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Background: Mounting evidence indicates that the indigenous gut microbiota exerts long-lasting programming
effects on brain function and behaviour.

Objective: In this study, we used the germ-free (GF) mouse model, devoid of any microbiota throughout
development, to assess the influence of the indigenous microbiota on social preference and repetitive behaviours
(e.g. self-grooming).

Methods and results: Using the three-chambered social approach task, we demonstrate that when adult GF
mice were given a choice to spend time with a novel mouse or object, they spent significantly more time sniffing
and interacting with the stimulus mouse compared to conventionally raised mice (specific pathogen-free, SPF).
Time spent in repetitive self-grooming behaviour, however, did not differ between GF and SPF mice. Real-time
PCR-based gene expression analysis of the amygdala, a key region that is part of the social brain network,
revealed a significant reduction in the mRNA levels of total brain-derived neurotrophic factor (BDNF), BDNF
exon I-, IV-, VI-, IX-containing transcripts, and NGFI-A (a signalling molecule downstream of BDNF) in GF
mice compared to SPF mice.

Conclusion: These results suggest that differential regulation of BDNF exon transcripts in the amygdala by
the indigenous microbes may contribute to the altered social development of GF mice.
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microbiota exerts an influence on brain development

and behaviour. A series of recent studies have demon-
strated that mice raised under germ-free (GF) conditions
display decreased anxiety-like behaviour compared to
conventionally raised mice, suggesting a role of the gut
microbiota in emotional behaviour (1-3). Other studies
have demonstrated increased motor activity (2) and
memory impairments in GF mice (4). In addition, GF
mice display altered physiology (e.g. enhanced hypotha-
lamic-pituitary-adrenal axis response to stress), neuro-
chemistry (e.g. increased monoamine neurotransmission
in striatum and hippocampus), and gene expression (e.g.
genes involved in neurotransmission, synaptic plasticity,
and metabolism), among others (1-5). The molecular
mechanisms underlying the effects of the gut microbiota
on brain development and function are not fully under-
stood. One potential neuronal target that may mediate
central effects of the gut microbiota is brain-derived

It is now increasingly recognised that indigenous gut

neurotrophic factor (BDNF), a member of the neuro-
trophin family. BDNF plays an important role in the
formation and modulation of brain circuits through its
influence on neuronal survival, differentiation, synapse
formation, and plasticity (6, 7). In the adult brain, BDNF
regulates synaptic transmission and plasticity, and there-
fore is fundamental to normal brain function. Moreover,
a number of studies have shown that the expression of
BDNF is highly sensitive to perturbations of the gut
microbiota (1-3, 5, 8). Furthermore, several neurodeve-
lopmental and psychiatric disorders (e.g. schizophrenia
and mood disorders) that often co-occur with gastro-
intestinal (GI) problems have been linked to abnormalities
in the BDNF signalling pathway (9, 10). Interestingly,
microbial influence on brain activity in response to
emotional challenge has also been reported in healthy
humans (11). Clinical reports demonstrating alteration in
the composition of the gut microbiota in neurodevelop-
mental and psychiatric disorders have lent further support
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to the theory that intestinal bacteria may play a role in
the pathophysiology of human brain disorders (12).
Autism spectrum disorder (ASD) is one such disorder;
it has been associated with GI problems and an abnormal
composition of the gut microbiota (13—15). The main
core symptoms of ASD are impaired social communica-
tion and the presence of a restricted, repetitive pattern of
behaviour or interest. Recently, Desbonnet et al. (16)
reported impaired social behaviour and increased repeti-
tive grooming in GF mice, thus suggesting a link between
ASD symptoms and gut microbiota.

In the present study, we assessed the influence of gut
microbiota on social approach behaviour using the three-
chamber social approach task for mice, which has been
widely used to characterise animal models of ASD (17).
This task takes advantage of the fact that mice are highly
social animals and have a natural tendency to approach
and interact with unfamiliar conspecifics. In addition, we
evaluated exploratory behaviour and repetitive self-
grooming. Given that multiple promoters have been shown
to regulate the rodent BDNF gene, we also examined the
influence of gut microbiota on the levels of BDNF exon-
specific transcripts in the amygdala, a key brain region
involved in anxiety-like behaviour and processing of social
stimuli.

