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ABSTRACT

Increasing reports of pregnancy events leading to maternal microbiome dysbiosis (MMD) show strong correlates
with atypical neurodevelopmental outcomes. However, the mechanism(s) driving microbiome-mediated beha-
vioral dysfunction in offspring remain understudied. Here, we demonstrate the presence of a novel gut com-
mensal bacterium strain, Lactobacillus murinus HU-1, was sufficient to rescue behavioral deficits and brain re-
gion-specific microglial activation observed in MMD-reared murine offspring. We further identified a postnatal
window of susceptibility that could prevent social impairments with timed maternal administration of the
symbiotic bacterium. Moreover, MMD increased expression of microglial senescence genes, Trp53 and 118, and
Cx3crl protein in the prefrontal cortex, which correlated with dysfunctional modeling of synapses and ac-
companied dysbiosis-induced microglial activation. MMD male offspring harboring Lactobacillus murinus HU-1 or
lacking Cx3cr1 showed amelioration of these effects. The current study describes a new avenue of influence by
which maternally transferred Lactobacillus drives proper development of social behavior in the offspring through

microglia-specific regulation of Cx3crl signaling.

1. Introduction

An emerging evidence base of large-scale, retrospective epidemio-
logical studies on pregnancy risk factors for neurodevelopmental dis-
orders have converged on acute fever, severe infections, and broad
spectrum antibiotic use as significant correlates of mental disorders,
such as autism and schizophrenia (Al-Haddad et al., 2019; Atladottir
et al., 2012; Jiang et al., 2016; Lee et al., 2015; Lydholm et al., 2019).
Acute fever and severe infections during pregnancy are directly at-
tributed to maternal immune activation and subsequent disruptions to
fetal development, including that of the central nervous system (Choi
et al., 2016; Mortensen et al., 2007; Smith et al., 2007). Meanwhile,
antibiotics represent the most prescribed medication during pregnancy
and early postpartum periods (Andrade et al., 2004). These factors are
hypothesized to disrupt maternal microbiota and influence the critical

microbial inoculum that is transferred from mother to child. However,
the exact nature of the relationship between bacteria-related micro-
biome dysbiosis and atypical neurodevelopment remains unclear.
Under typical conditions, symbiotic bacteria in the gut, vagina, skin,
and breast are uniquely consolidated around specific groups (e.g.,
Lactobacillus) and these specialized microbial environments are thought
to be necessary for maintaining immune balance and for priming the
naive immune system (Backhed et al., 2015; Nuriel-Ohayon et al., 2016;
Sharon et al., 2016; Vuong et al., 2017). Accordingly, germ-free con-
ditions result in the aberrant development of resident microglia in the
brain, which can be rescued by restoring a complex microbiota (Erny
et al., 2017; Hammond et al., 2018). These effects have been postulated
to have a major impact on microglial functions, including maintenance
of synapses and control of neuroinflammation. Moreover, these findings
suggest the gut-brain axis is central in supporting normal neuron-
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microglia communication. Recent studies also demonstrate that Lacto-
bacillus species can correct social impairments in several mouse models
of autism due to afferent vagal nerve regulation of brain regions in-
volved in social reward (Sgritta et al., 2019). The exact mechanism(s) of
action underlying the role of gut microbiota on social development
remains unclear.

Animal models of gut dysbiosis, whether due to reduced bacterial
diversity or complete germ-free status, indicate that the microglia in the
adult offspring show aberrations with respect to morphology, func-
tionality, and expression of inflammatory genes (Erny et al., 2015;
Matcovitch-Natan et al.,, 2016; Thion et al., 2018). Adult offspring
reared under altered gut microbial conditions exhibit behavioral
anomalies likened to autism-like symptoms, such as a lack of social
preference (Leclercq et al., 2017; Tochitani et al., 2016). Importantly,
microglial and behavioral anomalies could be rescued in adult mice
with microbiome dysbiosis following re-introduction of healthy gut
microbiota and/or mono-colonization with a symbiotic bacterium, such
as Lactobacillus (Diaz Heijtz et al., 2011; Erny et al., 2015; Jang et al.,
2018). While these studies highlight microbiota effects in adult brain
and behavior, little is known about the cellular and molecular me-
chanism(s) regulating these changes during perinatal development and
whether they can be similarly rescued through probiotic interventions.

A cross-disciplinary examination of studies from gut immunology
and neurodevelopment suggests a potential avenue of microbiota-gut-
brain signaling via the chemokine receptor, Cx3crl, which is expressed
on macrophages, natural killer cells, and certain subsets of T cells and
dendritic cells (Panek et al., 2015). In the brain, Cx3crl is primarily
expressed on microglia where it serves as the specific receptor for
neuronally expressed Cx3cll (fractalkine), a transmembrane glycopro-
tein that can be released by neurons after proteolytic cleavage under
cytotoxic or other stimuli (Paolicelli et al., 2014). A major form of cross-
talk between microglia and neurons in the brain is the Cx3crl-Cx3cll
pathway, which is instrumental in regulating synaptic pruning and
limiting microglial activation. Interestingly, neuronal fractalkine ex-
pression is regionally restricted to areas of the brain known to regulate
social behavior, such as the cortex, hippocampus, and amygdala. Due to
the emerging role that Cx3crl plays in both the gut and brain, it re-
presents an important pathway to evaluate microglia-neuron interac-
tions in response to dysbiosis in the context of neurodevelopment
(Dorfman et al., 2017; Verheijden et al., 2015).

In the present study, we developed an antibiotics-based bacterial
depletion model of maternal microbiota dysbiosis (MMD) with which to
study neurobehavioral development and microglial responses in the
offspring. Notably, we identified a novel postnatal window of suscept-
ibility where social deficits and microglial activation observed in MMD
offspring can be prevented with timed administration of a symbiotic,
antibiotic-resistant gut bacterium, Lactobacillus murinus HU-1
(MMD"*“*®), We further show that MMD-induced microglial activation
is accompanied by increased expression of senescence genes, Trp53 and
1116, and microglia-specific Cx3crl protein in the prefrontal cortex, the
loss of which (Cx3cr1€¥*/C") also rescued MMD-induced social and
microglial dysfunction. Our novel findings demonstrate that maternal
gut dysbiosis mediates dysregulation of key cellular and molecular
pathways that regulate social behavior in murine offspring.

