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Key Messages

e Take-home message: Bifidobacteria reduced stress-related behaviours in mice in a bacterial-strain dependent
manner and more efficiently than a widely used antidepressant drug. This supports the concept of psychobiotic

therapies for stress-related disorders.

e Research aims: To assess the psychobiotic potential of two Bifidiobacteria strains.

¢ Basic methodology: Innately anxious male BALB/c mice were fed with either of two Bifidobacteria, vehicle or an
antidepressant (escitalopram) for 3 initial weeks before undergoing a battery of tests related to stress, anxiety
and depression. Key stress-related physiological parameters were also measured..

e Results summary: B. longum 1714 reduced stress, anxiety and depression-related behaviours whereas B. breve
1205 reduced general anxiety behaviours and induced weight loss. Escitalopram had fewer or no effects on these

parameters and induced weight gain.

Abstract

Background Accumulating evidence suggests that
commensal bacteria consumption has the potential to
have a positive impact on stress-related psychiatric
disorders. However, the specific bacteria influencing
behaviors related to anxiety and depression remain
unclear. To this end, we compared the effects of two
different Bifidobacteria on anxiety and depression-like
behavior; an antidepressant was also used as a
comparator. Methods Innately anxious BALB/c
mice received daily Bifidobacterium Ilongum (B.)
1714, B. breve 1205, the antidepressant escitalopram
orvehicle treatment for 6 weeks. Behavior was assessed
in stress-induced hyperthermia test, marble burying,
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elevated plus maze, open field, tail suspension test, and
forced swim test. Physiological responses to acute stress
were also assessed. Key Results Both Bifidobacteria and
escitalopram reduced anxiety in the marble burying
test; however, only B. longum 1714 decreased stress-
induced hyperthermia. B. breve 1205 induced lower
anxiety in the elevated plus maze whereas B. longum
1714 induced antidepressant-like behavior in the tail
suspension test. However, there was no difference in
corticosterone levels between groups. Conclusions e)
Inferences These data show that these two Bifidobac-
teria strains reduced anxiety in an anxious mouse
strain. These results also suggest that each bacterial
strain has intrinsic effects and may be beneficially
specific for a given disorder. These findings strengthen
the role of gut microbiota supplementation as psycho-
biotic-based strategies for stress-related brain-gut axis
disorders, opening new avenues in the field of neuro-
gastroenterology.

Keywords anxiety, BALB/c mice, behavior, bifidobac-
teria, corticosterone, depression-related behavior,
stress.
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INTRODUCTION

Increasing evidence suggests that the microbiome-
brain-gut axis, a major regulator of homeostasis
and gastrointestinal (GI) functions, also plays a key
role in the generation of stress and psychiatric
disorders.’? Indeed, alterations in microbiota have
been linked to irritable bowel syndrome (IBS), a
functional GI disorder highly comorbid with stress
and anxiety.>® Interestingly, exposure to early-life or
social stress has recently been shown to be able to
alter the enteric microbiota.”” Moreover, it has been
shown that germ-free mice or mice models of
infections displayed enhanced stress axis responses
and altered anxiety-related behavior.8!! Interestingly,
mouse germ-free studies showed that the divergent
innate anxiety-related phenotypes of two different
mouse strains was transferred to the other strain
once the corresponding microbiota was trans-
planted.'?

Commensal bacteria, or probiotics, actively interact
with the endogenous enteric microbiota and gut cells,
therein conferring health benefit to the host.'®
Although data are somewhat limited, it has been
shown that Lactobacilli (L.) and Bifidobacteria (B.)
species have in particular been shown to display
potential therapeutic properties in psychiatric disor-
ders.'*'> Lactobacilli strains have also been shown to
normalize corticosterone release, reverse stress-
induced colonic alterations'® and improve anxiety
associated with chronic fatigue syndrome.!” Moreover,
we have recently shown that L. rhamnosus was able to
reduce the innate anxiety and stress response of
healthy and non-manipulated BALB/c mice!® and a
B. longum was shown to decrease anxiety in both
healthy and DSS-induced colitis AKR mice or mice
infected with T. muris.'®*°

Bifidobacteria are notably used as beneficial food
supplements in dairy products and play a protective
role against pathogenic bacteria and allergies.”'*?
Notably, Bifidobacteria of the genera longum and
breve were shown, or hypothesized, to have positive
effects on the immune system,”* IBS,*>?¢ depres-
sion,>”*®  anxiety!” and neurodegenerative dis-
eases.’”?® Questions remain as to whether all
Bifidobacteria strains are equal in their ability to have
positive effects on behavior.