Material and methods

Animals

Adult male GF and specific pathogen-free (SPF) Swiss-
Webster mice (3 months old) were obtained from Taconic
Farms, Inc. (Germantown, NY, USA). In order to avoid
litter effects, it was requested that the animals originate
from different mothers. All animals were shipped in
guaranteed Taconic Germfree Shippers with free access
to food and water. Upon arrival, GF mice were transferred
to special sterile isolators and allowed to rest for 1 week
before testing. Conventionally raised mice were also
housed in similar sterile isolators to ensure similar envi-
ronmental conditions for both GF and SPF mice. Within
the isolators, animals were kept in standard sterilised
plastic cages under controlled temperature, humidity, and
light (12:12 h light—dark cycle) conditions, with free access to
autoclaved water and food. All experiments were conducted
in accordance with European Directive 86/609/EEC and
Recommendation 2007/526/65/EC and were approved by
the Animal Experimentation Ethics Committee, Stockholm
North.

Behavioural studies

Testing took place between 9:00 and 16:00 h under low
illumination to reduce stress. On the day of testing,
animals were brought in sterile filtered cages to the testing
room and allowed to rest for at least 1 h before testing. Test

chambers were cleaned first with disinfectant and then
with 70% ethanol and water after each animal.

Three-chamber social approach task

Social preference was evaluated in a three-chambered
apparatus as previously described (18). The rectangular
three-chambered box was made of clear Plexiglas (64 cm
long, 43.7 cm wide, and 35 cm high) and was divided into
three equally sized chambers (43.7 cm long, 20 cm wide,
and 35 cm high). The walls dividing the chambers
contained a small rectangular opening (10 cm wide and
6.5 cm high) to allow the test mouse access to the adjacent
chambers. Clear rectangular Plexiglas doors were used to
close the openings when required. The test session began
with a 10-min habituation in the centre chamber without
access to the side chambers, followed by another 10-min
habituation session to the entire empty box, with access to
all three chambers. The test mouse was then briefly
confined to the centre chamber while the experimenter
placed the stimuli. To test for social approach behaviours
towards a live unfamiliar mouse (i.e. same age and sex, but
different strain), a novel DBA/2NCrl mouse previously
habituated to a grid enclosure (Noldus, Wageningen, The
Netherlands) was placed in one of the side chambers.
A control novel object, an identical empty grid enclosure
devoid of social odours, was placed in the other side
chamber. The location of the novel object and the novel
mouse alternated between the left and right side chambers
across subjects. After both stimuli were positioned in the
side chambers, the two doorways were simultaneously
opened and the test mouse was allowed access to all three
chambers for 10 min. All sessions were recorded from the
front of the three-chambered apparatus using a Samsung
(Seoul, South Korea) HMX-H100P high-definition cam-
corder. The time the test mouse spent interacting with
either the stimulus mouse or empty enclosure was analysed
by three observers with stopwatches, as well as the time
spent grooming all body regions. The social index (SI)
was calculated as follows, as previously described (19):
SI =(time exploring novel mouse)/(time exploring novel
mouse + time exploring novel object).

Open-field test

Animals were placed individually in the centre of an open-
field box (48 cm x 48 cm; Acti-Mot detection system, TSE
Systems, Bad Homburg, Germany), and their sponta-
neous motor activity was recorded as described (20). The
computer programme automatically recorded the follow-
ing parameters: distance travelled, a count of rearing
activity (vertical infrared photo beam breaks), and time
spent in the centre.

Quantitative real-time polymerase chain reaction

Total RNA from the amygdala (=6 per group)
was isolated using RNeasy® Mini Kits (QIAGEN AB,
Sollentuna, Sweden) according to the manufacturer’s
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instructions and quantified by spectrophotometry using a
NanoDrop® ND-2000 Spectrophotometer (NanoDrop
Technologies, Wilmington, DE, USA). First-strand cDNA
synthesis was carried out with equal amounts of total
RNA (1 pg/reaction) using the iScript cDNA synthesis kit
(Bio-Rad, Sundbyberg, Sweden) according to the manu-
facturer’s instructions and stored at —20°C until used.
Quantitative real-time polymerase chain reaction (qRT-
PCR) was carried out using the CFX384 Touch Real-Time
PCR Detection System (Bio-Rad). Briefly, each PCR reac-
tion contained 30 ng cDNA, 0.5 pM each of primer and
nuclease-free water, and 5 il iQ™ SYBR® Green Supermix
(SYBR® Green I dye: Bio-Rad), 50 U/ml iTaqg™ DNA
polymerase (Bio-Rad), Deoxynucleotide triphosphates
(dNTPs), 6 mM MgCl,, 100 mM KCI, 20 nM fluorescein
including stabilisers, and 40 mM Tris—HCI (pH 8.4) in a
10-pl reaction. The housekeeping gene, glyceraldehyde
three-phosphate dehydrogenase (GAPDH; gene ascension
number NM_008084.2), was used for normalisation. All
samples were performed in triplicate. The cycling pro-
gramme was set as follows: Step 1, 98°C for 30 sec; Step 2,
40 cycles of 98°C for 5 sec, followed by 50—60°C for 15 sec;
Step 3, 90 cycles for 5 sec each, beginning at 50°C and
increasing by 0.5°C with each subsequent cycle. Subse-
quent to the amplification procedure, a melting curve
analysis was performed (set point, 50°C) in order to