2. Results

2.1. Model of maternal microbiome dysbiosis (MMD) and treatment with L.
murinus HU-1

To determine whether disrupting the maternal gut microbiome in-
fluences neurobehavioral outcomes in the offspring, we utilized an
antibiotics-based model of maternal microbiome dysbiosis (MMD) by
administering an antibiotic cocktail via drinking water to both female
and male mice one week prior to breeding and producing offspring for
behavioral and histological assessments (Fig. 1A). MMD mice were
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maintained on antibiotic drinking water throughout gestation and
parturition until time of offspring weaning at postnatal day 21 (P21).
Due to previous evidence of neuroprotective effects of probiotics, such
as Lactobacillus rhamnosus JB-1 (Leclercq et al., 2017) and L. reuteri
(Sgritta et al., 2019) in adult mice, we added a second group of MMD
mice that were pretreated with an oral dose of our lab-generated strain
of commensal gut bacterium, L. murinus HU-1. L. murinus HU-1 is an
antibiotic-resistant strain of L. murinus, a common gut bacterium found
in many mammal species with potential probiotic applications
(Gardiner et al., 2004; Greetham et al., 2002; Vasconcelos et al., 2003).
It is a key component of the Altered Schaedler Flora that is genetically
similar to other food fermenter bacteria, such as L. animalis (Fig. 1B)
(Sarma-Rupavtarm et al., 2004; Schaedler et al., 1965; Wymore Brand
et al., 2015). To examine the effects of L. murinus HU-1 on the neuro-
developmental outcomes following MMD exposure, mice were treated
for three days with L. murinus HU-1 via oral gavage prior to the onset of
MMD (MMD"***°) while the control untreated groups were maintained
under conventional specific pathogen-free housing (CONV) (Fig. 1A).

MMD status was evident in the enlarged cecum size of MMD dams
compared to CONV, which indicated the inability to properly break
down food fibers due to gut dysbiosis. MMD"***® dams also exhibited
enlarged cecum sizes which demonstrated the presence of L. murinus
HU-1 was insufficient to fully restore the gut microbiota to a conven-
tional state (Fig. 1C). MMD and MMD"*“‘ status was regularly tested in
breeding mice for the presence of 16s rRNA and L. murinus, respectively
(Supplemental Fig. 1A). Next, 16s rRNA sequencing of maternal fecal
bacteria was performed to assess the impact of MMD on gut microbiota
composition. At the phylum level, CONV and MMD"***® dams shared
similar gut microbial composition primarily consisting of Firmicutes and
Bacteroidetes bacteria, whereas MMD dams were characterized pre-
dominantly by Proteobacteria (Fig. 1D). At the genus level, however,
MMD"*® dams exhibited a distinct microbial profile from CONV dams
with comparatively low diversity of bacteria genera and primarily
consisted of Lactobacillus and Parabacteroides, which was replicated in
microbial profiles of male offspring at P21 (Supplemental Fig. 1B).
Although RT-PCR of MMD dams’ fecal bacteria showed near complete
depletion of gut bacteria (Supplemental Fig. 1A), deep sequencing
identified numerous genera of bacteria in MMD dams’ feces that can be
characterized as environmental bacteria with pathogenic potential
(e.g., Xanthomonadaceae and Acinetobacter) (LaSala et al., 2007; Wong
et al., 2017). These treatment-specific differences in maternal micro-
biota were consistent in dams and offspring across different mouse
strains (outbred CD-1 versus inbred Cx3cr1®™/¢™) (Fig. 1D and
Supplemental Fig. 1B).

Recent studies of the gut-brain axis revealed that gut bacteria-de-
rived metabolites likely serve neuroactive roles and are capable of
passing the placental and blood-brain barriers to modulate neural
function and behavior (Braniste et al., 2014; Erny et al., 2015; Sampson
and Mazmanian, 2015; Vuong et al., 2017). To test whether MMD status
during pregnancy may influence expression of gut bacteria-related
metabolites, we performed chemical analysis of CD-1 maternal feces via
gas chromatography. We found a significant reduction in three promi-
nent gut bacteria-derived metabolites (acetic acid, propionic acid, and
butyric acid) in both MMD (7.818 * 1.471 mmol/L, 0.0 *= 0.0 mmol/
L, 0.0 = 0.0 mmol/L, respectively) and MMDLacte
(9.761 = 1.058 mmol/L, 0.0 = 0.0 mmol/L, 0.0 = 0.0 mmol/L, re-
spectively) compared to CONV (25.63 = 4.315mmol/L,
4.558 + 1.291 mmol/L, 4.592 + 1.580 mmol/L, respectively)
(Fig. 1E-G). Interestingly, MMD dams exhibited a significant increase in
isovaleric acid (0.02 + 0.01 mmol/L) compared to MMD"<
(0.0 £ 0.0mmol/L) and CONV (0.0 £ 0.0mmol/L) (Fig. 1H).
Whereas both MMD and MMD"****° dams displayed increased levels of
isocaproic acid (0.391 *= 0.125mmol/L and 0.598 + 0.219 mmol/L)
and heptanoic acid (20.69 = 3.602 mmol/L and 17.78 = 1.09 mmol/
L) compared to CONV dams (0.0 = 0.0mmol/L.  and
6.888 + 1.432mmol/L, respectively) (Fig. 1I and J). These findings
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Fig. 1. Maternal microbiome dysbiosis (MMD) results in distinct maternal gut microbiome profiles. (A) Study design schematic for treatment times, breeding, and
offspring assessment for conventionally-housed dams (CONV), antibiotics-treated dams (MMD), and MMD dams pre-treated with Lactobacillus murinus HU-1
(MMD"*“°) in two strains, CD-1 and Cx3cr1-GFP breeders. (B) Phylogenetic tree of lab-generated L. murinus HU-1 with nearest-neighbor analysis indicate closest
similarity to food fermenting species, L. animalis. (C) MMD dams at time of offspring weaning exhibit enlarged cecum size compared to CONV and MMD"*“*® dams.
(D) Relative abundance of maternal fecal bacteria shows similarity between CONV and MMD"*“"°-treated dams at the phylum level regardless of mouse strain with
predominantly Firmicutes and Bacteroidetes bacteria, whereas MMD dams show Proteobacteria abundance (n = 3 dams per group). (E-J) Maternal fecal levels of short-
chain fatty acids, acetic acid, propionic acid, butyric acid, isovaleric acid, isocaproic acid, and heptanoic acid, respectively. (n = 7-8 dams per group). *P < 0.05,

**P < 0.05, and ***P < 0.001.

demonstrate MMD induced significant remodeling of the maternal gut
microbiota and resulted in altered production of key gut bacteria-de-
rived metabolites. The presence of L. murinus HU-1 during MMD
treatment partially prevented maternal gut dysbiosis, but could not
recover altered production of most bacterial metabolites.

