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There is increasing, but largely indirect, evidence pointing to an
effect of commensal gut microbiota on the central nervous system
(CNS). However, it is unknown whether lactic acid bacteria such as
Lactobacillus rhamnosus could have a direct effect on neurotransmit-
ter receptors in the CNS in normal, healthy animals. GABA is themain
CNS inhibitory neurotransmitter and is significantly involved in reg-
ulating many physiological and psychological processes. Alterations
in central GABA receptor expression are implicated in the pathogen-
esis of anxiety and depression,which are highly comorbidwith func-
tional bowel disorders. In this work, we show that chronic treatment
with L. rhamnosus (JB-1) induced region-dependent alterations in
GABAB1b mRNA in the brain with increases in cortical regions (cingu-
late and prelimbic) and concomitant reductions in expression in the
hippocampus, amygdala, and locus coeruleus, in comparison with
control-fed mice. In addition, L. rhamnosus (JB-1) reduced GABAAα2
mRNA expression in the prefrontal cortex and amygdala, but in-
creased GABAAα2 in the hippocampus. Importantly, L. rhamnosus
(JB-1) reduced stress-induced corticosterone and anxiety- and
depression-related behavior. Moreover, the neurochemical and be-
havioral effectswere not found in vagotomizedmice, identifying the
vagus as a major modulatory constitutive communication pathway
between the bacteria exposed to the gut and the brain. Together,
these findings highlight the important role of bacteria in the bidirec-
tional communication of the gut–brain axis and suggest that certain
organisms may prove to be useful therapeutic adjuncts in stress-
related disorders such as anxiety and depression.
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There is increasing evidence suggesting an interaction between
the intestinal microbiota, the gut, and the central nervous

system (CNS) in what is recognized as the microbiome–gut–brain
axis (1–4). Studies in rodents have implicated dysregulation of this
axis in functional bowel disorders, including irritable bowel syn-
drome. Indeed, visceral perception in rodents can be affected by
alterations in gut microbiota (5). Moreover, it has been shown that
the absence and/or modification of the gut microflora in mice
affects the hypothalamic–pituitary–adrenal (HPA) axis response
to stress (6, 7) and anxiety behavior (8, 9), which is important given
the high comorbidity between functional gastrointestinal disorders
and stress-related psychiatric disorders, such as anxiety and de-
pression (10). In addition, pathogenic bacteria in rodents can in-
duce anxiety-like behaviors, which are mediated via vagal afferents
(9, 11).
GABA is the main inhibitory neurotransmitter of the CNS,

the effects of which are mediated through two major classes of
receptors—the ionotropic GABAA receptors, which exist as a
number of subtypes formed by the coassembly of different subunits
(α, β, and γ subunits; ref. 12), and the GABAB receptors, which are
G protein coupled and consist of a heterodimer made up of two
subunits (GABAB1 and GABAB2), both of which are necessary for
GABAB receptor functionality (13). These receptors are impor-

tant pharmacological targets for clinically relevant antianxiety
agents (e.g., benzodiazepines acting on GABAA receptors), and
alterations in the GABAergic system have important roles in the
development of stress-related psychiatric conditions.
Probiotic bacteria are living organisms that can inhabit the gut

and contribute to the health of the host (14). Accumulating clinical
evidence suggests that probiotics can modulate the stress response
and improve mood and anxiety symptoms in patients with chronic
fatigue and irritable bowel syndrome (15, 16). One such organism
isLactobacillus rhamnosus (JB-1), which has been demonstrated to
modulate the immune system because it prevents the induction of
IL-8 by TNF-α in human colon epithelial cell lines (T84 and HT-
29) (17) and modulates inflammation through the generation of
regulatory T cells (18). Moreover, it inhibits the cardio–autonomic
response to colorectal distension (CRD) in rats (19), reduces
CRD-induced dorsal root ganglia excitability (20), and affects
small intestine motility (21).
It is currently unclear whether potential probiotics such as

L. rhamnosus (JB-1) could affect brain function, especially in
normal, healthy animals. To this end, we sought to assess whether
this bacteria could mediate direct effects on the GABAergic sys-
tem. In parallel, behaviors relevant to GABAergic neurotrans-
mission and the stress response were assessed subsequent to
L. rhamnosus (JB-1) administration. Finally, the role of the vagus
nerve in mediating such effects was also investigated by examining
these parameters in subdiaphragmatically vagotomized mice.

