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Abstract

Background: Early exposure to general anaesthetics for multiple surgeries or procedures might negatively affect brain
development. Recent studies indicate the importance of microbiota in the development of stress-related behaviours. We
determined whether repeated anaesthesia and surgery in early life cause gut microbiota dysbiosis and anxiety-like
behaviours in rats.

Methods: Sprague Dawley rats received skin incisions under sevoflurane 2.3 vol% three times during the first week of life.
After 4 weeks, gut microbiota, anxiety-related behaviours, hippocampal serotonergic activity, and plasma stress hor-
mones were tested. Subsequently, we explored the effect of faecal microbiota transplantation from multiple anaesthesia/
surgery exposed rats after administration of a cocktail of antibiotics on anxiety-related behaviours.

Results: Anxiety-like behaviours were observed in rats with repeated anaesthesia/surgery exposures: In the OF test,
multiple anaesthesia/surgery exposures induced a decrease in the time spent in the centre compared to the Control
group (P<0.05, t=3.05, df=16, Cohen’s d=1.44, effect size=0.58). In the EPM test, rats in Multiple AS group travelled less
(P<0.05, t=5.09, df=16, Cohen’s d=2.40, effective size=0.77) and spent less time (P<0.05, t=3.58, df=16, Cohen’s d=1.69,
effect size=0.65) in the open arms when compared to the Control group. Repeated exposure caused severe gut microbiota
dysbiosis, with exaggerated stress response (P<0.01, t=4.048, df=16, Cohen’s d=-1.91, effect size=-0.69), a significant
increase in the hippocampal concentration of 5-hydroxytryptamine (5-HT) and 5-hydroxyindoleacetic acid (5-HIAA)
(P<0.05; for 5-HT: t=3.33, df=18, Cohen’s d=-1.49, effect size=—0.60; for 5-HIAA: t=3.12, df=18, Cohen’s d=-1.40, effect
size=-0.57), and changes in gene expression of serotonergic receptors later in life (for Htrla: P<0.001, t=4.49, df=16,
Cohen’s d=2.24, effect size=0.75; for Htr2c: P<0.01, t=3.72, df=16, Cohen’s d=1.86, effect size=0.68; for Htr6: P<0.001,
t=7.76, df=16, Cohen’s d=3.88, effect size=0.89). Faecal microbiota transplantation led to similar anxiety-like behaviours
and changes in the levels of 5-hydroxytryptamine and 5-hydroxyindoleacetic acid.

Conclusions: Gut microbiota dysbiosis caused by early repeated exposure to anaesthesia and surgery affects long-term
anxiety emotion behaviours in rats.
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Editor’s key points

e Early exposure to general anaesthesia has been
shown to negatively affect brain development in
animal models.

e Given the importance of the gut microbiota to the

development of stress-related behaviours, the au-

thors determined whether anaesthesia and surgery
in early life cause gut dysbiosis and anxiety-like be-
haviours in rats.

Multiple exposures of neonatal rats to sevoflurane

and surgery led to subsequent anxiety-like behav-

iours later in life and changes in gut microbiota,
stress hormones, and the hippocampal serotonergic
system.

e Faecal microbiota transfer from multiple anaes-
thesia/surgery exposed rats to naive rats reproduced
the anxiety-like behaviours and changes in the se-
rotonin system, indicating an important role for ef-
fects on the gut microbiota in developmental
neurotoxicity.

General anaesthesia is required when infants and young
children receive invasive procedures. However, preclinical
studies and clinical trials show that exposure to general
anaesthesia and surgery during early brain development can
be associated with long-term alterations in cognition and
behaviours.’ * A recent study indicated that early repeated
exposure to inhalation anaesthetics in infant non-human
primates led to an anxious phenotype and social behavioural
changes.””’ However, the exact mechanisms underlying gen-
eral anaesthesia- and surgery-related long-term behavioural
changes are unclear.