2.2. L. murinus HU-1 attenuates MMD-induced social deficits in offspring

To evaluate whether MMD status influences postnatal (P) offspring
behavior, a battery of developmental tests on CD-1 neonatal pups were
performed at P1, P11, and at weaning on P21. These dates were se-
lected to provide longitudinal measurements across three distinct time
points in murine postnatal development (Chen et al., 2017; Theiler,
1972). Both male and female pups from the first litter of each experi-
mental dam were tested for physical, reflexive, gross motor, and social
milestones. Four to six individual dams were used per experimental
group with an average of 9 pups per litter, totaling approximately 45

pups tested per group. At P1, neonatal pups weighed and performed
similarly in cliff aversion and negative geotaxis tests regardless of the
treatment group (Fig. 2A-C). However, offspring born to MMD dams
showed reduced righting ability compared to CONV and MMD"<t°
offspring (Fig. 2D). While no significant weight differences or righting
ability were found at P11 across treatment groups (Fig. 2E, H), MMD
offspring showed deficits in cliff aversion and negative geotaxis tests
compared to CONV and MMD"° (Fig. 2F and G). These atypical
findings were corrected by P21, as pups performed similarly in all three
behavioral tests regardless of treatment (Fig. 2I-L). However, differ-
ences arose with respect to the three-chamber social test wherein MMD
offspring exhibited a lack of social preference compared to CONV and
MMD"** offspring (Fig. 2M).

Given that the prenatal presence of L. murinus HU-1 (MMD"*“®®) can
reverse the postnatal behavioral deficits observed in MMD offspring, we
sought to identify whether this was temporally restricted. To ascertain
this, MMD dams were re-conventionalized at parturition by placing
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Fig. 2. MMD results in offspring with gross motor developmental delays and impaired social behavior that are attenuated in the presence of L. murinus HU-1. (A-D) At
P1, MMD offspring show significant deficit in righting reflex test, whereas MMD"**'° perform similarly to CONV. (E-H) At P11, MMD offspring exhibit new deficits in
cliff aversion and negative geotaxis tests, whereas MMD"**'° remain comparable to CONV. (I-L) At P21, previous gross motor deficits are recovered in MMD offspring.
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***P < 0.001.
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them inside conventional housing (MMD °NV) while a separate group
of MMD dams were placed in conventional housing and provided a
single oral dose of L. murinus HU-1 bacterium (MMDCONY*kacto)
(Supplemental Fig. 2A). Gut microbiota and L. murinus HU-1 re-
colonization were confirmed using RT-PCR (Supplemental Fig. 2B).
Although MMD®°NV fecal DNA analysis showed recolonization with
bacteria by 16s rRNA as early as 2 days following re-conventionaliza-
tion, L. murinus could not be detected until 60 days later. In contrast,
MMDCONV*1Lacto foca] DNA analysis showed immediate recolonization
with 16s rRNA and L. murinus at 3 days following re-conventionaliza-
tion (Supplemental Fig. 2B). Offspring from recolonized MMD dams
were then evaluated against the same battery of behavior tests as de-
scribed above. Neither recolonization strategies fully corrected the
atypical behaviors induced by MMD at P1 or P11 (Supplemental
Fig. 2C-E). Although the MMD“NV pups displayed the same social
deficits as MMD pups at P21, the MMD®ONV *1act nyps showed ameli-
oration of social dysfunction (Fig. 2N). Finally, we show no gross dif-
ference in cortical thickness between the treatment groups at P21
(Fig. 20-R). These findings suggest postnatal gut-brain axis dysregu-
lation is a major driver of the development of social impairments in
mice and that postnatal microbiota recolonization required the pre-
sence of L. murinus HU-1 to restore typical social behavior.

2.3. L. murinus HU-1 rescues MMD-induced microglial morphological
changes and Cx3cr1 alterations in the prefrontal cortex

Next, we asked whether the social deficits found in MMD offspring
correlated with impaired microglia morphology and Cx3crl expression.
To visualize the morphology of microglia in the brain, we stained serial
coronal sections and performed confocal image analysis of the pre-
frontal cortex of male Cx3cr1®"™* offspring at P21 from CONV, MMD,
and MMD"*“*° breeders (Fig. 3A-C, respectively), which express green
fluorescent protein in microglia of the brain. Compared to CONV and
MMD'"“*°, MMD microglia exhibited highly dystrophic, fragmented
processes and spheroid soma indicative of cytoplasmic deterioration
and atrophy (Fig. 3B) (Streit et al., 2014). This dystrophic state did not
correlate with greater overlap or co-labeling of GFP and neurite process
marker neurofilament (Fig. 3B1-3) indicating these cells are not ac-
tively engulfing neuronal elements. Moreover, staining for Cx3crl re-
vealed increased expression in the soma and processes of microglia of
MMD offspring brains (Fig. 3E, I) compared to CONV (Fig. 3D, I) and
MMD"*“*® (Fig. 3F, I). Together, these data show MMD treatment in-
duced dystrophic morphology in MMD microglia, which may be the
direct result of Cx3crl overexpression and impaired functional state.