Therefore, in this study, we investigated the
potential of two different Bifidobacteria strains,
B. longum 1714 and B. breve 1205, to alter the
behavior of healthy BALB/c mice, as we have previ-
ously shown with L. rhamnosus.'® This mouse
strain was specifically selected as they have been
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proposed to be a model of pathological anxiety,! a
good strain to model IBS in animals®* and they have
been used to characterize the in vivo effects of
probiotics.??

MATERIALS AND METHODS

Animals

Male BALB/cOlaHsd (BALB/c) mice, aged 7 week-old were pur-
chased from Harlan Laboratories, UK. Mice remained group-
housed (3-4) in plexiglas cages (33 x 15 x 13 cm, L x W x H)
under standard laboratory conditions (22 + 1 °C, humidity
55 £ 5%) on a 12-h light/dark cycle (lights on 7.30 a.m.), and
were provided with standard laboratory diet and water ad libitum.
The sex and strain of mice was chosen to compare with our
previous studies investigating the behavioral effects of potential
probiotics.'® Animals were housed in a specific room and
treatments groups were separated from each other to avoid
cross-contamination. All experiments were conducted in accor-
dance with the European Directive 86/609/EEC, the Recommen-
dation 2007/526/65/EC  and approved by the Animal
Experimentation Ethics Committee of University College Cork.

Commensal bacteria and antidepressant
treatment

B. longum 1714 and B. breve 1205 were kindly donated by
Alimentary Health Ltd., Cork, Ireland as freeze-dried stocks
(—80 °C). Bacteria were daily reconstituted in sterile phosphate
buffered saline (PBS) to a final concentration of 1 x 10° CFU/mL
ingested by mice.”® The selective serotonin reuptake inhibitor
(SSRI) escitalopram (S-enantiomer of Citalopram) Discovery Fine
Chemicals (Dorset, UK) was used as a control antidepressant.
Escitalopram was made up fresh daily in PBS and the dose
administered was 20 mg/kg.** Vehicle-treated animals received
PBS only. All treatments were given orally.

do d21  d24 d28 o33 d37 d41
SIH DmB EPM OF TST FST Sampling
srimiaiees - : : : : + 1 hstress
Acute stress
No stress

6 weeks feeding

Figure 1 Representation of the study design. BALB/c mice were fed for
a total period of 6 weeks with Bifidobacterium longum 1714, B. breve
1205, an antidepressant (escitalopram) or vehicle (PBS). All groups
were weighed daily. After 3-week feeding, animals underwent a battery
of testing relevant to anxiety. Half of the animals were then assessed
for antidepressant-related behavior and acute stress, whereas the other
half remained untested. All groups were sacrificed on the same day,
either + 1 h post stress (forced swim test, FST) or 8 days post test (open
field, OF). Blood and tissue were harvested for further physiological
analysis. D, day; SIH, stress-induced hyperthermia; DMB, defensive
marble burying; EPM, elevated plus maze; OF, open field; TST, tail
suspension test; FST, forced swim test.
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Study design

The experimental design is presented in Fig. 1. After at least 5-day
habituation to the animal facility, mice were fed daily (between
6.00 and 7.00 p.m.) for 6 weeks with B. longum 1714, B. breve
1205, escitalopram or vehicle, using sterile gavage needles.
Bodyweight was monitored throughout; behavioral testing was
conducted starting with the least to the most stressful test,
from week 3 of feeding. Mice were tested in a random fashion
regarding litters and treatments groups (four different litters
per group), with an experimenter blind to conditions. Except
for stress-induced hyperthermia, animals were brought to the
experimental room 30 min prior testing, which occurred
between 8.00 a.m. and 4.00 p.m. (8.00 a.m-12.00 p.m. for the
forced swim test). Unless specified otherwise, experiments
occurred under normal room lighting (100 lux at 1 m above the
floor). All material were cleaned with 70% ethanol between
animals. Briefly, at 10 weeks old, mice (n = 22 per group) were
tested in a battery of anxiety tasks (see Fig. 1) and further split
into two groups: half of the mice (n = 11) remained undisturbed
in their home cage until the end of the experiments, whereas the
other half (n = 11) was subjected to the tail suspension test and
forced swim stress. All animals were sacrificed on the same day,
thusl h post stress for stressed mice.

Behavioral assessment

Stress-induced hyperthermia This test measures anxiety state as
a function of body temperature increase in response to stress and
was conducted as previously described.>® Briefly, 24 h prior to
testing, all mice were individually housed in standard plexiglas
cages (33 x 15 x 13 em, L x W x H). The following day, body
temperature was measured between T1 (T =0) and T2, 15 min
later. A sterile mouse thermometer was gently inserted 20 mm in
the rectum of mice hung by the tail until stable thermometer
measurement was reached (~15 s). Body temperature was mea-
sured to the nearest 0.1 °C; difference between T1 and T2 (AT)
reflected the stress-induced hyperthermia.