Strong evidence indicates that differences in gut micro-
biota can influence behaviours and lead to stress-related
disorders later in life.® 1° Recent studies have reported gut
microbiota dysbiosis after exposure to anaesthesia/surgery
in both juvenile and aged rodents.'’ '* These data suggest
that abnormalities in gut microbiota might underlie subse-
quent behavioural changes caused by anaesthesia/surgery.
The mechanisms underlying communication along the
microbiota—gut—brain axis are being studied,'® and the
endocrine system could play an important role.'® Moreover,
the gut microbiota contribute to the developing serotonergic
system, which is particularly relevant to stress, anxiety, and
depression,'”"'® and the microbiome—gut—brain axis regu-
lates the hippocampal serotonergic system during early
life.?®

We aimed to elucidate possible correlations between mul-
tiple anaesthesia/surgery exposures early in life and changes
in gut microbiota in juvenile rats. We also examined faecal
microbiota transplantation to verify the role of gut microbiota
in anxiety-related behaviours.

Methods
Anaesthesia and surgery

Animal use was approved by the Institutional Animal Care and
Use Committee at Sun Yat-sen University (Guangzhou, China).

Male and female Sprague Dawley rats at postnatal day 6 (PND
6, 16—17 g) were used with all efforts made to minimise the
number of animals used and any suffering. The room was
illuminated with a 12-h light—dark cycle, and the room tem-
perature was maintained at 20—22°C. Rats had ad libitum ac-
cess to water and food.

The pups at PND 6 were randomly divided into the air-
treated control group (Control group) and the multiple sevo-
flurane/surgery exposure group (Multiple AS group). Moreover,
multiple anaesthesia exposed rats without surgery (Multiple A
group) were added for additional comparison. We cross-
fostered rats before weaning and co-housed rats after wean-
ing to eliminate the microbiota cage effect.’’ The anaesthesia
exposure model was performed as reported previously.’’ Rats
in the Multiple AS group were placed in a plastic container and
exposed sevoflurane to 2.3 vol% continuously for 4 h using air
as a carrier with the total gas flow of 2 L min~! on PND 6, 7,
and 8. Gas levels in the chamber were monitored using a gas
monitor (Detex-Ohmeda, Louisville, KY, USA). Rats in the
Control group were placed in a similar container and exposed
only to air for 4 h. Pups in the Multiple AS group were sub-
jected to a back-incision procedure 10 min after induction
with minor modification? (details provided in Supplementary
methods).

Tissue harvest and faeces collection

On PND 35, faecal pellets from all groups were collected for
microbiome analysis (n=9 per group) and subsequent faecal
microbiota transfer (n=10 per group). On the same day, after
faeces collection, nine rats were used for behavioural tests,
while 10 rats were killed under deep pentobarbital (200 mg
kg™l i. p.). The hippocampus was removed, cooled on ice,
snap-frozen, and stored for assessing anxiety-related neuro-
transmitters and 5-hydroxytryptamine (5-HT) receptors using
liquid chromatography—mass spectrometry analysis and
quantitative polymerase chain reaction (qPCR) analysis,
respectively (see Supplementary material). Finally, plasma
was collected from 10 rats at baseline and 10 after stress to
measure novel environment stress-induced corticosterone.
All samples were frozen at —80°C until used.

Anxiety-related behavioural tests

On PND 35, open field test and elevated plus maze test were
used. All behavioural tests were carried out by investigators
blind to treatment conditions. We also collected data and
analysed sex differences in behavioural tests on juvenile rats.
The detailed protocols of behavioural tests are presented in
Supplementary material.

Measurement of corticosterone after novel
environment stress

Rats were individually removed from the home cage to a
novel cage of 33x16x13 cm for 30 min before sacrifice.
Baseline and post-stress corticosterone were assessed with
separate groups of rats to avoid the stress caused by blood
draws (cross-section design). Blood samples (2—3 ml) were
collected into prechilled 4-ml centrifuge tubes containing
ethylenediaminetetraacetic acid (7.2 mg) and placed on ice.
Samples were centrifuged at 1500 g for 10 min in a refriger-
ated centrifuge (at 4°C). Plasma samples were then pipetted
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off and processed immediately. Corticosterone levels were
analysed using a commercial ELISA kit (Cat# EIA-4164, DRG
Diagnostics, RRID:AB_2636819, Germany) as described in
Supplementary material.