2.4. MMD induces significant gene expression changes in cortical microglial

In an effort to elucidate how the presence of L. murinus HU-1 mi-
tigated behavioral and microglial changes in MMD offspring, GFP™*
microglia were purified by FACS from the cortices of P22 Cx3cr1™/*
heterozygous male offspring reared from MMD, MMD"***°, and CONV
dams followed by RNAseq analysis. Comparative analysis found a small
number of differentially-expressed genes from MMD and MMD"“<*
offspring with an even smaller set of heterogeneous genes shared be-
tween the two treatment groups (Fig. 4A and B) (Hulsen et al., 2008).
Gene ontology enrichment analysis of MMD cortical microglia genes
again showed a heterogeneous assortment of upregulated and down-
regulated genes with the largest grouping of genes related to metabolic
processes (Fig. 4C and D) (Carmona-Saez et al., 2007; Nogales-Cadenas
et al., 2009; Tabas-Madrid et al., 2012). Of these, MMD upregulated
genes, such as Acotl in acyl-CoA degradation, represented opposing
biological processes of downregulated genes, such as Acsl6 in acyl-CoA
synthesis. MMD"***® microglia also predominantly expressed genes re-
lated to metabolic processes, but frequently in the opposite manner of
MMD. For example, while Hdhd3, Rnfl9a, Fn3k, Tst, and Car4 were
downregulated in MMD microglia, the same genes were significantly
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upregulated in MMD"*“*® microglia (Supplemental Fig. 3) (Mi et al.,
2019).

Prior studies using the maternal immune activation model sug-
gested microglial inflammation as the key driver of dysfunction
(Hammond et al., 2018; Lenz and Nelson, 2018). However, our model
of MMD appeared to induce microglial effects beyond immune sig-
naling, including expression of genes relevant to cell cycle, senescence,
and cell aging. Closer examination of target genes by qPCR provided
further validation and emphasized the increased differential expression
of 113 (Fig. 4E), Ccr3 (Fig. 4F) and Trp53 (Fig. 4G), while reduced
expression was seen for Hdac5 (Fig. 4H), Clqc (Fig. 4I) and Cd68
(Fig. 4J) in MMD microglia compared to CONV and MMD"*“*°, These
results support our RNAseq findings and suggest that MMD conditions
may induce an immune-mediated senescent phenotype in microglia.

2.5. MMD-induced expression of CD68 is attenuated by L. murinus HU-1
and loss of Cx3crl

We further examined the functional state of microglia following
MMD in the presence and absence of L. murinus HU-1 treatment by
staining for CD68, a lysosomal protein implicated in antigen processing
by macrophages and a marker for microglial activation (Chistiakov
et al., 2017; Korzhevskii and Kirik, 2016). Importantly, given the
overexpression of Cx3crl found on MMD microglia, which is restored in
MMD"*°, we sought to evaluate whether loss of Cx3crl may affect
these changes. Therefore, we utilized Cx3cr1®*/¢** knockout and
Cx3cr1®™/* heterozygous P22 male offspring reared from CONV,
MMD, and MMD® breeders. Serial coronal sections were evaluated
for GFP*/CD68* immunoreactivity and quantified in the cortex and
hippocampal regions due to their associations with complex behaviors
that frequently underlie neurodevelopmental disorders (Edmonson
et al., 2014; Gacias et al., 2016; Morgan et al., 2010). Non-biased ste-
reology showed no quantifiable differences in the total number of GFP*
microglia across treatments and genotypes. However, the number of
GFP™*/CD68™ cells was significantly increased in the parietal (Fig. 5A)
and prefrontal cortex (Fig. 5C) of Cx3cr1®*™* MMD compared to
Cx3cr1“*™™* CONV mice at multiple bregma levels (Supplemental
Fig. 4). Hippocampal regions largely did not exhibit differences across
treatment groups, except at bregma — 2.6 in which MMD mice showed
increased GFP*/CD68% cells compared to CONV (Fig. 5B and
Supplemental Fig. 4). Importantly, this effect was abrogated in
Cx3cr1™/S*P knockout mice and in mice treated with L. murinus HU-1.
Similar findings were found when analyzing the proportion of GFP*
cells that were CD68™" versus CD68" (Fig. 5D-I). While similar assess-
ment of the total numbers of prenatal GFP™ and CD68*/GFP* mi-
croglia at E17 did not show any significant changes following MMD
(Supplemental Fig. 5A), both MMD and MMD"“* treated Cx3cr1™/*
pups showed increased proportions of CD68* /GFP* versus CD68 "/
GFP™ cells compared to CONV or Cx3cr1®™ ¢*? knockout treated mice
(Supplemental Fig. 5B), and suggest the rescue effects by L. murinus HU-
1 are due to mechanism(s) present after the gut becomes colonized by
bacteria following birth. Collectively, our data indicate MMD drives
microglial activation in specific brain regions, which are highly regu-
lated by Cx3crl signaling.

2.6. Cx3cr1 signaling mediates MMD-induced social deficits and PSD-95
cortical expression

Lastly, we evaluated whether the effects of Cx3crl loss-of-function
on preventing MMD deficits in microglia correlated with changes in
social behavior. We found Cx3cr1®™* MMD mice replicated the social
deficits previously observed in CD-1 MMD offspring and also showed
restored social preference in the presence of L. murinus HU-1. Both male
and female offspring were tested from 4 to 5 individual dams per ex-
perimental group with an average of 7 pups per litter and approxi-
mately 29.5 pups per group. Interestingly, loss of Cx3crl attenuated
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social deficits induced by MMD (Fig. 6A). Furthermore, sex-specific
analysis of social preference behavior in Cx3cr1®*/* mice indicated
similar pattern between male and female offspring with no significant
interaction between sex and treatment (Fig. 6B).

Given the role of Cx3crl in mediating MMD-induced microglial
activation and behavioral changes, we quantified excitatory post-
synaptic protein, PSD-95, in the cortices of Cx3cr1®™* and Cx3cr1™/
GFP P22 male mice as a measure of synaptic status. Over- or under-
pruning of synapses by dysregulated microglia have been suggested as a
possible contributing factor for the altered behavior and brain sizes
found in neurodevelopmental disorders (Courchesne et al., 2003; Inta
et al., 2017; Lee et al., 2017; Morgan et al., 2010; Whitelaw, 2018).
Here, we observed increased expression of PSD-95 in the cortices of
Cx3cr1%**/* MMD offspring and a clear absence of this effect in
Cx3cr1°**/S*? MMD knockout offspring (Fig. 6C-E). Thus, our results
demonstrate offspring reared under MMD conditions developed aty-
pical behavioral outcomes due to dysfunction of the Cx3crl signaling
pathway and impaired synaptic modeling.