Results
Behavioral Effects of L. rhamnosus (JB-1) Administration.A battery of
behavioral tests relevant to anxiety and depression was carried out.
The stress-induced hyperthermia (SIH) and elevated plus maze
(EPM) tests are widely used for assessing functional consequences
of alterations in GABA neurotransmission (22, 23). Chronic ad-
ministration of L. rhamnosus (JB-1) produced a nonsignificant
reduction in SIH (t= 1.567, df = 34; P= 0.1263; Fig. 1A). On the
EPM, animals treated with L. rhamnosus (JB-1) had a larger
number of entries to the open arms than broth-fed animals, sug-
gesting anxiolytic effects (open arm entry defined as all four paws
entering the arms of the EPM apparatus) (t = 4.662, df = 34; P <
0.001; Fig. 1A). This effect is also reflected in the percentage of
time spent in the open arms, although this observation did not
reach statistical significance [broth v. L. rhamnosus (JB-1): 25.28 ±
6.67% vs. 38.36 ± 7.99%; t = 1.267, df = 34; P = 0.2146].
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Fear conditioning is also an ideal method for assessing cogni-
tive aspects of anxiety behavior, and the response to context and
specific cues are thought to reflect alterations in hippocampus
and amygdala, respectively (24, 25) Analysis of the overall 3-d
freezing behavior (the total percentage of freezing behaviors on
each day) showed a significant interaction between conditioning
day and L. rhamnosus (JB-1) treatment [F(2, 62) = 5.394; P <
0.01]. In addition, there was a significant effect of conditioning
day [F(2, 62) = 19.31; P < 0.0001], whereas the overall effect of
L. rhamnosus (JB-1) treatment was not significant [F(1, 62) =
1.469; P = 0.2346]. Post hoc analysis revealed no significant dif-
ference in the percentage of freezing behaviors on the first (ac-
quisition) or third (extinction) phases, but did show a significant
effect on day 2 (recall phase) of the test. Upon subdividing the
analysis into the component freezing bouts, it was revealed that
these differences are due to the significantly higher percentage of
freezing behaviors of L. rhamnosus (JB-1)-fed mice during cue
sessions 5 (P < 0.01) and 6 (P < 0.05) and context session 6 (P <
0.05) in comparison with broth-fed mice (Fig. 1B).
Regarding depression-related behavior, the forced swim test

(FST) analysis revealed that L. rhamnosus (JB-1)-fed animals
spent significantly less time immobile, compared with broth-fed
mice (t = 3.926, df = 14; P < 0.01; Fig. 1A).

Effects of L. rhamnosus (JB-1) Administration on Stress-Induced
Corticosterone Levels. There was a significant interaction be-
tween acute stress and L. rhamnosus (JB-1) treatment [F(1, 28)
= 7.425; P = 0.011], a significant effect of acute stress [F(1, 28)
= 73.90; P < 0.0001] and L. rhamnosus (JB-1) treatment [F(1,
28) = 11.409; P = 0.0022] on corticosterone levels. Post hoc
analysis showed that the levels of stress-induced corticosterone
are significantly lower in stressed mice that received L. rham-
nosus (JB-1) (P < 0.001) than the levels of the hormone in
stressed broth-fed mice (Fig. 1C).

Effects of L. rhamnosus (JB-1) on GABA Receptor Expression. GABAB1b

mRNA. There was a differential expression of this transcript in the
different studied areas. Higher levels of GABAB1b mRNA were
found in cingulate cortex 1 (CG1) (Fig. 2A) and prelimbic (PrL)
(Fig. 2B) cortical areas of L. rhamnosus (JB-1)-fed mice in com-
parison with broth-fed mice (t = 3.485, df = 10, P < 0.01; and t =
2.965, df = 10, P < 0.05, respectively), but no differences were
observed in the infralimbic (IL) cortex (t = 0.4558, df = 10, P =
0.658; Fig. 2C). Conversely, L. rhamnosus (JB-1)-fed mice had
lower levels of GABAB1b mRNA in the basolateral amygdala

(BLA) (t=8.778, df= 10,P< 0.001; Fig. 2D) and central amygdala
(CeA) (t= 3.372, df = 10, P < 0.01; Fig. 2E), locus coeruleus (LC)
(t = 5.339, df = 10, P < 0.001; Fig. 2F), hippocampal sub areas of
the dentate gyrus (DG) (t = 5.555, df = 10, P < 0.001; Fig. 2G),
cornus ammonis area 3 (CA3) (t = 3.207, df = 10, P < 0.01;
Fig. 2H), and cornus ammonis area 1 (CA1) (t = 3.826, df = 10,
P < 0.01; Fig. 2I) compared with broth-fed control mice.