Microbiome analysis

DNA extraction with the PowerFecal DNA/RNA Kit (Cat#80244,
QIAGEN, Dusseldorf, Germany) and quantification of faecal
bacteria were performed according to the manufacturer’s in-
structions (see Supplementary material). Alpha diversity was
applied in analysing the complexity of species diversity for a
sample through four indices, including Observed species,
Chao 1, Shannon and Simpson. Beta diversity analysis was
used to evaluate differences of samples in species complexity
using analysis of similarity (ANOSIM). Weighted UniFrac dis-
tance matrices and visualisation by principal components
analysis (PCoA) were calculated. Based on the relative abun-
dance of species at each classification level in OUT table, R
software was used to draw the heat map. Linear discriminant
analysis effect size, which emphasises both statistical signif-
icance and biological relevance, was used to find biomarkers of
each group using R software.

Faecal microbiota transfer

Faecal collection and faecal microbiota transfer were con-
ducted according to previous studies (see Supplementary
material).”>?* Anxiety-related behavioural tests and levels of
5-HT and 5-hydroxyindoleacetic acid (5-HIAA) were assessed 4
weeks after faecal microbiota transfer.

To confirm the effect of antibiotics, we compared 10 rats
with normal drinking water for 2 weeks with 10 randomly
chosen antibiotic-treated rats for bacterial load determined by
semiquantitative real time—PCR and alpha diversity. We also
performed gPCR targeting 16s rRNA of certain major bacteria
before behavioural tests to make sure faecal microbiota
transfer was successful after antibiotic treatment. The 5-HT
receptor antagonist ziprasidone (ZIP, Cat#CP88059, GlpBio,
Montclair, CA, USA) was administered i. p. to investigate the
relationship between faecal microbiota transfer phenotype
and 5-HT receptors. Rats in the FMT-Multi+ZIP (n=10) received
ZIP (2.5 mg kg~ ! daily) for 7 days, based on previous studies.?

Statistics

GraphPad Prism 6 (GraphPad Software, Inc., San Diego, CA,
USA) was used for statistical analysis and figure creation. Data
were tested for normality using Wilke Shapiro test, but are
presented as mean (standard error of the mean) to facilitate
visual comparisons, whereas non-normally distributed vari-
ables are shown as median and inter-quartile range. Com-
parisons of mean values of two independent groups were
performed using the Student’s t-test or Mann—Whitney U-test.
For comparisons of the mean values of three or more inde-
pendent groups, we used one-way analysis of variance (anova)
followed by Tukey post hoc test.

For microbiota analysis, alpha diversity was calculated
with QIIME. Beta diversity analysis was done using ANOSIM.
Weighted UniFrac distance matrices and visualisation by PCoA
were calculated. R software was used to draw the heat map
based on the relative abundance of species at each classifica-
tion level. P-values <0.05 were considered statistically
significant.

Data repository

The 16SrRNA gene sequence data were deposited at NCBI
under Bioproject: PRINA597811, available from https://www.
ncbi.nlm.nih.gov/bioproject/597811.

Results
Anxiety-like behaviour

We determined the effects of multiple anaesthesia/surgery on
later anxiety-like behaviours in rats. In the open field test (Fig 1
b—e), multiple anaesthesia/surgery exposures induced a
decrease in the time spent in the centre compared with the
Control group (Fig. 1d, P<0.05, t=3.05, df=6, Cohen’s d=1.44).
No significant difference was found between groups in
movement speed (Fig. 1c, P>0.05, t=0.58, df=16, Cohen’s
d=0.27) and distance (Fig. 1e, P>0.05, t=0.15, df=16, Cohen’s
d=0.07). In the elevated plus maze test (Fig. 1e—h), rats in the
Multiple AS group travelled less (Fig. 1g, P<0.05, t=5.09, df=16,
Cohen’s d=2.40) and spent less time (Fig. 1h, P<0.05, t=3.58,
df=16, Cohen’s d=1.69) in the open arms compared with the
Control group. The total travel distance did not differ between
groups (Fig. 1i, P>0.05, t=1.66, df=16, Cohen’s d=0.78). There
were no significant differences between male and female rats
(Supplementary Fig. S1).