Tuble 1. PCR primers used to assay gene expression

Gut microbiota and social behaviour in mice

confirm amplification specificity. The specificity of the
gene products was determined via melting curve analyses.
Primer sequences and annealing temperatures used for the
total BDNF, BDNF exon-containing transcripts (I-1X),
nerve growth factor-inducible clone A (NGFI-A), and
GAPDH are listed in Table 1. The data analysis was based
on the 2 ~**“* method (21). The normalised AC, for each
gene of interest (GOI) was calculated by deducting the C,
of the reference gene GAPDH (as this gene showed no
expression difference among the different RNA samples)
from the C, of each GOI. Then, the double delta C; (AAC,)
for each GOI was calculated by deducting the average AC,
of GOI in the SPF group from the AC, of each GOI in the
GF group. The fold changes of each GOI compared with
the SPF group were calculated as 2 24,

Statistical analysis

Statistical analyses were performed using the STATVIEW
computer software (version 4.0). All behavioural experi-
ments were analysed using either repeated-measures anal-
ysis of variance (ANOVA) or factorial ANOVA when
appropriate. All post hoc comparisons were made using
a Bonferroni/Dunn test when significant ANOVA effects
were found. Data from gene expression studies were
analysed using an unpaired z-test (two-tailed). The thresh-
old for statistical significance was set as P <0.05. All
data are presented as the mean + SEM.

Gene Primer Sequence Accession number Tm (°C) Product size (bp)

BDNF Forward 5’-TGG CTG ACA CTT TTG AGC AC-% NM_001048142 55 188
Reverse 5’-GTT TGC GGC ATC CAG GTA AT-3

Exon | Forward 5’-TGA GAG TTG AAG CTT TGC GG-3’ EF125669.1 55 189
Reverse 5’-ATT GTG GCT TTG CTG TCC TG-3’

Exon IIC Forward 5’-TTT GGT CCC CTC ATT GAG CT-3 EF125672.1 55 159
Reverse 5’-TTC TTT GCG GCT TAC ACC AC-3’

Exon IlI Forward 5’-TCT ATC ATC CCT CCC CGA GA-3’ EF125681.1 55 123
Reverse 5’-AAC TGG GCT CAA GGA AGC AT-3'

Exon IV Forward 5’-AGC ATG AAATCT CCC AGC CT-3 EF125673.1 55 213
Reverse 5’-CGG TCC CCA AGG TTC TAG AC-3’

Exon V Forward 5-TAG CTT TGT GGT GCG GGA AG-3’ EF125682.1 57 146
Reverse 5’-AAG TTG CCT TGT CCG TGG A-3’

Exon VI Forward 5-GGG CTT GGA GAA GGA AAC CG-3 EF125674.1 55 188
Reverse 5’-GGT CCA CAC AAA GCT CTC GG-3

Exon VII Forward 5’-CTG TCA CCT GCT CTC TAG GG-3’ EF125683.1 55 118
Reverse 5’-AGT TCC GCA GAC CCT TTC AG-3’

Exon VIII Forward 5’-CAA CTG GAT GTG TGG AAC CA-3’ EF125684.1 55 128
Reverse 5’-AGT GTG TGG GTA GAT GCC AA-3’

Exon IXA Forward 5’-ATT TGT GTC CCC TGC AGC T-3’ EF125685.1 55 151
Reverse 5-GTG GGA AGG AAG CAG AGA CA-3’

GAPDH Forward 5’-TCC ATG ACA ACT TTG GCATT-3 NM_008084.2 55 377
Reverse 5-GTT GCT GTT GAA GTC GCA GG-3’