Defensive marble burying This test assesses compulsive and
anxious behavior, and is based on mice defensive burying behavior
and was conducted as previously described.?” A higher number of
marbles buried represents higher levels of anxiety. Mice were
individually placed in a novel plexiglas cage (35 x 28 x 18.5 cm,
L x W x H), filled up with sawdust (4 cms) and 20 marbles on
top of it (five rows or marbles regularly spaced 2 cms away
from the walls and 2 cms apart). Thirty minutes later, the
number of marbles buried for more than 2/3 of their surface was
counted.

Elevated plus maze This test assesses general anxiety, and is
based on the conflict mice experience between the attraction and
the fear for a novel environment; less anxious mice spend more
time in fearful areas.®® The set up was made of a gray plastic cross-
shaped maze 1 m elevated from the floor, comprising two open
(fearful) and two closed (safe) arms (50 x 5 x 15 cms walls or
1 cm no wall). Experiments occurred under red light (~5 lux).
Mice were individually placed into the center of the maze facing
an open arm (to avoid direct entrance into a closed one) and were
allowed 5-min free exploration. Experiments were videotaped
using a ceiling camera for further parameters analysis using
Ethovision software (3.1 version, Noldus, TrackSys, Nottingham,
UK). The percentage of time spent, distance moved and the
number of entries in each arm were measured, for anxiety
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behavior and locomotor activity, respectively (entrance in an
arm was defined as all four paws inside the arm).

Open field To assess the response to a novel stressful environment
and locomotor activity, mice were placed into a brightly lit (400 lux)
white open arena (43 x 35 x 25 ¢cms, L x w x h) and allowed 10-
min free exploration. Experiments were videotaped using a ceiling
camera for further parameters analysis using Ethovision software.
The distance travelled was scored for locomotor activity and the
number of fecal outputs counted for stress-induced defecation.®”
The latency to enter a virtual central zone (defined at 2.5 cms away
from the edges) was also scored to assess anxiety.

Tail suspension test This test assesses antidepressant activity
and depression-like behavior and was conducted as previously
described.*® Mice were individually hung by the tail with adhesive
tape (2 cms from tail tip) to a grid bar 30-cm elevated from the
floor and the test lasted 6 min. Experiments were videotaped
using a numeric tripod-fixed camera and data were further scored
twice using the videos (Video Media Player software) and averaged
by an experimenter blind to conditions. The time spent immobile
(s) was scored; lower percentage of immobility reflecting lower
depression-like behavior; immobility is defined as the absence of
voluntary or escape-orientated movement.

Forced swim test This test assesses antidepressant-like behavior
and was used as an acute stressor.*! Mice were individually placed
in a transparent plexiglas cylinder (24 x 21 cms diameter), con-
taining 15-cm-depth water (25 + 0.5 °C). Water was changed
between each animal to remove odors. The test lasted 6 mins and
experiments were videotaped using a numeric tripod-fixed cam-
era; data were further scored twice using the videos (Video Media
Player software) and averaged by an experimenter blind to
conditions. The latency to immobility was scored. The time of
immobility (s) was measured for the 4 last min of the test, with
immobility being defined as a total absence of movement except
slight motions to maintain the head above the water.

Tissue collection

Animals were sacrificed in a random fashion regarding treatment
and testing condition; sampling occurred between 9.00 a.m. and
1:00 p.m. Trunk blood was collected in potassium EDTA (Ethyl-
ene Diamine Tetra Acetic Acid) tubes and spun for 15 min at
7000 g. Plasma was isolated and stored at —80 °C for further
corticosterone analysis. As stress and anxiety are associated with
physiological changes in peripheral organs, and as we hypothe-
sized that Bifidobacteria may improve the stressed and anxious
phenotype of BALB/c mice, additional routine stress-sensitive
physiological parameters were scored.*”> The colon was removed,
mechanically cleaned and its length measured to 0.1 cm preci-
sion, as colon length reduction is observed in case of colonic
inflammation following stress*?; thymus, heart, spleen, and
adrenals were also weighed as thymus and adrenals hypotrophy,
heart hypertrophy and splenomegaly are observed following
chronic stress, due to the impact stress has on the immune
system, immune cells survival, and interactions with the auto-
nomic nervous system and metabolic pathways.*3*¢

Corticosterone assay

Corticosterone levels were measured in the plasma from all
animals using an Enzyme Immunoassay Kit (Enzo Life Sciences,
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Inc., Farmingdale, NY, USA) according to the manufacturer’s
instructions. Samples were analyzed in duplicate in a single assay
using 20 uL plasma per sample; the threshold detection was less
than 32 pg/mL; coefficient of variation limit=20%; the concen-
trations are expressed in ng/mL.