Hippocampal 5-HT levels and serotonergic receptor
gene expression

We screened anxiety-related neurotransmitters in juvenile
rats exposed to multiple anaesthesia/surgery (Fig 1g). Of the
five neurotransmitters tested, only 5-HT and its metabolite 5-
HIAA showed significant differences in the Multiple AS group
compared with the Control group (P<0.05; for 5-HT: t=3.33,
df=18, Cohen’s d=-1.49; for 5-HIAA: t=3.12, df=18, Cohen’s
d=-1.40). No significant differences were found in the levels of
gamma-aminobutyric acid (GABA), glutamic acid (Glu), and
acetylcholine (Ach) (P>0.05; for GABA: t=0.41, df=16, Cohen’s
d=0.19; for Glu: t=0.73, df=16, Cohen’s d=0.38; for ACh: t=0.55,
df=16, Cohen’s d=0.26). Relative mRNA levels of the three
major 5-HT receptors (Htrla, Htr2c, and Htr6) were altered (Fig.
1k, P<0.05). Among them, Htr2c and Htr6 were increased,
whereas Htrla was decreased in the Multiple AS group. How-
ever, the 5-HT synthetic enzyme (Tph2) was not affected
(P>0.05).

Hypothalamic—pituitary—adrenal axis reactivity

To assess a potential association between the endocrine sys-
tem and multiple anaesthesia/surgery exposures in neonatal
rats, we measured corticosterone after novel environment
stress. There was no significant difference between groups in
baseline corticosterone (Fig. 11, P>0.05). After stress, the level
of corticosterone in the Multiple AS group was higher than in
the Control group (P<0.01), suggesting exaggerated hypothal-
amic—pituitary—adrenal (HPA) axis reactivity.

Changes in the gut microbiome

We examined whether multiple anaesthesia/surgery expo-
sures induced long-term changes in the gut microbiome 4
weeks after exposure. The overall composition of the gut
microbiome was different between the two groups. We ana-
lysed the principal component in the gut microbiome of both
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Fig 1. Impact of multiple anaesthesia/surgery exposure on anxiety-like behaviours, hippocampal 5-HT transmission and stress response in
juvenile rats. (a) Illustration of experimental design. (b—i) Multiple anaesthesia/surgery exposures resulted in anxiety-like behaviours
shown in the open field test (OF, b—e) and elevated plus maze test (EPM, f—i). (b) Representative routes of rats in the OF test. No statistical
difference was found between the two groups in distance moved (c) and total distance (e), whereas rats in the Multiple AS group showed a
significant reduction in time spent in the centre of the open field (d). (f) Representative routes of rats in the EPM test between different
groups. Rats in the Multiple AS group exhibited a markedly lower number of open-arm entries (g) along with less time spent in the open
arms (h). (j) Hippocampal 5-HT, 5-HIAA, GABA, Glu, and ACh concentrations evaluated using liquid chromatography—mass spectrometry.
Significantly elevated 5-HT and 5-HIAA levels in the hippocampus were detected in the Multiple AS group. (k) Quantitative real-time
polymerase chain reaction analysis of major subtypes of 5-HT receptors (Htrla, Htr2c, Tph2, and Htr6) in the hippocampus relative to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The mRNA levels of Htrla, Htr2c, and Htr6 in the hippocampus significantly
changed after multiple anaesthesia/surgery exposures. (I) Cortisol concentrations at baseline and after stress of the two groups were
analysed via enzyme-linked immunosorbent assay. The cortisol concentration in the Multiple AS group after stress was significantly
higher than in the control group. n=10 for each group. Data are shown as the mean (sem) of triplicate wells in three different experiments.
*P<0.05. 5-HIAA, 5-hydroxyindoleacetic acid; 5-HT, 5-hydroxytryptamine; ACh, acetylcholine; GABA, gamma-aminobutyric acid; Glu,
glutamic acid; Multiple AS, multiple sevoflurane/surgery exposure; PND, postnatal day.
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groups by PCoA based on the weighted UniFrac distance on
operational taxonomic units (OTU) (Fig 2b). We performed
permutational multivariate anova analyses and found suffi-
cient evidence to reject the hypothesis that rats exposed
multiply to sevoflurane were similar to those exposed to air.
Alpha diversity was then quantified by observed species, Chao
1, and Shannon and Simpson. No statistical difference be-
tween groups (Fig 2¢, Pobserved species= 0.26, Pchao1=0.06,
Pshannon=0.28, Psimpson=0.12, all P>0.05) was found, since the
indices used here relate to OTU richness, evenness, and rare
species. The results show that both groups shared similar
phenotypes in OUT richness, evenness, and rare species.
Changes of predominant bacteria (>20%) in the two groups
are clearly represented at the phylum (Fig 2d and e) and family
levels (Fig 2f and g). In terms of the abundance at the phylum
level, the predominant bacteria (>20%) were Bacteroidetes
(0.38 [0.05]) and Firmicutes (0.53 [0.06]) in the Control group,
whereas Bacteroidetes (0.37 [0.05]), Firmicutes (0.26 [0.05]), and
Verrucomicrobia (0.26 [0.07]) predominated in the Multiple AS
group. Compared with the Control group, the relative abun-
dance of Firmicutes was decreased (P=0.002), whereas Verru-
comicrobia was increased (P=0.018). At the family level, there
were changes in the predominant bacteria Lactobacillaceae
and Verrucomicrobiaceae. In the Control group, the predomi-
nant bacteria were Lactobacillaceae (0.37 [0.06]) and S24-7 (0.29
[0.04]), whereas in the Multiple AS group they were Verruco-
microbiaceae (0.25 [0.07]) and S24-7 (0.23 [0.03]). The relative
abundance of Lactobacillaceae was decreased (P<0.01),
whereas that of Verrucomicrobiaceae was increased (P=0.018).