BDNF, brain-derived neurotrophic factor; GAPDH, glyceraldehyde three-phosphate dehydrogenase.
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Results

Three-chamber social approach task

Figure 1 illustrates the results of the social approach
session. Repeated-measures ANOVA showed a signifi-
cant phenotype effect on time spent in the different
chambers (F;, ;¢ =06.0; p <0.05), as well as a significant
phenotype by chamber interaction (F>, 35 =4.7; p <0.05).
Post hoc Bonferroni/Dunn analyses showed that GF mice
spent significantly more time in the chamber containing
the novel mouse than the chamber with the novel object,
compared to SPF mice (p <0.05; Fig. 1a). No differences
were found in time spent in the centre (p >0.1). GF mice
also spent significantly more time around the novel
mouse (e.g. sniffing and/or interacting with the stimulus
mouse) than SPF mice (p <0.01; Fig. 1b), indicating
high sociability. Indeed, the sociability index of GF mice
was significantly higher than that of SPF mice (p <0.001;
Fig. 1c). Total time engaged in repetitive self-grooming
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behaviour did not differ between GF and SPF mice
(» >0.1; Fig. 1d).

Open-field test

Figure 2 illustrates the results from the open-field test.
Repeated-measures ANOVA showed a significant pheno-
type effect on distance travelled (F; ;5=9.8; p <0.01).
Post hoc Bonferroni/Dunn analyses showed that GF mice
travelled significantly longer distances during both the
initial first 15 min of testing (p <0.01; see Fig. 2a) and the
habituation phase (i.e. 16-30 and 61-75 min time inter-
vals; p <0.05 and p <0.01, respectively; see Fig. 2a)
compared to SPF mice. In addition, GF mice spent more
time in the centre of the open field during the novelty
period (p <0.05; see inset in Fig. 2a), thus indica-
ting reduced anxiety-like behaviour. Repeated-measures
ANOVA also showed a significant phenotype effect on
number of rears (F; ;¢s=13.4; p<0.01, see Fig. 2b).
Further analysis revealed that GF mice exhibited a higher
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Fig. 1. Germ-free (GF) mice display increased sociability. (a) Bars show time (seconds) spent in the different chambers during the social
approach session by specific pathogen-free (SPF) and GF mice. (b) Bars show time (seconds) spent interacting with the stimulus mouse
or in close proximity to the novel object. (c) Bars show sociability indexes (percentage) of SPF and GF mice. (d) Bars show time
(seconds) spent in self-grooming by SPF and GF mice. All data (a—d) are presented as means (+SEM; n =10 per group). *p <0.05,

**p <0.01, ***p <0.001 compared with SPF mice.
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Fig 2. GF mice display increased spontaneous motor activity. (a)
Average distance travelled (metres) measured in 15-min time bins
across a 90-min session in an open-field box. (Inset) Bars show
time (seconds) spent in the centre during the initial 15 min of
testing. (b) Average number of rears measured in 15-min bins
across a 90-min session in an open-field box. (c) Representative
tracks of movement patterns of SPF and GF mice at the 015,
46-60, and 76-90-min intervals of the 90-min open-field test
session; distance travelled and rearing activity are shown in dark
red and blue, respectively. All data (a—b) are presented as means
(£SEM; n =10 per group). *p <0.05, **p <0.01 compared with
SPF mice.
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number of rears during the 0—15 min, 16—30 min, 46—60
min, and 61-75 min time intervals (p <0.01, p <0.01,
p <0.05, and p <0.05, respectively; see Fig. 2b).

Gene expression studies
We investigated the expression of the common BDNF-
encoding transcript and BDNF exon transcript variants in
the amygdala of a new set of naive GF and SPF mice, by
means of quantitative real-time polymerase chain reaction
(qQRT-PCR). The level of the common BDNF-encoding
transcript was significantly reduced in GF mice (¢19) =
5.08, p <0.001; Fig. 3). Among the nine different BDNF
exon transcript variants examined (I-1X), only the levels
of BDNF exon I, IV, VI and IX transcript variants were
significantly reduced in GF mice compared to SPF mice
[([(]0) 2287,[7 <005), (t(l()) 2342,[7 <001), (1(10) = 564,
p <0.001) and (¢19) =3.64, p <0.01), respectively; Fig. 3].
In our previous study with the NMRI strain, we found
that the expression of the immediate-early gene NGFI-A
(also known as egrland zif268) was greatly reduced in the
absence of gut microbiota in several brain regions, inclu-
ding the amygdala (2). We therefore studied the expression
of this gene in the amygdala of Swiss-Webster GF and SPF
mice for comparisons with our previous study. In GF mice,
the mRNA levels of NGFI-A were found to be signifi-
cantly reduced compared to SPF mice (GF vs. SPF:
0.64+0.03 vs. 1.00+£0.07; #40) =5.13, p <0.001).