Fig. 1. Effect of L. rhamnosus (JB-1) administration on behavior and stress-induced levels of corticosterone. (A) Stress-induced hyperthermia (SIH). There were
no significant differences between L. rhamnosus (JB-1)-fed (n = 16) and broth-fed animals (n = 20). Elevated plus maze (EPM). Mice fed with the Lactobacillus
(n = 16) entered significantly more times (***P < 0.001) into the open arms of the EPM apparatus in comparison with broth-fed mice (n = 20). (C) Forced swim
test (FST). Animals fed with L. rhamnosus (JB-1) (n = 8) spent less time immobile (**P < 0.01) compared with broth-fed mice (n = 8). (B) Effect of L. rhamnosus
(JB-1) on fear-related behaviors. On day 1, analysis revealed no differences in the learning curves between L. rhamnosus (JB-1)-fed mice (n = 16) and broth-fed
control animals (n = 20). On day 2 (memory testing), L. rhamnosus (JB-1) treated animals displayed an enhanced memory towards cues (represented by the
white boxes underneath the x axis. **P< 0.01 for cue no. 5 and *P < 0.05 for cue no. 6) and context (represented by the grey boxes underneath the x axis.
*P < 0.05 for context 6). On day 3 (memory extinction), no differences were observed between the two treatment groups. (C) Effect of L. rhamnosus (JB-1)
administration on stress-induced levels of corticosterone. Stress-induced corticosterone was measured in plasma 30 min after FST. Stress-induced levels of
corticosterone are significantly lower in L. rhamnosus (JB-1)-fed mice compared with broth fed control animals (###P < 0.001).

Fig. 2. Effect of L. rhamnosus (JB-1) administration on central GABAB1bmRNA
expression. Mice fed with L. rhamnosus (JB-1) (n = 6) had higher levels of
GABAB1b mRNA in the cingulate 1 (CG1) (A) and prelimbic (PrL) (B) cortices in
comparison with broth fed control mice (n = 6). However, no differences be-
tween the two groups were observed in the infralimbic (IL) cortex (C). On the
other hand, L. rhamnosus (JB-1) fed animals showed reduced levels of GABAB1b

mRNA in the basolateral amygdala (BLA) (D), central amygdala (CeA) (E), locus
coeruleus (LC) (F), dentate gyrus (DG) (G), cornus ammonis region 3 (CA3) (H),
and cornus ammonis region 1 (CA1) (I) in comparison with broth fed mice.
Values represent pixel density (*P < 0.05; **P < 0.01; ***P < 0.001).
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GABAAα2 mRNA. A differential expression of GABAAα2 mRNA
within the studied areas was also found (Fig. 3). In L. rhamnosus
(JB-1)-fed animals, there were low levels of GABAAα2 mRNA in
CG1 (t= 2.611, df = 10, P < 0.05; Fig. 3A), PrL (t=2.267, df = 10,
P < 0.05; Fig. 3B), and IL (t = 2.803, df = 10, P < 0.05; Fig. 3C)
cortical areas, as well as in the BLA (t= 7.541, df = 10, P < 0.001;
Fig. 3D) and CeA (t = 7.150, df = 10, P < 0.001; Fig. 3E), in
comparison with broth-fed mice. In addition, no differences in
GABAAα2 mRNAwere found in the LC between the two groups of
mice (t=1.190, df=10,P=0.2616; Fig. 3F); however, higher levels
ofGABAAα2mRNAwere found in theDGofL. rhamnosus (JB-1)-
fed mice in comparison with broth-fed control animals (t = 5.967,
df = 10, P < 0.001; Fig. 3G). No differences in GABAAα2 mRNA
were found in CA3 (t = 0.403, df = 10, P = 0.6955; Fig. 3H) and
CA1 (t = 2.161, df = 10, P = 0.0560; Fig. 3I) neuronal layer of
the hippocampus of L. rhamnosus (JB-1) compared with broth-
fed mice.