3. Discussion

Neurodevelopmental disorders represent rapidly increasing mala-
dies worldwide (Boyle et al., 2011). While their etiology remains ill-
defined, the gut microbiome is gaining attention as having a pervasive
influence with far reaching consequences (Kinross et al., 2011). The
current study demonstrates that antibiotics-driven, maternal micro-
biome dysbiosis (MMD) impairs proper neurobehavioral development,
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enhances PSD-95 expression, and induces a dysregulated state in mi-
croglia of the prefrontal and parietal cortices. Moreover, MMD resulted
in the overexpression of Cx3crl on microglia, which correlated with
increased expression of senescence-associated genes Il11f and Trp53. In
contrast, these outcomes were significantly attenuated in pups born to
dams colonized with a commensal bacterium (L. murinus HU-1) either
during the MMD duration or at parturition suggesting these deficits
may be rescued postnatally via oral gavage. We further demonstrate
that MMD-induced impairments can also be rescued using Cx3cr1™/
GFP knockout mice. These findings provide novel insight into the role
that gut microbiota play in social development and suggest that mi-
croglia may be pivotal in the gut-brain axis during development
through yet unexplored bacteria-derived signals.

The social preference index at P21 utilized in this study is a well-
characterized behavioral assay for autism-like social deficit (Silverman
et al., 2010) and served to emphasize aberrant behavioral outcomes in
offspring as a result of experimental MMD. Albeit arguably less utilized
in studies of neurodevelopmental disorders due to challenges posed by
requisite testing of neonatal mice, the righting reflex test at P1 and cliff
aversion and negative geotaxis tests at P11 parallel oligodendrocyte
maturation at P1-3 and peak gliogenesis at P7-10, respectively, and are
reflective of appropriate murine sensorimotor and reflexive develop-
mental milestones (Feather-Schussler and Ferguson, 2016; Semple
etal., 2013; Wu et al., 1997). Indeed, we observed transient inability to
perform these tasks in MMD pups, as portrayed by recovery of P1
righting reflex deficit (Fig. 2D) at P11 (Fig. 2H) and recovery of cliff
aversion/negative geotaxis deficits at P11 (Fig. 2F and G) by weaning at
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P21 (Fig. 2J and K). It is unclear why MMD conditions prompted these
developmental delays, although previous studies of germ-free mice
suggested altered myelination compared to conventional controls
(Hoban et al., 2016). Notably, the delayed motor skills discovered in
our study reflect a growing body of clinical evidence that argues gross

motor delays in infancy may serve as an early predictor of autism
spectrum disorders (ASD) (Bedford et al., 2016; Bhat et al., 2012;
Harris, 2017; LeBarton and Landa, 2019). Furthermore, the restoration
of typical behavior in offspring reared by MMD dams supplemented
with antibiotic-resistant L. murinus HU-1 (MMD'°) served to prove
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that certain gut bacterial communities are sufficient to enable typical
neurobehavioral development despite overall dysbiotic conditions
during pregnancy. Indeed, numerous adult animal studies have de-
monstrated improvements in sociability, stress, anxiety, and depres-
sion-related behaviors following probiotic treatment (Buffington et al.,
2016; Desbonnet et al., 2015; Wang et al., 2015). Here, we also de-
monstrate that such rescue occurs under a developmental setting.

Interestingly, we did not find the same rescue effect when dams
were passively placed into conventional housing at parturition
(MMDCONY), This is not surprising, as fecal analysis in this group did
not show the re-emergence of Lactobacillus until 60 days following re-
conventionalization compared to 3days following oral gavage in
MMDCONV*Lacto 1 murinus, in particular, is a member of the Altered
Schaedler Flora, which is a collection of eight commensal gut bacteria
deemed to be necessary for laboratory rodent health and further serves
to underscore the likely developmental importance of Lactobacilli pre-
sence in maternal microbiota (Dewhirst et al., 1999; Schaedler et al.,
1965; Wymore Brand et al., 2015). Accordingly, the lack of an addi-
tional control group, CONV™**°, in this study is due to the endemic
nature of L. murinus in conventionally-housed mice, as well as evidence
from previous studies suggesting difficulties in discerning purported
benefits of probiotics under non-pathological conditions (Bravo et al.,
2011; Kelly et al., 2015).

The notion of a “window of susceptibility” in the early postnatal
period was demonstrated using germ-free mice, which showed reduced
brain-derived neurotrophic factor, norepinephrine and serotonin levels
in the cortex that could be reversed with probiotic treatment or
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partially restored with re-conventionalization if conducted within six
weeks of birth (Sudo, 2006; Sudo et al., 2004). Although we captured
longitudinal changes in behavior from birth through weaning, future
studies should consider introducing treatments at various time points to
better define critical periods in postnatal neurodevelopment that may
be susceptible to MMD conditions and whether L. murinus HU-1 can
prevent atypical outcomes. Nevertheless, our behavioral findings
comport with these previous studies and further highlight the potential
benefit of concurrent probiotic use during episodes of gut microbiome
disruption in pregnancy or in early childhood development.