Discussion

The main finding of this study is that the indigenous
microbiota alters the development of social behaviour in
mice, which is in agreement with the study by Desbonnet
et al. (16). In contradiction to their findings, however, we
found that adult GF Swiss-Webster mice display signifi-
cantly higher levels of sociability compared to SPF mice,
as indicated by a stronger preference for time spent close
to the novel mouse versus the novel object (i.e. empty
enclosure). Moreover, time spent in ‘stereotypic beha-
viours’ (e.g. repetitive self-grooming) during the choice
session did not differ between GF and SPF mice. The
reasons for the discrepancies between our studies are
unclear, but they could be related, in part, to differences in
experimental design. For example, we used the DBA/
2NCrl strain as stimulus mice, whereas in their study
Desbonnet et al. used the NIH Swiss strain. Importantly,
our animals were older than those in the aforementioned
study. It is well established that social brain networks
continue to undergo dynamic structural and functional
changes throughout adolescence and into late adulthood,
and therefore the behavioural phenotype of GF mice may
change with age. Although the same strain of mice was
used in these two studies, another aspect that must be
considered with regard to the influence of the gut mic-
robiota on brain development and behaviour is the genetic
background of the host. For example, unlike in the NMRI
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Fig. 3.

Differential promoter control of the BDNF gene by gut microbiota in the amygdala. Quantitative real-time polymerase chain

reaction was used to examine expression levels of the common and exon-specific BDNF transcripts in the amygdala of GF and SPF
mice. Expression level of each transcript examined was normalised to heat shock protein 90 (Hsp90) levels and expressed relative to the
SPF group. Data are presented as means (4+SEM; n =6 per group). *p <0.05, **p <0.01, ***p <0.001 compared with SPF mice.

and Swiss-Webster strains, the absence of gut microbiota
actually exacerbates anxiety-like behaviour in genetically
anxiety-prone strains (e.g. BALB/c mice, F344 rats) (22,
23). Moreover, GF rats of the stress-sensitive F344 strain
spent less time sniffing an unknown partner during
the initial first 2 min of a 10-min social interaction test
compared to their conventionally raised counterparts.
However, GF F344 rats spent the same amount of time
in social contacts and self-grooming for the remaining
testing period, indicating that the initial lack of social
interaction was mediated by increased anxiety-like beha-
viour in response to a novel situation rather than deficits in
social behaviour per se (23). Taken together, these results
highlight the importance of the genetic background and
age of the host on gut microbiome—brain interactions.

In the present study, we also compared the exploratory
activity and habituation profile of adult GF Swiss-Webster
mice after exposure to a novel open field. Typically, mice
exposed to a novel environment display initial high levels
of exploratory behaviour (i.e. novelty period), followed by
a progressive reduction in exploratory activity that occurs
as the novel environment becomes familiar (i.e. habitua-
tion phase). Our results showed that adult GF Swiss-
Webster mice display increased levels of motor activity
both during the novelty period and habituation phase.
These findings are in agreement with our previous
observations showing that adult GF NMRI mice display
higher motor activity during the habituation phase (2), as
well as other findings reporting elevated home-cage
activity counts in GF C57BL/6J mice (24). Interestingly,
oral administration of antibiotics to conventionally raised
mice also increases exploratory behaviour (8). This effect
was not observed in GF mice treated with antibiotics, thus
supporting the crucial role of the gut microbiota. Another
study by Neufeld et al. (3) failed to detect significant
differences in the locomotor activity of naive adult female

GF Swiss-Webster mice. These discrepancies are likely due
to the fact that these authors used shorter testing periods
than ours (i.e. 30 min vs. 90 min used in the present study).
Indeed, careful examination of their open-field data shows
that GF mice travelled a greater mean distance than SPF
mice towards the end of testing period (i.e. 25-30 min
intervals; see Fig. 1 in the aforementioned study). Alter-
natively, there might be potential sex differences in the
modulatory central effects of the gut microbiota on motor
control, since these authors used female Swiss-Webster
mice. Consistent with this idea, the study by Clarke et al.
(1) demonstrated that some of the neurochemical changes
found in the hippocampus of GF mice are only observed in
males.