Effects of L. rhamnosus (JB-1) Administration on the Behavior of
Vagotomized Mice. To further understand the role of the vagus
nerve in communicating sensory information to the brain, sub-
diaphragmatic vagotomy (Vx) was carried out, and behavioral
parameters were determined. As shown in Fig. 4A, two-way
ANOVA revealed that there was an overall effect of Vx
[F(1, 36) = 8.91; P < 0.01], an overall effect of L. rhamnosus (JB-
1) treatment [F(1, 36) = 5.80; P < 0.05], and an interaction be-
tween Vx and L. rhamnosus (JB-1) [F(1, 36) = 5.690; P < 0.05]. In
terms of time in the center of the open field arena, Vx prevented
the anxiolytic effects of L. rhamnosus (JB-1) in mice, which is
reflected in a reduction of the time spent in the center of the open
field compared with sham surgery animals fed with L. rhamnosus
(JB-1) (P < 0.05). That Vx prevented the anxiolytic effect of L.
rhamnosus (JB-1) is further verified because the analysis of the
number entries to the central area of the open field reflects
a similar profile as in the percentage of time spent in the central
part of the arena [Fig. 6A; effect of Vx: F(1, 36) = 5.56, P < 0.05;

effect of L. rhamnosus (JB-1): F(1, 36) = 4.64, P < 0.05; in-
teraction between Vx and L. rhamnosus (JB-1): F(1, 36) = 7.66,
P < 0.01]. This exploratory behavior seems to be related to an
anxiolytic effect, because the total distance traveled by the mice
in each experimental condition did not differ between them
[F(1, 36) = 0.44, P = 0.51; Fig. 4A].
In addition, FST revealed that there was an overall effect of Vx

[F(1, 36) = 5.14, P< 0.05], an overall effect ofL. rhamnosus (JB-1)
treatment [F(1, 36) = 10.47, P= 0.01], and an interaction between
Vx and L. rhamnosus (JB-1) [F(1, 36) = 6.22, P < 0.05] in terms of
immobility time. Post hoc analysis showed that sham animals fed
withL. rhamnosus (JB-1) had significantly lowermobility time (P<
0.05) compared with sham animals fed with broth (Fig. 4A). This
effect was prevented by Vx, because immobility time of Vx animals
fed with L. rhamnosus (JB-1) was similar to the immobility time of
control mice (P > 0.05).

Effects of L. rhamnosus (JB-1) Administration on GABA Receptor
mRNA Expression: Role of Vagus Nerve. In our first series of stud-
ies, we showed that administration of L. rhamnosus (JB-1) for
28 d had marked and distinct effects on the expression of tran-
scripts for GABAB1b and GABAAα2 receptors subunits in pre-
frontal cortex, amygdala, hippocampus, and LC compared with
broth-fed animals. These findings suggest that the behavioral
changes observed could be due to the effects of L. rhamnosus (JB-
1) on brain mRNA expression. Thus, to elucidate a mechanistic
means as to how L. rhamnosus (JB-1) can affect GABA receptor
mRNA expression, in situ hybridization of the two major GABAA
receptor subunits was performed in the brains of Vx mice.
GABAAα2 mRNA. Statistical analysis revealed that there is a signifi-
cant interaction between L. rhamnosus (JB-1) treatment and Vx
on GABAAα2 mRNA levels [F(1, 20) = 5.674, P = 0.0273] in the
BLA and also in the CeA [F(1, 20) = 4.756, P = 0.0413]. There is
also an effect of Vx in both areas [BLA: F(1, 20) = 8.532, P =
0.0084; CeA: F(1, 20) = 4.84, P = 0.0397] and an effect of treat-
ment only in the BLA [F(1, 20) = 12.75, P=0.0019], but not in the
CeA [F(1, 20) = 3.586, P = 0.0728; Fig. S1]. Post hoc analysis
found that in sham animals, L. rhamnosus (JB-1) significantly re-
duced the levels of GABAAα2 mRNA in the BLA (P < 0.001) and
CeA (P < 0.05) areas of the amygdala in comparison with sham
animals fed with broth (Fig. S1 A and B), which is consistent with
our initial findings (Fig. 3 D and E). This effect on the GABAAα2
transcript was completely prevented by Vx (Fig. S1 C and D).
In the hippocampus, ANOVA revealed that there was no in-