While the mechanism(s) by which microbiota dysbiosis impairs the
development of typical social behavior remains unclear, our findings
uncover a dysfunctional microglia phenotype under MMD conditions
that correlates with increased PSD-95 expression and social deficits.
MMD microglia show increased Cx3crl and CD68 protein expression,
which is attenuated in the presence of L. murinus HU-1. Postmortem
tissue analysis of autistic brains previously identified increased CD68
expression, as well as other indicators of activated microglia and neu-
roinflammation, in the cortex and prefrontal cortex that were para-
doxically accompanied by overgrowth of grey and white matter
(Courchesne et al., 2003; Lee et al., 2017; Morgan et al., 2010; Vargas
et al., 2005). This correlation has lent support for the hypothesis that
aberrantly activated microglia fail to regulate proper growth and
pruning of neural circuitry in ASD (Matta et al., 2019). Indeed, the
concept of hyperactivated microglia that fail to phagocytose has been
described in neurodegenerative disorders wherein Cx3crl signaling
mediates this phenotype in which microglia ineffectively surround
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amyloid-beta plaques in lieu of phagocytosis; in contrast, deletion of the
Cx3crl permitted more efficient phagocytosis and function (Liu et al.,
2010). Our data suggest that MMD may lead to an aberrant microglial
phenotype in specific brain regions of the offspring that are directly
regulated by gut signals to prevent appropriate modeling of synapses,
and that this effect is mediated through Cx3crl signaling pathway.
Besides increased CD68 expression, we did not find additional evi-
dence of overzealous neuroinflaimmation under MMD conditions.
Unlike studies on maternal immune activation and age-related neu-
roinflammation, our cytokine profiling of maternal serum and offspring
gut (cecal contents) in MMD-treated animals did not reveal elevated
levels of pro-inflammatory markers, such as 116 and Il17a, compared to
controls (data not shown). Nor did RNAseq analysis of cortical micro-
glia from MMD offspring reveal a particularly pro- or anti-inflammatory
phenotype with the exception of [112b upregulation and C1qc down-
regulation. Our qPCR findings show Il1$ was also increased, which is a
known inflammatory cytokine as well as a key mediator cell senes-
cence. Combined with the observed increase in Trp53, this suggests
MMD microglia display a senescent phenotype. MMD microglia also
showed greater expression of genes related to stress-induced premature
senescence, such as Sirtl, Wnt16, and Mapkapk5, while MMD*®® mi-
croglia showed greater expression of Sumf1, Steap3, Prkag2, and Spil
that relate to processes which mitigate cellular stress, such as oxidor-
eductase activity, DNA repair, and apoptosis. Microglial senescence has
been linked to lysosomal inclusions and immune dysfunction because of
age-related myelin degradation (Safaiyan et al., 2016). Age-based mi-
croglial senescence is often cause by radical-mediated oxidative da-
mage, whereas premature microglial senescence is said to be associated
with cellular stress (Streit et al., 2014). Both types of senescent mi-
croglia are characterized by dystrophic morphology consisting of de-
ramified and fragmented appearance, similar to our MMD microglia
(Streit, 2006). Our findings suggest that MMD may permit a premature
senescence-like state in microglia, however, additional studies are
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needed to identify the underlying mechanisms.

It remains unclear how the presence of L. murinus HU-1 in the gut of
MMD"*“* dams rescued neurobehavioral and microglial dysfunction in
offspring. Recent studies on the gut-brain axis suggest several potential
modes of influence, including microbial signaling via the vagus nerve
and the production of microbe-derived neuroactive molecules. While
we observed a significant loss of fecal SCFAs metabolites following
MMD, these levels did not restore in the presence of L. murinus HU-1
suggesting the effects of MMD is unlikely to be metabolite-driven. We
did identify, using a multiplex cytokine profiler, an upregulation of
Ccl21, CRP, Cystatin C, Endostatin, and Reg3G in the cecum of the P21
MMD offspring, which was attenuated in MMD****° pups (Supplemental
Fig. 6). Moreover, several recent findings implicate the interactions
between gut Lactobacillus and the vagus nerve in the regulation of brain
regions that may affect social behavior. Bravo et al., described ameli-
orative effects of L. rhamnosus JB-1 in a mouse model of anxiety and
depression that corresponded with alterations in GABA receptor gene
expression in the prefrontal cortex and amygdala (Bravo et al., 2011).
They found this anxiolytic and antidepressant effect was attenuated in
vagotomized mice (Bravo et al., 2011). Sgritta et al., also recently de-
monstrated reversal of social deficits through L. reuteri treatment across
multiple adult mouse models of ASD, which was attenuated in oxytocin
receptor-deficient and vagotomized mice (Sgritta et al., 2019). Com-
bined with our findings, these data suggest the presence of Lactobacillus
sp. in the gut could play a critical role in modulating social behavior as
well as microglial function by influencing the communication between
afferent vagal nerve inputs and social reward circuits. However, addi-
tional studies are needed to evaluate Cx3crl expression and the mi-
croglial response to vagotomy following MMD in the presence and
absence of L. murinus HU-1.

In conclusion, our findings describe a new model of maternal gut
dysbiosis that results in atypical social development in offspring, which
can be rescued by L. murinus HU-1 or loss of Cx3crl. The current study
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suggests MMD-induced behavioral outcomes may result from pre-
mature senescence of microglia that could influence synaptic pruning in
regions of the brain that regulate social preference. Future studies
aimed at identifying the mechanisms by which gut Lactobacillus com-
municates with the social reward center of the brain will advance our
understanding and treatment of neurodevelopmental disorders.

4. Materials and methods
4.1. Animals

All mice were housed in an AAALAC accredited, virus/specific an-
tigen-free facility with a 12 h light-dark cycle; food (Teklad 2918) and
water provided ad libitum. Outbred CD-1 IGS mice were purchased from
Charles River (Strain code 022), and inbred C57BL/6J (Stock no.
000664) and B6.129P-Cx3cr1™"™/J mice (Stock no. 005582) were
purchased from Jackson Laboratory. Heterozygous Cx3cr1®"*/* mice
were bred using C57BL/6J males and B6.129P-Cx3cr1™/J females.
Homozygous Cx3cr1%**/*® mice were bred using B6.129P-
Cx3cr1™Li /5 males and females, as described (Jung et al., 2000).
Breeding pairs (n = 4-6) for all strains were 6-8 weeks old and females
were used to generate one litter only to prevent potential confounding
generational effects in the offspring. All experiments were conducted in
accordance with the NIH Guide for the Care and Use of Laboratory
Animals and conducted under the approval of the Virginia Tech In-
stitutional Animal Care and Use Committee (IACUC; #17-043).