Changes in anxiety-like behaviours and gut
microbiome composition

We included a Multiple A group to differentiate the individual
contributions of anaesthesia and the surgical procedure to the
anxiety-related phenotype and changes in gut microbiome. In
the open field test, rats in both the Control group and the
Multiple A group showed more time spent in the centre than
the Multiple AS group (Supplementary Fig. S2b, P<0.05). In the
elevated plus maze test, rats in the Multiple A group and
Multiple AS group showed less frequency and time in open
arms compared with the Control group (Supplementary
Fig. S2d and e, P<0.05). The other indices between the three
groups had no significant differences (Supplementary Fig. S2a,
c, f, P>0.05).

Changes in the predominant bacteria in the three groups
are clearly represented at the phylum (Fig 2h) and family levels
(Fig 2i). In terms of abundance at the phylum level, the trend of
the Multiple A group is basically the same as that of the Mul-
tiple AS group, and no significant difference was found be-
tween the Multiple A group and the Multiple AS group (P>0.05).
However, at the family level, changes in composition of
Enterobacteriaceae, Helicobacteraceae, Lachnospiraceae, Lac-
tobacillaceae, Moraxellaceae, Prevotellaceae, Ruminococca-
ceae, and Paraprevotellaceae were found between groups
(P<0.05). Among them, four bacteria, including Lachnospir-
aceae, Lactobacillaceae, Ruminococcaceae, and Para-
prevotellaceae, showed differences between the Multiple A
group and the Multiple AS group (P<0.05). See Supplementary
materials for detailed analysis.

Gut microbiota transfer showed similar anxiety-like
behaviours

To determine the link between multiple anaesthetic/surgery
exposure-induced changes in behavioural and gut microbiota,
we applied faecal microbiota transplantation to antibiotic-
treated rats. To verify the antibiotic effect, we performed
bacterial alpha diversity of microbiota and load assessment.
Feeding mice antibiotics reduced alpha diversity of microbiota
(P<0.05, Fig 3b) and bacterial load (P<0.05, Fig 3c) by semi-
quantitative real-time PCR. Quantifications of two major bac-
teria in high proportion, including Firmicutes and
Verrucomicrobia, were assessed by qPCR targeting 16s rRNA
extracted from faeces after faecal microbiota transplantation
(Fig 3d and e). There was no significant difference in the levels
of the above bacteria between the Control and FMT-Con
groups, or the Multiple AS and FMT-Multi groups (P>0.05).
The results confirmed that the bacteria colonised the recipient
rats. The levels of 5-HT and 5-HIAA were increased in the FMT-
Multi group compared with the FMT-Con group (Fig. 3f and g,
P<0.05; for 5-HT: t=5.16, df=18, Cohen’s d=-2.31; for 5-HIAA:
t=6.60, df=18, Cohen’s d=—2.95).