Data analysis

Data were analyzed using SPSS software, version 15 (IBM SPSS
Statistics, IBM Corporation, Armonk, NY, USA). For bodyweight
gain evolution, data were analyzed using a one-way ANOVA
repeated measures. For individual day’s comparison of bodyweight
and all other data, a one-way anova was conducted, followed by
Fisher’s post hoc test. Non-parametric data (Shapiro-Wilk test)
were analyzed with a Kruskal-Wallis test followed by Dunn’s
post hoc test. Unpaired t-test, or Mann-Whitney test, were used
for two-group comparison where appropriate. Statistical signi-
ficance was set at p < 0.05. Data are expressed as mean + SEM.
Due to technical issues in the animal facility (fire alarms), a
number of mice had to be excluded as they had been stressed at
the time of testing. Thus, only data from 10 to 12 mice per group
for the stress-induced hyperthermia test and from 15 to 17 mice
per group for the marble burying were included in the analysis.

RESULTS

Bodyweight gain

Total bodyweight gain (Fig. 2A, between week 6 and 1)
differed between groups (F(3,80) = 7.968, p < 0.0001),
with post hoc test revealing that escitalopram
increased it (p < 0.05) whereas B. breve 1205 decreased
it (p < 0.01). Further analysis of bodyweight gain over
time (data not shown) revealed an effect of treatment (F
(3,83) = 9.43, p<0.0001], time (F(5415)= 149.18,
p <0.0001) and a treatment x time interaction (F
(15,415) = 1.84, p < 0.05). Post hoc test confirmed that
escitalopram increased bodyweight gain at week 1, 3
and 4 (p <0.05; week 6 p=0.054) compared with
vehicle, whereas B. breve 1205 decreased it at week 2,

Total bodyweight gain

Stress-induced hyperthermia
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4 (p<0.05), week 5 (p=0.01), and 6 (p<0.05).
Although B. longum 1714 had no overall effect in
one-way ANOVA analysis, post hoc test on individual
days showed that this bacterium induced lower body-
weight gain than vehicle treatment on week 1 and 5
(p < 0.05).

Anxiety-related behavior

Stress-induced hyperthermia (Fig. 2B) significantly dif-
fered between groups (H(df = 3) = 9.970, p < 0.05), as
B. Iongum 1714 induced a lower body temperature
increase in mice than vehicle treatment (p < 0.05).
Basal temperature (T1) did not differ between groups (F
(3,39) = 1.846, p = 0.1548, data not shown).

In the marble burying test, the number of marbles
buried (Fig. 2C) significantly differed between groups
(H(df = 3) = 13.18, p <0.01) as escitalopram, B. lon-
gum 1714 and B. breve 1205 all induced a reduction in
the number of marbles buried compared with vehicle
treatment (p < 0.05, p < 0.001, p < 0.01, respectively).

In the elevated plus maze, groups differed in their
percentage of time spent (Fig. 3A), and distance moved
(data not shown), in the open arms (H(df = 3) = 8.821,
p <0.05, and H(df =3)=10.971, p <0.05, respec-
tively), as B. breve 1205-treated animals spent more
time, and travelled a greater distance, in the open arms
than vehicle group (p <0.05 for both parameters).
However, locomotor activity (Fig. 3B) did not differ
between animals as assessed by the total number of
entries (H(df = 3) = 3.164, p = 0.367).

In the open field, the latency to enter the central zone
differed between groups (Fig. 3C, H(df = 3) = 8.457,
p < 0.05), as B. longum 1714 induced a lower latency
to enter the middle part of the arena than vehicle
(p < 0.05). There was also no difference between treat-

Defensive marble burying
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Figure 2 Effect of the two Bifidobacteria and escitalopram on bodyweight gain, stress-induced hyperthermia and defensive marble burying tests.
B. breve 1205 induced a decrease in bodyweight gain (A), whereas escitalopram increased it. B. longum 1714 had no effect. N = 20-22 per group.
B. longum 1714 induced a lower body temperature increase in the stress-induced hyperthermia test compared with vehicle group, whereas B. breve
1205 and escitalopram had no effect (B). N = 10-12 per group. All treatments induced a decrease in the number of marbles buried in the defensive
marble burying test (C), but more significantly so in the two Bifidobacteria-fed animals. N = 15-17 per group. Veh, vehicle; Esc, escitalopram; B lgm,
B. longum 1714; B Bre, B. breve 1205. *p < 0.05, **p < 0.01, ***p < 0.001, treatment vs vehicle groups. Data are expressed as means + SEM.
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Figure 4 Effect of the two Bifidobacteria and escitalopram in the tail suspension test and the forced swim test. B. Longum 1714 induced a reduced
time of immobility in the tail suspension test compared with vehicle-treated animals (A), whereas B. breve 1205 and escitalopram had no effect.
However, there was no difference in the forced swim test between treatments (B). N = 9-11 per group. Veh, vehicle; Esc, escitalopram; B Igm,