4.2. Maternal microbiome dysbiosis (MMD) protocol

Mice were either administered an antibiotic cocktail (MMD), given a
single oral dose of Lactobacillus murinus strain HU-1 (10° CFU) followed
by an antibiotic cocktail (MMD"**°), or water (CONV) to establish
conditions of MMD, MMD plus probiotic, and conventional housing
conditions, respectively. Antibiotic cocktail of 0.4 mg/ml kanamycin,
850 U/ml colistin, 0.215mg/ml metronidazole (Bio-World, Dublin,
OH), 0.035mg/ml gentamicin (Vet One, Boise, ID), and 0.045 mg/ml
vancomycin (Hospira Inc., Lake Forest, IL) was based on a previous
protocol using clinically-relevant drug dosages (Chen et al., 2008), with
the addition of 0.5 mg/ml amoxicillin/clavulanic acid (Zoetis, Parsip-
pany, NJ). Antibiotics were administered via drinking water to treat-
ment groups one week prior to breeding and maintained throughout the
duration of the experiment until sacrifice at pup weaning (P22).
MMD"*“*® mice received a single, oral gavage of a novel, lab-generated
strain of L. murinus HU-1 three days prior to beginning the antibiotic
cocktail. Re-conventionalization experiments were conducted by
moving MMD dams to dirtied conventional housing near parturition
(approx. ~E19-21) to replenish their gut microbiota via coprophagic
behavior (MMD®NY). Additional MMD dams were also re-con-
ventionalized in this fashion and given an oral dose of L. murinus HU-1
to ensure colonization with this specific bacterium (MMDCONY *Lactoy
MMD conditions were confirmed via PCR testing of fecal DNA for 16s
rRNA (8F forward 5-AGAGTTTGATCCTGGCTCAG-3’ and U1429 re-
verse 5-ACGGTTACCTTGTTACGACTT-3") and L. murinus (forward
5-GCAATGATGCGTAGCCGAAC-3’ and reverse 5-GCACTTTCTTCTCT
AACAACAGGG-3’) prior to breeding, during gestation, and in the off-
spring near weaning (P18-21).

4.3. Microbiome profiling

Fresh fecal pellets from dams were cultured on BHI, MacConkey,
and MRS agar (Becton, Dickinson and Company, Franklin Lakes, NJ).
Fecal cultures from experimental breeders using rich media agar plates
revealed numerous and diverse colony formations from CONV dams,
monocolonization by L. murinus HU-1 only from MMD"***® dams (con-
firmed by MALDI-TOF), and no growth from MMD dams (data not
shown). Additional culture plates were used to confirm antibiotic
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resistance in L. murinus HU-1 by Kirby-Bauer testing. Fecal DNA was
extracted via kit (SKU D6010, Zymo Research, Irvine, CA) and sub-
mitted to Argonne National Laboratory for 16s rRNA sequencing using
Mlumina MiSeq.

4.4. Behavioral assays

Individual offspring were tested at P1, P11, and P21 against mile-
stones of typical behavioral development in motor-reflexive tasks:
righting—ability to re-orient body on all four paws after being placed
on back; cliff aversion—ability to stop from falling off a surface edge;
and negative geotaxis—ability to orient body upwards when placed
head-down at a steep angle, as described (Wu et al., 1997). Each test
was repeated 4 times and scored as a percentage of successful attempts
with 100% indicating proper motor-reflexive development and 0% in-
dicating poor motor-reflexive development. Weanling pups (P21) were
tested additionally for social preference via the three-chamber social
test, as described (Silverman et al., 2010); behavior was recorded and
quantified by EthoVision XT software (Noldus, Leesburg, VA). Briefly,
individual pups from a litter were allowed to habituate inside a three-
chambered box for 10 min before the 10-minute testing period in which
the pup was observed for interactions with a social and non-social sti-
mulus that were placed in the outer chambers. Age, sex, and strain-
matched mice were used as the social stimulus and a green plastic block
was used as the non-social stimulus. Social preference was scored as
time spent with the social stimulus divided by total time spent with
both social and non-social stimuli such that a score of 1.0 indicates
highest social preference and 0.0 indicates lowest social preference.
Significant interaction between sex and treatment were not found,
therefore, both male and female pups were tested. All individual be-
havior scores were averaged for each litter and represented as n = 1.

4.5. Fecal metabolite analysis

Fresh fecal pellets from pregnant dams were collected directly into
individual 1.5 ml centrifuge tubes and weighed, and homogenized with
1ml of deionized water. The tubes were allowed to settle at room
temperature for 2 h and then submitted to Virginia Tech Environmental
and Water Resources Research Facility for quantification of various
volatile fatty acids via Hewlett-Packard 5890 gas chromatograph fitted
with a flame ionization detector (GC-FID) coupled with a Nukol GC
column and a Hewlett-Packard 7673 GC/SFC injector.

4.6. Tissue processing and staining

Brains from male offspring were collected at P22, perfused with
10% formalin, cryopreserved overnight in 20% sucrose and then frozen
in OCT compound (Fisher Scientific, Hampton, NH). Whole brains were
processed on a cryostat (CryoStar NX50 Cryostat) into 30 pM coronal
serial sections spaced 10 sections apart with 5 sections per slide and
each section 300 uM apart. Tissue sections were stored in —80 °C until
use. Sections were fixed with 10% formalin for 10 min followed by 3x
washed with 1X PBS then blocked in 2% fish gelatin and 0.2% Triton X-
100 (Sigma-Aldrich, St. Louis, MO) for 1h at room temperature.
Primary antibodies (CD68 Cat. #MA5-16674, Invitrogen, Carlsbad, CA;
Neurofilament Cat. # MAB1621, Chemicon International, Temecula,
CA; Cx3crl Cat. #Ab8021 Abcam, Cambridge, MA) were diluted in
block and was applied to each individual slide at 1:200 dilution and
incubated overnight in 4 °C. The following day, sections were washed in
1X PBS before application of secondary antibody for 1.5-2h at room
temperature (1X PBS solution with secondary antibody 1:500 donkey
anti-rat Alexa-Fluor 594, Invitrogen Cat. #A-21209, Carlsbad, CA). The
sections were washed with 1X PBS before prior to mounting in DAPI
Fluoromount-G (Southern Biotech, Birmingham, AL). Cortical mantle
thickness was determined using Nissl-stained slides using cresyl violet
acetate 2.5% solution (Electron Microscopy Science, Hatfield, PA), as
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described previously (Brickler et al., 2018). Thickness was averaged
from three measurements of the cortical layer spanning from the dorsal
corpus callosum to the meninges and measured across five serial cor-
onal sections from approx. —1.38 to —2.58 mm from bregma (n = 4).

4.7. Stereological and confocal image analyses

Cell counts for the hippocampus (HPC), cortex (CTX), and prefrontal
cortex (PFC) of Cx3cr1®™* and Cx3cr1®*/%** male offspring were
assessed by a blinded investigator using Optical Fractionator from
Stereolnvestigator (MicroBrightField, Williston, VT) and an upright
Olympus BX51TRF motorized microscope (Olympus America, Center
Valley, PA). Grid size was set at 300 X 300 mm with a 75 X 75 mm
counting frame for HPC and PFC, and 700 X 700mm with a
300 x 300 mm counting frame for CTX. HPC and CTX regions were
estimated to be located at approx. —1.38 to —2.58 mm A/P bregma
and PFC regions at approx. 1.82 to 0.62mm A/P bregma per Allen
Mouse Brain Atlas (Lein et al., 2007). Subregions of the hippocampus
were analyzed as a single unit. The right hemisphere consisted of 5
coronal serial sections. Confocal images were obtained using an in-
verted Zeiss 880 (Carl Zeiss AG, Oberkochen, Germany).

