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he acquisition of intestinal micro-

biota in the immediate postnatal
period has a defining impact on the
development and function of many
immune and metabolic systems inte-
gral to health and well-being. Recent
research has shown that the presence of
gut microbiota regulates the set point for
(HPA)

axis activity.! Accordingly, we sought to

hypothalamic-pituitary-adrenal

investigate if there were other changes
of brain function such as behavioral
alterations in germ free (GF) mice, and
if so, to compare these to behavior of
mice with normal gut microbiota. Our
recent paper showed reduced anxiety-
like behavior in the elevated plus maze
(EPM) in adult GF mice when compared
to conventionally reared specific patho-
gen-free (SPF) mice.” Here, we present
data collected when we next colonized
the adult GF mice with SPF feces thereby
introducing normal gut microbiota, and
then reassessed anxiety-like behavior.
Interestingly, the anxiolytic behavioral
phenotype observed in GF mice persisted
after colonization with SPF intestinal
microbiota. These data show that gut-
brain interactions are important to CNS
development of stress systems and that
a critical window may exist after which
reconstitution of microbiota and the
immune system does not normalize the
behavioral phenotype.

It is well established that the gut and brain
communicate in a bidirectional manner
through the autonomic nervous system,
immune system and the HPA axis.*” Gut-
brain communication is important to
human gastrointestinal and psychiatric ill-
ness, which is highlighted by the increased
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comorbidity found between mood and
anxiety disorders and both inflammatory
bowel disease and the functional bowel
disorders.®® Indeed the focus of Rome III,
a diagnostic instrument designed to aid
clinicians in the diagnosis of functional
bowel disorders such as irritable bowel
syndrome (IBS), is on gut, brain and spi-
nal cord interactions and their involve-
ment in the generation of symptoms of
pain and intestinal dysfunction.” Luminal
contents have also become a focus of study
in the etiology of functional bowel disor-
ders, with a number of studies pointing
to variations in the composition of gut
microbiota in patients suffering from IBS
compared to controls.”” A recent report
found that compared to specific patho-
gen-free (SPF) mice, adult germ free mice
showed an exaggerated stress response, as
evidenced by increased plasma corticoste-
rone (CORT) and adrenocorticotrophic
hormone (ACTH) levels in response to
restraint stress.! Clearly the study of the
impact of gut microbiota on the develop-
ment of HPA dysfunction and potentially
anxiety-like behavior has important clini-
cal applications in the study of both gas-
trointestinal and psychiatric health and
disease, as they are essentially involved in
the communication between the gut and
the brain.

We propose that the intestinal micro-
biota housed within the gastrointestinal
tract may act as a mediator in the com-
munication existing between the gut and
the brain. In our recent study,” we exam-
ined behavior in germ free (GF) mice and
provided evidence that gut microbiota are
important to the development of stress
circuitry and related behaviors. We dem-
onstrated that GF mice show reduced
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Figure 1. EPM testing of SPF and conventionalized GF mice (CONVGF) showed increased open
arm (A) and increased open arm entries (B) in CONV-GF mice compared to SPF mice. *p < 0.05.

anxiety-like behavior in the elevated plus
maze (EPM) in comparison to specific
pathogen-free (SPF) mice, a phenotype
that was accompanied by changes in
plasticity-related genes in the hippocam-
pus and amygdala.? Our results provide
support for the idea that normal healthy
gut bacteria may influence the develop-
ment of the CNS and thereby its func-
tion, as reflected by both the behavioral
and molecular changes seen in GF mice.
Our findings are consistent with another
recent report linking gut microbiota with
behavior and neurochemistry.! In both
the original work by Sudo et al. and the
recent work by Heijtz et al. the authors
addressed the issue of critical windows of
development. Sudo et al. demonstrated
reconstitution of germ free mice with SPF
flora at 6 weeks (young adult) but not at
14 weeks (adult) reversed the HPA axis
response to restraint stress.! Heijtz et al.
showed that reconstitution of germ free
mice early in life reversed the locomotor
and anxiety-like behaviors in the EPM,
however, increased exploratory behavior
in the light/dark box persisted in these
mice."" In a subset of GF mice used in our
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original study, we colonized the GF mice
with SPF faeces thereby introducing nor-
mal gut microbiota and reassessed anx-
iety-like behavior. Conventionalization
of GF mice (CONV-GF) occurred by
daily mixing the GF mouse’s home bed-
ding with SPF mouse bedding and stool.
Studies have shown that this intervention
will reconstitute the full complement of
microbiota to a GF animal.'*® As shown
in Figure 1, CONV-GF mice showed a
persistent anxiolytic behavioral pheno-
type, as shown by increased time spent in
the open arms of the EPM and increased
open arm entries (t-test, p < 0.05). Given
that we observed no change in the altered
behavioral phenotype post-conventional-
izion in the adult GF mouse, it is likely
that neural pathways are altered early
in development and that there is a criti-
cal period postnatally in which HPA axis
dysfunction and behavioral traits become
relatively hard-wired into adulthood.
Evidence of behavioral alterations
in conjunction with adaptive immune
deficits have been demonstrated by
Cushman et al. who showed that dele-
tion of the recombinase activating gene
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(RAG-1) in mice which results in absent
antibody synthesizing capability, caused
increased exploration in the open field
and decreased open arm avoidance in
the EPM. However, it should be noted
that RAG-1 is also expressed in the
CNS" where its function has yet to be
elucidated. It is possible that the known
immaturity of the adaptive immune sys-
tem of GF mice somehow contributes to
the behavioral phenotype we observed.
The sensory arm of the autonomic ner-
vous system may be an alternate route
whereby gut microbiota may affect brain
function. Several reports make this link.
Oral ingestion of a bifidobacterium by
conventional Sprague Dawley (SD) rats
resulted in evidence of changes in sero-
tonin metabolism in the brain stem.!
Consumption of Lactobacillus reuteri
(LR) by conventional SD rats inhib-
ited the perception of pain consequent
to visceral distension suggesting that
commensal bacteria can affect nerve
function and pathways in conventional
animals.” Recent work in our laborato-
ries has shown that oral treatment of SD
rats with LR consistently activated cal-
cium dependent potassium channels in a
specific subset of enteric neurons in the
colonic myenteric plexus,'® thus afford-
ing a direct link between luminal com-
mensals and the enteric nervous system.
In related studies using minimal doses
of two different potentially pathogenic
bacteria, citrobacter rodentium and cam-
pylobacter jejuni, Lyte and colleagues'*°
observed vagally mediated activation in
the brain stem of mice in the absence of
any evidence of inflammation in the gut,
again empbhasizing the effects of intesti-
nal microbes upon the gut-brain commu-
nication pathway.

We consider that the
and molecular alterations that we have
observed in GF mice may have occurred
due to the absence of microbial direct or

behavioral

indirect neural communication. Further
work exploring these mechanistic possi-
bilities may lead to novel insights into the
complex roles of commensal bacteria in
the development and function of the CNS.
Unraveling these pathways may eventu-
ally lead to new therapeutic approaches
in dealing with both gastrointestinal and
psychiatric illness.
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