teraction between L. rhamnosus (JB-1) and Vx on the levels of
GABAAα2 mRNA in any of the studied areas [DG: F(1, 20)= 3.47,
P = 0.0772; CA3: F(1, 20) = 1.84, P = 0.1900; CA1: F(1, 20) =
1.51, P = 0.2327]. However, it did show an effect of L. rhamnosus
(JB-1) in the DG [F(1, 20) = 6.36, P = 0.02038] and also in CA3
[F(1, 20) = 6.66, P= 0.0179], but not in CA1 [F(1, 20) = 4.13, P=
0.0557]. Additionally, an effect of Vx was only observed in the DG
[F(1, 20) = 5.86, P= 0.0248], but not in CA3 [F(1, 20) = 3.09, P=
0.0941] or CA1 [F(1, 20) = 1.47, P = 0.2393]. Post hoc analysis
showed that sham animals fed with L. rhamnosus (JB-1) had sig-
nificantly higher levels of GABAAα2 mRNA in the DG (P < 0.05)
and CA3 (P < 0.05; Fig. 4B), in comparison with sham animals fed
with broth. Vx in broth-fed animals increased the levels of
GABAAα2 mRNA in the different hippocampal areas, while L.
rhamnosus (JB-1) did not affect the action of Vx on the hippo-
campus (Fig. 4B; representative images in Fig. S2).
GABAAα1 mRNA. Densitometric analysis of GABAAα1 mRNA
showed an interaction between Vx and L. rhamnosus (JB-1)
treatment in both studied areas of the amygdala [BLA: F(1, 20) =
33.43, P< 0.0001; CeA: F(1, 20) = 15.19, P=0.0009; Fig. S3]. This
analysis revealed an effect of Vx on GABAAα1 mRNA [BLA: F(1,
20) = 49.80, P< 0.0001; CeA: F(1, 20) = 73.91, P< 0.0001) and an
effect of L. rhamnosus (JB-1) administration on this same tran-
script [BLA: F(1, 20) = 44.53, P < 0.0001; CeA: F(1, 20) = 12.77,
P= 0.0019). Post hoc analysis showed that animals that had sham
Vx surgery and were fed with L. rhamnosus (JB-1) showed signif-
icant reduction in GABAAα1 mRNA in the BLA (P < 0.0001; Fig.
S3A) and CeA (P < 0.0001; Fig. S3B), in comparison with sham

Fig. 3. Effect of L. rhamnosus (JB-1) administration on central GABAAα2

mRNA expression. Mice fed with L. rhamnosus (JB-1) (n = 6) had lower levels
of GABAAα2 mRNA in CG1 (A) PrL (B), and IL (C) cortices. In addition, GABAAα2

mRNA was also reduced in the BLA (D) and CeA (E) of L. rhamnosus (JB-1) fed
mice in comparison with broth fed animals. No differences in GABAAα2

mRNA between the two groups were observed in the LC (F). On the contrary,
GABAAα2 mRNA is increased in the DG (G) of L. rhamnosus (JB-1) fed animals
in comparison with broth control mice, but no differences were observed in
CA3 (H) and CA1 (I). Values represent pixel density (*P < 0.05; ***P < 0.001).
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animals fed with broth. In addition, no differences in GABAAα1
mRNAwere found inL. rhamnosus (JB-1) or broth-fedVx animals
compared with sham control mice.
In the hippocampus, analysis of the levels of GABAAα1 mRNA

revealed an interaction between Vx and L. rhamnosus (JB-1)
treatment in all studied areas [DG: F(1, 20) = 21.80, P = 0.0001;
CA3: F(1, 20) = 19.133, P = 0.0003; CA1: F(1, 20) = 22.87, P =
0.0001; Fig. 4C]. In addition, an effect of L. rhamnosus (JB-1) was
observed in the DG [F(1, 20) = 12.49, P = 0.0021], CA3
[F(1, 20) = 13.49, P = 0.0015], and in CA1 [F(1, 20) = 25.66, P <
0.0001]. However, an effect of Vx was only observed in the DG
[F(1, 20) = 9.751, P = 0.0054], but not in the CA3 [F(1, 20) =
2.357, P= 0.1404] or CA1 [F(1, 20) = 1.28, P= 0.2713]. Post hoc
analysis found significant reductions in GABAAα1 mRNA in the
DG (P< 0.0001), CA3 (P< 0.0001), and CA1 (P< 0.0001; Fig. 4C)
in comparison with sham control animals only fed with broth. Vx
did not affect the expression of GABAAα1 mRNA in broth-fed
animals, and it prevented the effects of L. rhamnosus (JB-1) on
GABAAα1 mRNA expression in the analyzed areas (Fig. 4C;
representative images in Fig. S4).