B. longum 1714; B Bre, B. breve 1205. *p < 0.05, t-test B. Longum 1714 vs vehicle groups. Data are expressed as means + SEM.

ments in the distance travelled in the arena (Fig. 3D, F Physiological parameters
(3,83) = 1.363, p = 0.26) and in stress-induced defeca-

tion (data not shown, H(df = 4) = 5.030, p = 0.1696). Results are presented in Table 1. There was a signif-

icant difference in spleen weight between groups (F
(3,73) = 7.66, p < 0.001), as escitalopram decreased it
Antidepressant-related tests (p <0.05), whereas B. breve 1205 increased it
(p < 0.05). However, there was no difference between
groups in thymus weight (F(3,75) = 0.607, p = 0.613),
heart weight (F(3,74)=2.395, p =0.075), adrenal
glands weight (right adrenal, H(df =3)=4.52,
p =0.211, left adrenal, H(df = 3) = 1.304, p = 0.7282),
and colon length (F(3,72) = 1.44, p = 0.238).

Regarding corticosterone levels, there was a signif-
icant effect of stress (F(1,69) = 21.30, p < 0.0001), but
no effect of treatment (F(3,69) = 1.84, p = 1480) or
stress X treatment interaction (F(3,69) = 2.36,
p = 0.0788). Specifically, stress induced a marked

Treatment groups did not statistically differ in the tail
suspension test in the time spent immobile (Fig. 4A,
F(3,38) = 1.582, p = 0.210), however B. longum 1714
induced a significant 40% reduction in immobility
time compared with vehicle treatment when assessed
in an a priori t-test 2-group comparison (p < 0.05). In
the forced swim test (Fig. 4B), none of the treatments
induced any difference between animals in the time
spent immobile (H(df = 3) = 2.781, p = 0.4266) or the
latency to immobility (H(df = 3) = 0.903, p = 0.825,
data not shown).
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increase in corticosterone and none of the treatment
groups affected either basal or stress-induced levels.

DISCUSSION

Increasing evidences suggest that the microbiome-gut-
brain axis can regulate behavior and emotions.'*" %
Here, we demonstrate that two Bifidobacterium
strains, a B. longum (1714) and a B. breve (1205), can
improve behaviors relevant to stress in an innately
anxious mouse strain.®’ A summary of the results is
presented in Table 2. To our knowledge, this is the
first study showing that Bifidobacteria can reduce
anxiety in a normal unperturbed mouse, i.e. without

Neurogastroenterology and Motility

previous stressed or physiological manipulation, as we
showed with L. rhamnosus.'®

Data from the defensive marble burying test suggest
a positive effect of both bacteria on anxiety and
compulsive disorders. Furthermore, B. longum 1714
positive effects in the stress-induced hyperthermia and
the tail suspension test suggests a positive role in
sensitivity to acute stress and depression. B. breve
1205 induced an anxiolytic effect in the elevated plus
maze and reduced bodyweight gain, suggesting a role in
general anxiety and metabolism. Of note, neither
strain induced a change in locomotor activity or in
antidepressant-related behavior in the forced swim
test. Thus, these results confirm that each bacterial

Table 1 Effect of the two Bifidobacteria and escitalopram on tissue weight, colon length and corticosterone levels

% bodyweight Vehicle

Escitalopram

B. longum B. breve

Spleen 0.3608 =+ 0.0049
Thymus 0.1114 £ 0.004
Heart 0.4348 + 0.0072

0.00647 £ 0.00118
0.00563 £ 0.00096

Right adrenal
Left adrenal

0.3414 + 0.0069*

0.1076 + 0.0042

0.4156 + 0.0053
0.00337 + 0.00021
0.00484 + 0.00073

0.3728 + 0.0063
0.1038 + 0.0042
0.4183 + 0.005
0.00462 + 0.005
0.0048 + 0.00073

0.3803 + 0.0062*

0.1049 + 0.005

0.4161 + 0.006
0.00556 + 0.0011
0.00564 + 0.0005

Colon length (cm) 9.8 £0.2 10.4 + 0.3 9.7 £0.2 10.07 + 0.3

Corticosterone basal 6.29 + 1.58 10.68 + 2.81 14.34 + 4.53 6.64 + 0.57
levels (ng/ml)

Corticosterone stress 66.76 + 16 + 477 40.74 + 7.97 50 + 12.36 127.2 + 46.6™

levels (ng/ml)

Tissue weight data are expressed as % bodyweight. Colon length is expressed in cms. Corticosterone levels are expressed in ng/ml. Escitalopram
reduced spleen weight whereas B. breve 1205 increased it, compared with vehicle-treated animals. Stress induced a significant increase in
corticosterone levels at + 1 hour posttest (forced swim test, FST), however, there was no difference between treatment groups for any other
physiological parameter measured. N = 9-22 per group for tissue parameters and N = 8-11 per group for corticosterone levels. Veh, vehicle; Esc,
escitalopram; B longum, B. longum 1714, B Breve, B. breve 1205. *p < 0.05, treatment vs vehicle groups; *'p < 0.01, ***p < 0.001, stress vs basal
levels corticosterone. Data are expressed as means + SEM.