In the open field test (Fig. 3h—j), compared with the FMT-
Con and FMT-Multi+ZIP groups, rats in the FMT-Multi and
FMT-Multi+Vehicle groups exhibited markedly less time in the
centre (P<0.05). No difference was found between groups in
movement speed and total distance (P>0.05). For the elevated
plus maze test (Fig. 3k—m), rats in the FMT-Multi and FMT-
Multi+Vehicle groups showed a reduction in frequency and
time spent in the open arm (P<0.05). No statistical difference
was found between groups in total distance (P>0.05).
Supplementary Figure S3 shows a proposed mechanism for
the gut—brain axis interactions based on our study.

Discussion

We show that multiple early-life anaesthesia/surgery expo-
sures are associated with long-term gut microbiota dysbiosis
and increased anxiety in juvenile rats. Among the anxiety-
related neurotransmitters, 5-HT and 5-HIAA were increased
in the hippocampus. The mRNA expression of serotonergic
receptors in hippocampus was decreased and plasma corti-
costerone was elevated in exposed rats. Moreover, antibiotic-
pretreated rats with gut microbiota transfer showed similar
anxiety-like behaviours, and changes in levels of 5-HT, indi-
cating a modulatory influence of gut microbiota on long-term
anxiety behaviour in rats.

A number of cohort studies and preclinical
evidence?"?”~?° indicate the potential neurotoxicity and
behaviour effects after early anaesthesia/surgery exposure.
More specifically, it is suggested that repeated exposures, but
not a single exposure, are associated with subsequent
impaired neurodevelopment and abnormal social behav-
iours.®® The long-term effect of early anaesthesia/surgery
exposure on neurocognitive behaviours in later life, including
anxiety, remains elusive. A recent study showed that repeated
sevoflurane exposure in early life alters emotional reactivity in
primates,” which is consistent with our results showing that
early repeated exposures led to later anxiety-like behaviours
in juvenile rats. A recent study found that early exposure to

2,3,26
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Fig 2. Early exposures to anaesthesia/surgery changed the composition of the gut microbiome in juvenile rats. (a) Illustration of experi-
mental design. (b) Principal components analysis (PCoA) of weighted UniFrac distance representing beta diversity of the gut microbiota in
rats of both Control (red) and Multiple AS groups (green). The first two axes are represented with principal coordinate axis 1 (46.6%
variability) and principal coordinate axis 2 (21.1% variability). (c) Indices representing alpha diversity of the gut microbiota between Control
and Multiple AS groups. The analysis of alpha diversity indices showed no statistical difference between groups (Pobserved species=0.26,
Pchao1=0.06, Pshannon=0.28, Psimpson=0.12, all P>0.05). (d—g) Differences in the microbiota composition at the phylum (d and e) and family
levels (f and g) in rats from the Control and Multiple AS groups. Bar graphs show individual rat (d) and mean (e) relative abundance of the
major phyla. Bar graphs show individual rat (f) and mean (g) relative abundance of the major families. (h and i) Differences in the
microbiota composition at the phylum and family levels in rats from the Control, Multiple A, and Multiple AS groups. Bar graphs showed
mean relative abundance of the major phyla (h) and major families (i). Multiple A, multiple anaesthesia without surgery; Multiple AS,

multiple sevoflurane/surgery exposure; PND, postnatal day.