Discussion
These data demonstrate specific, previously undescribed neuro-
chemical changes induced by modulation of intestinal microbiota
using a potential probiotic [L. rhamnosus (JB-1)] in normal,
healthy animals (Table S1). Moreover, we show that L. rhamnosus
(JB-1) can have a direct effect upon associated behavioral and
physiological responses in amanner that is dependent on the vagus
nerve. L. rhamnosus (JB-1) consistently modulated GABAAα2,
GABAAα1, and GABAB1b receptor mRNA expression—receptors
implicated in anxiety behavior—in a regional-dependent manner.
Furthermore, in this study we observed thatL. rhamnosus (JB-1)

administration reduces the stress-induced elevation in corticoste-
rone, suggesting that the impact of the Lactobacillus on the CNS
has an important effect at a physiological level. Alterations in the
HPA axis have been linked to the development of mood disorders

and have been shown to affect the composition of themicrobiota in
rodents (26). Our data are in line with previous studies showing
that subchronic or chronic treatment with antidepressants can
prevent forced swim stress-induced increases in plasma cortico-
sterone in both mice and rats (27). Moreover, it has been shown
that alterations in HPA axis modulation can be reversed by
treatment with Lactobacillus and Bifidobacterium (28, 29). How-
ever, caution is needed when extrapolating from single timepoint
neuroendocrine studies (30). Nonetheless, these data clearly in-
dicate that in the bidirectional communication between the brain
and the gut, the HPA axis is a key component that can be affected
by changes in the enteric microbiota.
Accumulating evidence suggests that metabotropic GABA

receptors are crucial for the maintenance of normal behavior. In-
deed, genetic and pharmacological studies have implicated that
GABAB receptors play a key role in mood and anxiety disorders
(13). In the present study, themRNAof the GABAB1b subunit, the
main isoform of the GABAB1 receptor in the adult brain (13), was
increased in the prefrontal cortex of L. rhamnosus (JB-1)-fed ani-
mals. Studies have shown that animal models of depression have
reductions in GABAB receptor expression in frontal cortices (13).
Thus, it is tempting to speculate that the changes induced by the
Lactobacillus might provide an advantage toward stressful sit-
uations in comparison with broth-fed control animals. This differ-
ence is consistent with behavioral and neuroendocrine responses
seen. In the other analyzed areas (amygdala, hippocampus, and
LC),L. rhamnosus (JB-1) administration reduced the expression of
GABAB1b mRNA, which is consistent with the antidepressant-like
effect of GABAB receptor antagonists (31). L. rhamnosus (JB-1)-
fed animals showed an enhanced memory to an aversive cue and
context in comparison with broth-fed mice—an observation that
implies changes at the level of the amygdala and hippocampus (24).
These findings are consistent with data generated fromGABAB1b-
deficient animals, highlighting an important role for this subunit in
the development of cognitive processes, including those relevant to
fear (32, 33). In line with these results, it has recently been shown
that treatment with certain bacteria improves memory function in

Fig. 4. Effect of vagotomy (Vx) on anxiety and depression-like behaviors and GABAA subunit expression of animals treated with L. rhamnosus (JB-1). (A) Sham/L.
rhamnosus (JB-1) treatedmice (n=10) (white bars) spentmore time in the central areaof anopenfield arena in comparisonwith sham/broth animals (n=10) (black
bars). This behavior is reflected in the number of entries into the central area of the openfieldwith sham/L. rhamnosus (JB-1) mice (n = 10) performing significantly
more entries into this area than sham/broth treated animals. These behaviors are prevented byVx. These differences are not due to an effect on locomotion, as the
distance travelledwithin the openfield is no different between theexperimental groups. In the FST sham/L. rhamnosus (JB-1) (n= 10)mice spent less time immobile
than sham/broth animals (n = 10) an effect prevented by Vx. (B) Sham/L. rhamnosus (JB-1) mice (n = 6) have significantly higher levels of GABAAα2mRNA expression
in the DG and CA3 areas in comparison with sham/broth animals (n = 6). No significant differences were observed in CA1 between the same experimental groups.
Vx prevented any further effect of L. rhamnosus (JB-1) onhippocampalGABAAα2mRNAexpression in theDGCA3 andCA1. (C) Sham/L. rhamnosus (JB-1) (n=6)mice
have significantly lower levels of GABAAα1 mRNA in theDG, CA3, and CA1 in comparisonwith sham/broth (n = 6) animals. Vx prevented any effect of L. rhamnosus
(JB-1) on hippocampal GABAAα1 mRNA expression in the DG, CA3, and CA1 areas in the two experimental groups. (*P < 0.05; ***P < 0.001).
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infected mice (34) as well as cognitive abilities in humans (35).
However, unlike GABAB1b knockout mice (36), L. rhamnosus
(JB-1)-fed mice are able to extinguish learned fear, behaviors
dependent on the PrL cortex (37), which may reflect the actual
up-regulation of this receptor subunit in this brain region.
The amygdala is crucial for manifestation of fear and anxiety