Table 2 Summary of the effects of the two Bifidobacteria on anxiety, antidepressant-like behavior, acute stress

Feeding

time Test Escitalopram B. longum B. breve

3 weeks Stress-induced hyperthermia Trend reduced AT Reduced AT =AT

3 weeks ¥ Marble burying Reduced marble buried Reduced marbles buried Reduced marbles buried

4 weeks Elevated plus maze = time open arms =time open arms Increased time open arms
= activity = activity = activity

4 weeks Y Open field = activity = activity = activity
= latency Reduced latency = latency
= fecal output = fecal output = fecal output

5 weeks Tail suspension test = immobility Reduced immobility = immobility

6 weeks Forced swim test = immobility = immobility = immobility

6 weeks Bodyweight gain (bwg) Increased bwg =bwg Reduced bwg

6 weeks Corticosterone =basal and stress-induced =basal and stress-induced = basal and stress-induced
levels levels levels

6 weeks Tissue weight Reduced spleen weight = weight Increased spleen weight

Study = 6 weeks feeding, behavior started at + 3 weeks feeding; anxiety + depression-like behavior + acute stress; B. longum = 1714; B. breve = 1205;
n = 10-12 for stress sensitivity (stress-induced hyperthermia), n = 15-17 for anxiety/obsessive compulsive disorders (marble burying), n = 19-22 for
general anxiety and locomotor activity (elevated plus maze, open field), n = 9-11 for acute stress and antidepressant-related behavior (tail suspension
test, forced swim test), n = 8-11 for HPA-axis activity (corticosterone levels in the plasma), n = 9-22 for secondary stress-sensitive physiologic
parameters (bodyweight gain, 20-22, and tissue weight, 9-22); AT = temperature increase.

6 © 2014 John Wiley & Sons Ltd



strain displays specific characteristics and therapeutic
potential, which emerge in only a few of the behavioral
tasks assessed. This reinforces the crucial role of using
a battery of tests, as has been widely done so for
screening of pharmacological agents.*®

We chose to assess the effects of two types of
Bifidobacteria on behavior, due to the well-described
beneficial role on health and their potential action on
stress-related disorders.'®?* Stress and anxiety are
strongly linked to a dysfunction of the microbiome-
brain—gut axis communication, therefore modulating
the enteric microbiota is increasingly viewed as a new
therapeutic approach for psychiatric and stress-related
disorders.>*® Conversely, probiotics have been sug-
gested to correct for stress-induced alterations,'® post-
infectious stress'”®® and we have shown that
L. rhamnosus have the potential to improve anxiety
and stress response in BALB/c mice, along with
changes in central GABA (gamma-aminobutyric acid)
receptors expression.'® Others also showed that both
Bifidobacteria and Lactobacilli can have beneficial
effects in anxiety in rodents and humans!”!%°1-5
and may have a potential in neurodegenerative
disorders.>*>°

Regarding the stress-sensitive physiological param-
eters measured in the present study, spleen, and body
weight were altered by escitalopram and B. breve 1205,
whereas the other parameters remained unchanged.
These parameters are primary indicators of further
stress-induced potential changes and give a first insight
in the brain-gut axis and the potential systems
involved behind the behavioral changes observed; as
such, these parameters are routinely measured in stress
studies, in our laboratory, and others.3>*>** Based on
these studies, the fact that spleen, but not thymus
weight, was changed, may reflect potential direct
effects of escitalopram and B. breve 1205 on a prefer-
ential subpopulation of immune cells (possibly B as
opposed to T lymphocytes) recruited in the spleen.
Given the fact that probiotics are widely reported to
affect the immune system in a particular way for each
bacterial strain,®® our results provide valuable first
insights and future directions in studying the potential
mechanisms of action of the Bifidobacteria we used.
As colon length and heart weight remained unchanged
between groups, none of the treatments altered, at a
macroscopic level, colon or heart tissue integrity.
Although these parameters are key-features in under-
standing stress response, they have not been measured
yet in other studies using probiotics; thus we highlight
here the importance of such measurements. The
meaning of our findings might be understood via
deeper analysis and thus warrants further immunolog-
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ical and molecular studies. Regarding bodyweight, the
fact that escitalopram increased weight is not surpris-
ing as this antidepressant, and in general, psychotropic
drugs, have been reported to induce this effect,®”*®
although there is controversy in the literature.>°° It is
possible that this effect is related to gut microbiota
changes as bodyweight gain induced by antipsychotic
treatment has been associated with microbiota modi-
fications and microbiota has been shown to alter the
efficacy of various drugs.®' % Moreover, obesity has
recently been linked to changes in gut microbiota and
to a specific gut population profile, high Bifidobacteria
content being rather associated with lean individu-
als.®*®® Moreover, probiotics are also hypothesized to
have effects on bodyweight changes.®”'®® Therefore, it
is possible that both escitalopram and B. breve 1205
induced metabolic changes via gut microbiota modifi-
cations. These effects could be mediated via various
mechanisms and notably gut hormones as gut hor-
mones signaling to the brain has been linked to
obesity.®” However, the exact mechanisms behind all
this remain unknown.