midazolam, N,0O, and isoflurane results in long-lasting anxi-
ety-related behaviours in both male and female rats.>! Inter-
estingly, their results further showed that females were more
affected than males. However, other studies have reported
that male rats exposed to sevoflurane alone may be more
susceptible.>’>* Our study showed no sex differences. This
suggests that the different result lies in different exposure
models, which needs to be answered in further studies.
Maternal, genetic, and environmental factors contribute to
neonatal rodent microbial colonisation.> We strictly

controlled these factors among groups before any manipula-
tion. Our results indicate that repeated anaesthesia and sur-
gery in early life can cause gut microbiota dysbiosis 4 weeks
after exposure. A recent investigation also showed abnormal
composition of gut microbiota and delirium-like behaviour
after anaesthesia/surgery in adult mice.*® Another preclinical
study revealed that juvenile rats showed changes in gut
microbiota after a single neonatal exposure to isoflurane.’*
Compared with controls, the abundances of Firmicutes and
Lachnospiraceae were increased in exposed rats, whereas
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Fig 2. (continued).

Bacteroidetes and Bacteroidaceae were decreased. Our results
showed that, in multiple anaesthesia/surgery exposed rats,
the relative abundance of Firmicutes and Lachnospiraceae
was decreased, whereas Bacteroidetes and Bacteroidaceae did
not significantly change. The discrepancy may lie in different
animal exposure models, indicating that the gut microbiome is
largely influenced by different environmental settings.

An increasing number of studies suggest that exposure to
surgery and anaesthesia is associated with adverse cognitive

Control Multiple Multiple
A AS

development.>”’ >° In conjunction with these studies assessing
the deleterious effects of anaesthesia and surgery, we tried to
dissociate their potential effects. Compared with the Mutiple
AS group, the Multiple A group showed similar but milder
anxiety-like behaviours and changes in the gut microbiome,
indicating that surgery itself contributes to the adverse effect
on cognitive development. Our findings are in line with other
studies, emphasising the role that nociceptive stimulation
may play in the perioperative period.>* !
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Fig 3. Antibiotic-treated rats treated with gut microbiota transfer showed similar anxiety-like behaviours. (a) Illustration of experimental
design. (b) Feeding mice antibiotics reduced alpha diversity of microbiota (P<0.05). (c) Feeding mice antibiotics reduced bacterial load (P<0.05)
by semiquantitative real-time polymerase chain reaction (PCR). (d and e) Quantification of Firmicutes spp. and Verrucomicrobia spp. by
quantitative PCR in 16s rRNA extracted from faeces after faecal microbiota transfer (FMT) (n=6 per group, *P<0.05 us Control group, P<0.05 s
FMT-Con group). (f and g) Levels of 5-HT and 5-HIAA were increased in the FMT-Multi group compared with the FMT-Con group (P<0.05). (h—j)
Open Field Test (OF test) of FMT-Con, FMT-Multi, FMT-Multi+Vehicle, and FMT-Multi+ZIP groups. Compared with the FMT-Con group and
the FMT-Multi+ZIP group, the FMT-Multi and FMT-Multi+Vehicle groups exhibited markedly less time in the centre (i, P<0.05). No statistical
differences were found between groups in movement speed (h) and total distance (j, P>0.05). (k—m) Elevated plus maze test (EPM) of different
groups. No statistical difference was found between groups in total distance (m, P>0.05), whereas the FMT-Multi and FMT-Multi+Vehicle
groups showed a reduction in frequency (k) and time spent in the open arm (I, P<0.05). One-way analysis of variance followed by Tukey
post hoc test. n=10 for each group, *P<0.05.5-HIAA, 5-hydroxyindoleacetic acid; 5-HT, 5-hydroxytryptamine; Abx, antibiotic mix in the drinking
water for 2 weeks; Multiple AS, multiple sevoflurane/surgery exposure; PND, postnatal day; ZIP, ziprasidone 2.5 mg kg *i. p. daily for 7 days.
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Anaesthesia/surgery exposure during a vulnerable period is
a focus of anaesthetic research.*” We chose PND 6—8, as it
aligns with the majority of works performed on PND 7 rats.”’
Our results show that PND 6—8 is a vulnerable window for
changes in the gut microbiota. To determine the causal rela-
tionship of the gut microbiome and behavioural changes,
faecal microbiota transfer was applied to 4-week-old rats
during the window of opportunity to influence microbiome
composition.>®> After 4 weeks of antibiotic pretreatment and
microbiota transfer, 8-week-old rats still showed anxiety-like
behaviours, which in turn emphasises the important role gut
microbiota play in the behavioural changes. The mechanism
may relate to central changes in the serotonergic system based
on our findings.