responses and for modulation of the affective components of vis-
ceral perception. Given increased levels of GABAAα2 mRNA in
the amygdala are found in stressed animals (38), the reductions in
GABA receptor subunits induced by theLactobacillus suggest that
this bacteria could have promoted an adaptive advantage over
broth-fed animals in terms of interaction with stressful situations.
The amygdala is also necessary for conditioning of a relatively
simple stimulus or cue (conditioned stimulus) and the context in
which the unconditioned stimulus is delivered (24, 25). Compo-
nent analysis revealed that animals fed with L. rhamnosus (JB-1)
had significantly higher freezing behaviors during the last cues and
context in the second day (recall phase) of testing than broth-fed
animals—an observation that is in line with previous reports on
BALB/c mice (24). Interestingly, it has been shown that alterations
in the expression of GABAA receptor subunits affect fear-related
behaviors, as genetic ablation of the GABAAα1 subunit in mice
enhances freezing behavior (39). It is worth noting that this in-
creased emotional learning may also be interpreted as increased
anxiety behavior; this interpretation suggests that L. rhamnosus
(JB-1) has differential effects on conditioned compared with un-
conditioned aspects of anxiety.
GABAergic neurotransmission in the hippocampus has been

related to the modulation of behavior and memory processes (40).
Additionally, this structure is required for contextual conditioning,
and evidence suggest that inactivation of hippocampal GABAB
receptors improves spatial working memory (41). In the present
study, hippocampal GABAB1b mRNA is reduced in L. rhamnosus
(JB-1)-fed mice, which is consistent with an enhanced memory
consolidation in the fear conditioning test and further suggests that
the changes in hippocampal gene expression induced by the Lac-
tobacillus could in part account for these differences in behavior.L.
rhamnosus (JB-1) administration also affected the transcripts of
GABAA receptor subunits in the hippocampus. Although differ-
ences in the expression of the transcript for GABAAα2 and
GABAAα1 have been found in the hippocampus of rats subjected to
different learning tasks, these changes are not consistent (38, 42).
Nevertheless, it has been shown thatGABAA receptors bearing the
GABAAα2 subunit mediate the anxiolytic effects of benzodiaze-
pines, whereasGABAA receptors that have the α1 subunit mediate
the sedative and amnesic effects of benzodiazepines (12). In the
present study, the difference in hippocampal expression of
GABAAα2 and GABAAα1 mRNAs support the behavioral findings
because L. rhamnosus (JB-1)-fed mice were less anxious and dis-
played antidepressant-like behaviors in comparison with broth-fed
controls. Furthermore, it can be suggested that the effects of
L. rhamnosus (JB-1) on fear-related behavior could be due to its
effects on stress-induced corticosterone levels. Administration of
corticosterone to BALB/c mice after the acquisition phase (day 1)
destabilizes fearmemory consolidation and allows faster extinction
(24), suggesting a mechanism by which corticosterone itself could
directly affect fear-related behavior. In the present work,
L. rhamnosus (JB-1) reduced the stress-induced levels of cortico-
sterone, which suggest that these “lower” levels could underlie the
behavioral alterations observed.
The vagus nerve plays a major role in communicating changes in

the gastrointestinal tract to the CNS (3). In the present study, Vx
prevented the anxiolytic and antidepressant effects of L. rhamnosus
(JB-1) and also the changes in GABAAα2 andGABAAα1 mRNAs in
the amygdala (SI Materials and Methods), as well as GABAAα1
mRNA in the hippocampus. Nevertheless, Vx on its ownwas able to
increase the levels of GABAAα2 mRNA in the hippocampus, al-
though it prevented any further effect produced by L. rhamnosus
(JB-1) supporting the observation that the changes in the hippo-
campus could reflect an indirect consequence of the Lactobacillus-
induced changes in structures receiving direct visceral sensory inputs
that can project afferents toward the hippocampus. Indeed, it has
been shown that vagus nerve stimulation in rats can affect hippo-

campal functions (43), and therefore the changes in hippocampal
GABAAα2 mRNA expression could occur as a result of Vx. More-
over, vagus nerve stimulation has been described as a successful
approach to treat some (44), but not all (45), patientswith treatment-
resistant depression, which further suggests the importance of the
vagus nerve in the modulation of behavior. We cannot exclude the
possibility that there are physiological changes in the gut associated
with Vx that may indirectly alter functional aspects of the Lactoba-
cillus.However, feeding andweight gainwere similar in vagotomized
and sham-treated animals, and we have previously demonstrated
that the ability of this organism to protect against colitis in a murine
model is not influenced by subdiaphragmatic Vx (46)—a strong in-
dication that local intestinal anti-inflammatory actions are not al-
tered. The molecular mechanisms underlying how the bacteria
affects vagal afferents needs to be resolved in future studies.
One of the important aspects of these studies is that the be-