Regulation of synaptic plasticity-related genes by
gut microbiota

Several recent studies of adult male GF mice (NMRI,
Swiss-Webster, and BALB/c strains) have demonstrated
that BDNF mRNA levels or protein concentration are
decreased in several brain regions, including the hippo-
campus (1, 2, 5), prefrontal cortex (2), and amygdala (2)
when compared to conventionally raised mice. In contrast,
another study by Neufeld et al. (3) found an increase in
BDNF mRNA expression in the dentate gyrus of female
GF Swiss-Webster mice, suggesting potential sex differ-
ences in the modulatory central effects of the gut micro-
biota. These previous studies, however, did not explore
whether microbes differentially regulate mRNA levels of
specific BDNF transcripts. Studies over the last few years
have revealed that BDNF has a complex genomic structure
and transcriptional regulation (10). Structurally, the
rodent BDNF gene consists of at least eight 5" noncoding
exons and a 3’ coding exon (IX) (25). Although the various
transcripts encode the same BDNF protein, they are
differentially expressed in distinct brain regions, cell types,
and even in different cell compartments (e.g. soma vs.
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dendrites). In addition, specific signalling pathways and
transcription factors have been linked to the transcription
of the different BDNF transcripts (10). In this study, we
examined the influence of the gut microbiota on expres-
sion levels of the common BDNF transcript and BDNF
exon-containing transcripts (I-IX) in the amygdala,
a brain region readily activated in the three-chambered
approach paradigm (26) and a central hub in the social
brain network (27, 28). We found that total BDNF and
BDNF exon-containing transcripts I-, IV-, VI-, and IX-
mRNA levels are significantly decreased in the amygdala
of adult male GF Swiss-Webster mice. The present
findings are consistent with our previous study showing
decreased expression levels of BDNF in the basolateral
amygdala of adult NMRI GF mice using an in situ
hybridisation approach that did not distinguish between
the various BDNF transcripts (2). In a recent study,
however, Stilling et al. (26) found an upregulation of the
BNDF exon IV transcript in the amygdala of adult GF
Swiss-Webster mice using a next-generation whole tran-
scriptome sequencing (RNA-Seq) approach. The reasons
for this discrepancy are not clear, since we used the same
strain and sex of mice. Nevertheless, these observations
suggest that expression of BDNF in the brain is strongly
influenced by the presence of indigenous microbes. The
transcription factors involved in the regulation of the
distinct exon-specific BDNF transcripts are not fully
understood. However, several studies have implicated the
Cyclic adenosine monophosphate (cAMP) response ele-
ment binding protein (CREB) in the regulation of BDNF
in the amygdala and other brain regions (10, 29). These
studies have shown that the mouse BDNF exon transcript
IV is upregulated via CREB binding to a cAMP/Ca**
-response element. These observations are in line with our
genome-wide profiling study showing that the cAMP-
mediated signalling pathway is one of four key canonical
pathways strongly regulated by the gut microbiota (2).
More recent studies have also demonstrated that the
expression of BDNF is strongly regulated by a variety of
epigenetic mechanisms, such as DNA methylation and
posttranslational modifications of histones (30-32). In
this regard, short-chain fatty acids (SCFA) such as
butyrate and propionate (the end products of fermentation
of dietary fibres by the gut microbiota) are of particular
interest since they are capable of inhibiting histone
deacetylases (33, 34). Indeed, it has been recently demon-
strated that systemic administration of butyrate increases
expression of BDNF transcript IV in the hippocampus
(35). In addition, recent studies have demonstrated that
SCFA (i.e. butyrate and propionate) are capable of
modulating the expression of synapse-related genes (36).
Moreover, SCFA have been shown to activate the CREB-
dependent pathways in both an animal model of ASD
(37, 38) and PCI12 cells (36). However, SCFA can also
activate cells via G-protein-coupled receptors (GPRs),

Gut microbiota and social behaviour in mice

such as GPR41 and GPR43 (39). Deciphering the details
of how gut microbiota regulates central BDNF expression
and function will be an important step in understanding
how indigenous microbes shape the development of neural
circuits, brain functions, and behaviour.
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