Recent studies have reported the bidirectional relationship
between gut microbiota and mood disorders.”> We detected
some specific alterations in gut microbiome that compare to
those found in patients with mood disorders. In healthy
humans, Firmicutes and Bacteroidetes make up >90% of the
intestinal microbiota.** A Major Depression Disorder (MDD)
study showed decreased Firmicutes and increased Proteo-
bacteria in patients.** Aizawa and colleagues®® found that
beneficial gut bacteria such as Lactobacillus were also reduced
in MDD patients. Naseribafrouei and colleagues®’ revealed a
lower abundance of Lachnospiraceae in depressed patients.
Our results show some similarities: the relative abundance of
Firmicutes, Lachnospiraceae, and Lactobacillus decreased,
whereas Proteobacteria increased, in exposed rats.

Among the mechanisms of communications between
stress and microbiota, alterations in the HPA axis function and
serotonergic system are widely discussed.”® By measuring
corticosterone, our results indicate an earlier activation of the
HPA axis in rats with multiple anaesthesia/surgery exposures.
In our screen of changes in anxiety-related neurotransmitters,
including ACh, monoamine y-aminobutyric acid, and gluta-
mate/glutamine in the hippocampus,*® only 5-HT changed
significantly. Serotonin is known for its central contributions
to anxiety and depression. Clarke and colleagues® first re-
ported that germ-free mice display anxiety-like behaviour and
have increased levels of hippocampal 5-HT and 5-HIAA. Our
results are consistent with this. Moreover, the effective treat-
ment of the 5-HT receptor antagonist ZIP in reversing the
behavioural changes showed a close relationship between gut
microbiota and the CNS serotonergic system.

We found gene expression changes in three serotonergic
receptors in hippocampus, including Htrla, Htr2c, and Htr6.
Studies have provided direct evidence concerning the role of 5-
HT1la and 5-HT2c receptors in the regulation of anxiety,**°
which produce anxiolytic and anxiogenic effects, respec-
tively. We found that 5-HT1a receptors decreased and 5-HT2c
receptors increased. These receptor-based differences in
serotonergic regulation of emotional behaviour could
contribute to anxiety. We also observed no change in the Tph2
gene, which encodes tryptophan hydroxylase, the rate-
limiting enzyme in the synthesis of 5-HT. Tph2 has been
shown to impact on emotion-related mood/anxiety disor-
ders.” Our results indicate that there must be other factors
that affect hippocampal 5-HT content in our experimental
setting.

Given the critical relationship between serotonergic sys-
tems and anxiety,’” we propose that early anaesthesia/surgery
exposures, as a stressor, induce gut microbiota dysbiosis and
inappropriate development of the CNS serotonergic system,
which would later lead to anxiety behaviours. It has long been

known that stress influences the composition of the gut
microbiome.>® The putative environmental changes, such as
anaesthetic- and surgery-related physiological changes, could
work as perioperative stress, and lead to a persistent impact.
There is evidence to support the idea that early-life environ-
mental stress could have consequential long-term effects.”*

Our study provides new insights on the role of gut micro-
biota as an intermediary between the HPA axis and central
serotonergic system. Gut microbiota, the HPA, and the hip-
pocampal serotonergic system are all particularly relevant to
anxiety.>® Activation of the HPA axis during early life has been
related to an altered serotonergic system, and postnatal mi-
crobial colonisation.”®*” We proposed an underlying mecha-
nism whereby perioperative stress alters the gut microbiota,
and consequently affects the serotonergic system and HPA
axis. Going forward, the bidirectional communication be-
tween microbiota and the CNS influences stress reactivity. We
conclude that visceral signals originating from gut microbiota
are transmitted to the brain, leading to anxiety-like
behaviours.
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