4.8. Proteome profiling and western blotting

To identify cytokine levels in the gut, protein was isolated from
100 mg of cecal content from male offspring at P22, as described
(Dillenburg-Pilla et al., 2016), for measurement via Proteome Profiler
Mouse XL Cytokine Array (R&D Systems, Minneapolis, MN) per man-
ufacturer’s instructions. To identify protein levels in the cortex, dis-
sected cortices from P22 male offspring were lysed in RIPA buffer (Tris-
base 50 mM, NaCl 150 mM, EDTA 1 mM, NP-40 1%, Sodium deox-
ycholate 0.25%, NaF 20 mM, 1 mM Na3VO4 1 mM, B-glycerophosphate
10 mM, Azide 0.02%) with Roche Proteinase Inhibitor Cocktail (Cat. #
25178600, Indianapolis, IN) and Thermo Fisher Scientific Pierce™
Phosphatase Inhibitors (Catalog # 88667, Waltham, MA), aliquoted
and kept in —80 °C until use. The total amount of protein was quanti-
fied by Lowry method (Bio-Rad, Hercules, CA). 50 pg total protein of
each sample was separated by 8% SDS-PAGE, then blotted on to Immin-
Blot™ PVDF membrane (Bio-Rad, Hercules, CA). Membranes were in-
cubated with primary antibodies (PSD-95 Cat. #3450, Cell Signaling,
Danvers, MA; beta-actin Cat. #3700, Cell Signaling, Danvers, MA) in
blocking solution: TBS/0.1% Tween20 (TBST)/5% bovine serum al-
bumin (BSA) for overnight at 4°C, washed 4x with TBST, and in-
cubated with secondary antibodies (anti-rabbit IgG Dylight™ conjugate
680 or anti-mouse IgG Dylight™ conjugate 800; Cell Signaling Tech-
nology, Danvers, MA) for 2 h in blocking solution at room temperature.
Following 4 x wash with TBST, images were acquired by using LI-COR
Odyssey Imaging Systems (LI-COR, Inc), and band intensities were
quantified by using NIH ImageJ software.

4.9. RNA sequencing and analysis

Whole cortex was dissected from brains of Cx3cr1®™/* male off-
spring at P22, placed in Leibovitz’s L-15 dissecting media on ice
(ThermoFisher, Waltham, MA), subjected to neural dissociation (Kit
from Miltenyi Biotec, Auburn, CA), and placed in FACS buffer (PBS, 5%
FBS, 0.1% Sodium azide). Two brains were pooled for each individual
isolation per experimental group. Each group consisted of three biolo-
gical triplicates. GFP* cells were then collected via flow cytometry (BD
FACS Aria, San Jose, CA). Total RNA was isolated from sorted cells
using TRIzol® reagent (Life Technologies, Carlsbad, CA) per manu-
facturer’s instructions. RNA quantification was carried out by mea-
suring absorbance with spectrophotometer ND-1000 (NanoDrop).
Isolated RNA was submitted to BGI Americas Corp. (Cambridge, MA)
for RNA quantification sequencing using Illumina platform. Fragments
per kilobase of transcript per million reads (FPKM) values were
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calculated for each gene useGalaxy.org and Cufflinks software (version
2.2.1). Significant changes were calculated using Cuffdiff (version
2.2.1) and normalized using geometric method. Files were then passed
to the Cummerbund, an R Core Team package https://www.R-project.
org/ version 3.1.2 to determine the significantly differentially ex-
pressed genes (FDR < 0.05). Gene ontology (GO) biological processes
of significantly upregulated and downregulated genes were conducted
via GeneCodis version 3.0 (Carmona-Saez et al., 2007; Nogales-Cadenas
et al., 2009; Tabas-Madrid et al., 2012) and PANTHER version 14 en-
richment analysis tools (Mi et al., 2019).

4.10. gPCR

RNA was reverse transcribed into cDNA with iScript™ cDNA
synthesis kit (Bio-Rad, Hercules, CA) per manufacturer’s specifications.
For qRT-PCR analysis, 50 ng cDNA per reaction was amplified using
iTaq™ Universal SYBR® Green Supermix (Bio-Rad, Hercules, CA).
Expression changes were calculated using ACq values with reference to
B-actin internal control gene. Relative expression was calculated then
normalized and compared to appropriate treated or control samples. All
primers were designed to span exon junctions and were tested for
primer efficiency which ranged from 87 to 110% prior to use.

Gene Primer sequence (5’-3")
B-actin Fw: TCGTACCACAGGCATTGTGAT
GGA
Rv: TGATGTCACGCACGATTTCCCTCT
Clqc Fw: TAGGGCCAGAAGAAACAGCA
Rv: AGGCCTGAAGTCCCTTACAC
Ccr3 Fw: ACTGGACTCATAAAGGACTTA
GCA
Rv: GTGCCCACTCATATTCATAGGG
Cdé68 Fw: TCACCTTGACCTGCTCTCTCT
Rv: GGACCAGGCCAATGATGAGA
Hdac5 Fw: AACAGAGCACGCTCATAGCA
Rv: GGTGCCTCGGGAGCTTAC
1nig Fw: TGTGTAATGAAAGACGGCACAC
Rv: CCATCTTCTTCTTTGGGTATTGCT
Trp53 Fw: CAGTCTGGGACAGCCAAGTC

Rv: CCAGCTGGCAGAATAGCTTA

4.11. Statistics

Data were graphed using Prism software (Version 7, GraphPad, San
Diego, CA). Student's unpaired two-tailed t test was used for comparison
of two experimental groups. For three or more groups, multiple com-
parisons were done using one-way and two-way ANOVA where ap-
propriate, followed by Tukey’s multiple comparisons test or Bonferroni
where appropriate. Changes were identified as significant at p < 0.05.
Mean values were reported together with the SEM.
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