havioral changes observed were consistent across two different
laboratories using slightly different protocols, which is important,
given the perceived problems in replication of behavioral data
between laboratories (47). It is important to note that the present
neurochemical observations only represent changes at the mRNA
level, and not protein, and they could only represent a more
complex situation involving other neurotransmitter systems (48)
and a variety of intracellular cascades that can affect the expres-
sion of these transcripts in the different studied areas. Moreover,
probiotic effects are strain dependent; for example, in contrast to
L. rhamnosus (JB-1), Lactobacillus salivarius had no neurally de-
pendent effects on murine gut smooth muscle contractions in-
dicating the unlikelihood of L. salivarius having an effect on the
enteric nervous system, which must occur before the signals are
communicated via the vagus nerve to the brain (21). Considerable
further investigation needs to be conducted to the molecular
mechanisms at a microbiome level underlying the effects observed.
Moreover, future studies using dead bacteria, killed in such a way
as to exclude structural alteration, are needed to further insight
into the mechanism of action of these bacteria (19, 21). None-
theless, our data conclusively demonstrate that a potential pro-
biotic can robustly alter brain neurochemistry and behavior
relevant to anxiety- and depression-related behavior in mice.
In summary, our data with L. rhamnosus (JB-1) suggest that

nonpathogenic bacteria can modulate the GABAergic system in
mice and therefore may have beneficial effects in the treatment of
depression and anxiety. Moreover, it is worth noting that, in the
present study, the effects were observed in healthy animals,
whereas most studies examining the effects of potential probiotics
on microbiome–gut–brain axis function rely on using infected,
germ-free, or antibiotic-treated animals (2, 14); thus, the ram-
ifications of these findings is manifold for the therapeutic potential
of bacteria in modulating brain and behavior. Changes in tran-
scripts for GABA receptor subunits emphasize a possible mech-
anistic insight into the potential effect of L. rhamnosus (JB-1) on
anxiety-like behavior (12, 13). However, the participation of other
neurotransmitter and neuropeptide systems that are of relevance
to stress-related psychiatric disorders—such as 5-hydroxytrypta-
mine, norepinephrine, glutamate, and corticotrophin-releasing
factor—cannot be ruled out. Thus, future studies should in-
vestigate whether chronic treatment with L. rhamnosus (JB-1) can
modulate such systems and, if so, how long such changes may last.
Furthermore, the effects of L. rhamnosus (JB-1) on neurotrans-
mitter levels are probably downstream of the effects on the HPA
axis. In addition, the vagus nerve is responsible for some of the
behavioral andmolecular changes induced byL. rhamnosus (JB-1),
demonstrating a clear pathway for the functional communication
between bacteria, the gut, and the brain that modulates the be-
havioral responses toward different stressful situations. It is worth
noting that the majority of studies on the microbiome–gut–brain
axis are rodent-based, and future validation of the role of this axis
in modulation in behavior is now warranted. Nonetheless, our
current studies offer the intriguing opportunity of developing
unique microbial-based strategies for the adjunctive treatment of
stress-related psychiatric disorders.
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Materials and Methods
Animals. Adult male BALB/c mice (n = 36) were used and maintained as de-
scribed in SI Materials and Methods.

Bacterial Preparation and Strain Designation. See SIMaterials andMethods for
further details.

Treatments and Sacrifice. All experimental procedures were carried out in
accordance with the protocols approved by the Ethics Committee, University
CollegeCorkundera license issuedfromtheDepartmentofHealthandChildren
[Cruelty to Animal Act 1876, Directive for the Protection of Vertebrate Animals
used for Experimental and other Scientific Purposes (89/609/EEC)]. Experiments
conducted in Canada were similarly approved by the Animal Ethics committee
of McMaster University. See SI Materials and Methods for further details.

In Situ Hybridization. The in situ hybridization was conducted as described (48)
and as described in SI Materials and Methods.

Behavioral Testing. Open field test, SIH, EPM, fear conditioning (contextual
and cued), and FST were carried out as detailed in SI Materials and Methods.

Corticosterone Determination. Plasma corticosterone concentration was de-
termined with a Correlate-EIA enzyme immunoassay kit (Assay Designs)
according to manufacturer’s instructions. The detection range of this method
is from 32 to 20,000 pg/mL.

Statistical Analysis. Results are expressed as mean ± SEM. Data were analyzed
with a two-tailed Student’s t test or two-way ANOVA. Statistical significance
was accepted at the level P < 0.05.
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