Furthermore, none of the probiotics altered baseline
or stress-induced corticosterone levels compared with
vehicle-treated animals. Other studies using Bifido-
bacteria also reported an absence of effect on cortico-
sterone levels, either in healthy or stressed rats.2>27/28
However, germ-free mice have been shown to display
altered HPA-axis'! and we, and others, observed that
Lactobacilli blunted stress-induced corticosterone
increase in rodents or humans.'®!8°05% Altogether,
these data suggest that commensal bacteria effects
may be strain-dependent and highlights and confirms
that differences between Lactobacilli and Bifidobac-
teria strains exist at a neurobehavioral level. Very
importantly, since all probiotics may have differential
specific effects, and as evidenced in the literature, it
will be very important in the future to investigate the
effects of multiple bacterial strains in order to multi-
ply the beneficial effects and cover a wider spectrum
of psychiatric disorders.'®**’® Such cocktail-based
strategies are also being adopted for human studies
of probiotics in CNS indications®*>’?,

We specifically chose to use the antidepressant
escitalopram, which is a SSRI, as a comparator in this
study. We administered escitalopram for a time and at
a dose that are clinically relevant®*°® and after 3 weeks
of daily feeding, which is the time generally required
for antidepressant onset of action.”>”® We also used a
battery of tests which constitute key-animal models of
good predictability to screen potential anxiolytic and
antidepressant treatments in human.3>%7747¢ How-
ever, escitalopram only had a positive effect in the
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defensive marble burying test and increased body-
weight gain. Although these results could question the
relevance of using this antidepressant, escitalopram
was used due to its widely reported positive effects on
anxiety and depression-related behavior’” %% and its
capability in reducing basal corticosterone levels in
rats.8! And also, escitalopram is one of the most widely
used new-generation SSRIs in the clinic, which is
described to give better outcome than other antide-
pressants with fewer negative side-effects and may
have a neurotrophic role.”>®> Moreover, at least 30% of
depressed patients are reported to be resistant to SSRIs
and up to 60% to overall therapeutics, such resistance
being linked to deficits in the serotonin system %38
Selective serotonin reuptake inhibitors such as escit-
alopram affect the serotonin system’” and the anxious
BALB/c mice naturally display lower serotonin rates
than other mice, due to a mutation in the gene
encoding for the serotonin precursor tryptophan 88
As a result, it was particularly relevant for us to
investigate the effects of escitalopram and the two
Bifidobacteria in BALB/c mice. The lower serotonin
levels in BALB/c mice are hypothesized to underlie
their particular phenotype, for which either resistance
or high sensitivity have been reported.®”*° Therefore,
there is a discrepancy in the literature regarding
escitalopram and SSRIs effects, both in depressed
patients and in rodents.*"!

It is also worth noting that there is a clear discrep-
ancy in animal models of anxiety in their ability to
detect the anxiolytic effects of chronic SSRIs preclini-
cally.”®?> Indeed, of the anxiety tests investigated, the
defensive marble burying test is one of the few that has
been shown to be sensitive to the positive effects of
SSRIs on anxiety.”> As a result, our data with escita-
lopram fit with the literature and we show here the
important fact that the two Bifidobacteria we used
have the potential to induce better results in anxiety
and depressive-like behavior in BALB/c mice than
SSRIs. Such findings may have crucial implications for
all of these patients who are resistant to antidepressant
therapy.

