi.org/10.1093/glycob/cwt040
https://doi.org/10.1093/glycob/cwt040
https://doi.org/10.1542/peds.2013-3995
https://doi.org/10.1542/peds.2013-3995
https://doi.org/10.1542/peds.2013-3995
https://doi.org/10.1542/peds.2013-3995
https://doi.org/10.1016/j.jcmgh.2016.11.008
https://doi.org/10.1016/j.jcmgh.2016.11.008
https://doi.org/10.1016/j.jcmgh.2016.11.008
https://doi.org/10.1016/j.jcmgh.2016.11.008
https://doi.org/10.1016/j.jcmgh.2016.11.008
https://doi.org/10.1128/AEM.05212-11
https://doi.org/10.1128/AEM.05212-11
https://doi.org/10.1128/AEM.05212-11
https://doi.org/10.1128/AEM.05212-11
https://doi.org/10.1186/s40168-017-0242-1
https://doi.org/10.1186/s40168-017-0242-1
https://doi.org/10.1186/s40168-017-0242-1
https://doi.org/10.1186/s40168-017-0242-1
https://doi.org/10.1016/j.physbeh.2014.10.033
https://doi.org/10.1016/j.physbeh.2014.10.033
https://doi.org/10.1016/j.physbeh.2014.10.033
https://doi.org/10.1016/j.physbeh.2014.10.033
https://doi.org/10.1016/j.physbeh.2014.10.033
https://doi.org/10.1002/aur.2127
https://doi.org/10.1002/aur.2127
https://doi.org/10.1002/aur.2127
https://doi.org/10.1002/aur.2127
https://doi.org/10.1038/s41598-023-39555-y
https://doi.org/10.1038/s41598-023-39555-y
https://doi.org/10.1038/s41598-023-39555-y
https://doi.org/10.1038/s41598-023-39555-y
https://doi.org/10.1038/s41598-023-39555-y
https://doi.org/10.1083/jcb.85.3.626
https://doi.org/10.1083/jcb.85.3.626
https://doi.org/10.1083/jcb.85.3.626
https://doi.org/10.1083/jcb.85.3.626
https://doi.org/10.1016/j.chom.2015.09.002
https://doi.org/10.1016/j.chom.2015.09.002
https://doi.org/10.1016/j.chom.2015.09.002
https://doi.org/10.1016/j.chom.2015.09.002
https://doi.org/10.1016/j.chom.2015.09.002
https://doi.org/10.1016/j.jcf.2017.07.014
https://doi.org/10.1016/j.jcf.2017.07.014
https://doi.org/10.1016/j.jcf.2017.07.014
https://doi.org/10.1016/j.jcf.2017.07.014
https://doi.org/10.1016/j.jcf.2017.07.014
https://doi.org/10.1016/j.dld.2018.03.016
https://doi.org/10.1016/j.dld.2018.03.016
https://doi.org/10.1016/j.dld.2018.03.016
https://doi.org/10.1016/j.dld.2018.03.016
https://doi.org/10.1016/j.dld.2018.03.016
https://doi.org/10.1371/journal.pone.0024585
https://doi.org/10.1371/journal.pone.0024585
https://doi.org/10.1371/journal.pone.0024585
https://doi.org/10.1371/journal.pone.0024585
https://doi.org/10.1371/journal.pone.0024585
https://doi.org/10.1038/s41598-018-32219-2
https://doi.org/10.1038/s41598-018-32219-2
https://doi.org/10.1038/s41598-018-32219-2
https://doi.org/10.1038/s41598-018-32219-2
https://doi.org/10.1073/pnas.1006451107
https://doi.org/10.1073/pnas.1006451107
https://doi.org/10.1073/pnas.1006451107
https://doi.org/10.1073/pnas.1006451107
https://doi.org/10.1099/ijs.0.02873-0
https://doi.org/10.4291/wjgp.v6.i4.110
https://doi.org/10.4291/wjgp.v6.i4.110
https://doi.org/10.4291/wjgp.v6.i4.110
https://doi.org/10.4291/wjgp.v6.i4.110
https://doi.org/10.4291/wjgp.v6.i4.110
https://doi.org/10.4291/wjgp.v6.i4.110
https://doi.org/10.3389/fimmu.2022.1089600
https://doi.org/10.3389/fimmu.2022.1089600
https://doi.org/10.3389/fimmu.2022.1089600
https://doi.org/10.3389/fimmu.2022.1089600
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/ismejo/wraf037

	 Mice expressing the autism-associated neuroligin-3 R451C variant exhibit increased mucus density and altered distributions of intestinal microbiota
	Author contributions
	Supplementary material
	Conflicts of interest
	Funding
	Data availability