The mechanisms underlying commensal bacteria
action on the microbiome-brain-gut axis remain so far
poorly understood. A large amount of studies have
shown that exogenous bacteria actively interact with
the gut epithelial cells, the endogenous enteric micro-
biota and the host immune system, which all interact
with the brain-gut axis.*”*® Notably, studies showed
that L. reuteri directly modulated colonic neurons
potentially implicated in pain perception.”*®> The
fermentation products from a B. longum (NCC3001)
were also able to decrease enteric neurons firing,
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suggesting that this bacteria communicates to the
CNS via enteric nerves.'” More generally, studies
suggest that both Lactobacilli and Bifidobacteria gen-
era could modulate enteric neurons.'”?*> And also,
overall, studies converge to implicate the vagus nerve
as one of the main routes of communication between
the enteric microbiota, gut nerves and the CNS, with
the vagus nerve being shown to be involved in both the
anxiogenic or anxiolytic effects of bacterial infections
or commensal bacteria, respectively.!®!*°¢ Thus, it is
possible that the Bifidobacteria we used in the present
study directly interacted with colonic neurons, or to
other gut (epithelial) cells signaling to the brain,
therein ultimately inducing changes in behavior.

Furthermore, peripheral activation of the immune
system induces cytokines release in the blood stream
that can induce the activation of CNS neurons.®” Thus,
in the present study, the overall behavioral differences
observed with the two Bifidobacteria may lie in
differential effects on the immune system and possibly
cell-interaction properties locally in the gut, which
appear to be bacterial strain-dependent.'®33 Such
differences may then induce differential signaling to
the brain, either via a humoral or neuronal route.!®
Indeed, although the mechanisms underlying the
effects of these two bacteria are not known, other
studies showed that microbes of the same genera may
act via multiple mechanisms involving epithelial cells,
dendritic cells, and T cells.”®” And also, B. infantis
(35624), a B. longum subspecies, could promote spe-
cific anti-inflammatory T cells (Treg cell) conversion
and protect against aberrant immune system reac-
tion.” Moreover, in germ-free mice, a B. longum
(AH1206) increased Treg cell numbers in vivo, whereas
B. breve 1205 and a L. salivarius (AH102) had no
effect.!% Altogether, these data suggest that B. Jongum
bacterial strain may impact on behavior via their anti-
inflammatory properties. However, a recent study'’
showed that the beneficial effects of a B. longum
(NCC3001) on anxiety did not appear to be related to
its anti-inflammatory properties, but rather to its
impact on enteric neurons and vagus nerve signaling.
Altogether, these findings suggest that the mecha-
nisms underlying probiotics action are complex and
may be intrinsic to each strain, warranting further
investigations.

At a molecular level, Bifidobacteria may possibly
act, among other candidates, on the serotonergic
system. Indeed, 5-HT plays a key role in modulation
of emotional and GI function'®® and we have previ-
ously shown that the serotonergic precursor trypto-
phan was elevated by B. infantis 35624.%” The reason
why B. breve 1205 reduced anxiety in fewer tests than

© 2014 John Wiley & Sons Ltd



B. longum 1714, and decreased bodyweight gain, is
unclear but highlights that even within a species
differential effects are evident on behavior and physi-
ology. Interestingly, recent studies have shown that
another B. breve strain was able to significantly impact
brain fatty acids content and obesity.>*1°% However, all
these hypotheses are based on a few investigations only
as the literature lacks comprehensive mechanistic
studies on the effects of probiotics on the CNS.
Moreover, there are many other potential candidates
involved in the effects of probiotics, which could be
any of the neurotransmitters involved in stress, depres-
sion and anxiety such as GABA.'® Hence, further
detailed and deeper investigations in the levels of
neurotransmitters in the brain following probiotics
consumption are greatly needed, and would participate
in the understanding of the effects of probiotics, along
with the measurement of stress-sensitive physiological
parameters. Moreover, future studies must focus on
separating the differential neurobiological mechanisms
underlying the differential changes observed here
between the two Bifidobacteria.

CONCLUSIONS

The two Bifidobacterium strains used in this study
were able to improve the anxious phenotype of
innately anxious BALB/c mice in a strain-specific
manner and to a larger extent than that induced by
the antidepressant escitalopram. These findings give
further credence to the concept of ‘psychobiotics’
recently proposed as a novel strategy for treating
psychiatric disorders.'® These data suggest that the
two Bifidobacteria could be used to treat a wide range
of psychiatric disorders in a strain-dependent manner
for a given disease, just like conventional psychotropic
treatments do. These data add to the recent and
emerging literature showing that bacteria exert a

Bifidobacteria decrease stress and anxiety

crucial role on the microbiome-brain-gut axis, stress,
and behavior.!"1%1% The mechanisms underlying
such action remain largely unknown; however, these
findings open up new avenue for treating psychiatric
diseases, in a way that may be better than current
pharmacological treatments. Further studies character-
izing the molecular and underlying mechanisms of
bacteria action on behavior are now highly warranted.
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