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• B.  longum 1714 improves cognition  in  BALB/c mice.
• B.  breve  1205 had  little  or  no  positive  effects  on memory.
• Neither  of the  bacteria  had an effect on visceral  sensitivity.
• The  effects  of bacteria  on cognition  are  strain-dependent.
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a  b  s t  r a  c t

Increasing  evidence  suggests  that  a brain–gut–microbiome  axis  exists,  which  has  the  potential  to play
a major role  in modulating  behaviour.  However,  the  role of this  axis  in cognition  remains  relatively
unexplored.  Probiotics,  which  are  commensal bacteria  offering  potential health benefit, have  been  shown
to  decrease  anxiety,  depression  and  visceral  pain-related  behaviours.  In this study,  we investigate  the
potential of two  Bifidobacteria strains  to  modulate  cognitive processes  and  visceral  pain sensitivity.  Adult
male  BALB/c  mice were  fed daily  for  11 weeks  with  B. longum  1714,  B.  breve  1205 or  vehicle treatment.
Starting  at  week 4, animals  were  behaviourally  assessed in a  battery  of tests  relevant to  different  aspects
of cognition, as well  as locomotor activity and visceral  pain. In  the  object recognition  test,  B.  longum  1714-
fed  mice discriminated  between the  two  objects faster  than all other  groups  and  B.  breve 1205-fed  mice
discriminated  faster than  vehicle animals.  In  the  Barnes maze,  B.  longum  1714-treated  mice  made fewer
errors than other  groups, suggesting  a better  learning.  In  the  fear  conditioning,  B.  longum 1714-treated
group also  showed  better  learning  and  memory,  yet  presenting the same extinction learning profile  as
controls.  None  of the  treatments  affected  visceral  sensitivity.  Altogether,  these  data  suggest  that  B.  longum

1714 had  a positive  impact  on cognition  and  also  that  the  effects  of individual  Bifidobacteria strains  do  not
generalise  across the  species. Clinical  validation  of the  effects  of  probiotics  on cognition  is now  warranted.
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1. Introduction

Increasing evidence suggests that a brain–gut–microbiome axis
exists and that it plays a  key-role in regulating emotional functions,
brain and behaviour [1–3].  Notably, disruption of the microbiota
has been linked to gastrointestinal (GI) disorders following antibi-
otic treatment or infection [4–7],  as well as stress-related disorders
and alterations in  behaviour [8]. Indeed, mice allowed to grow
up in  a germ-free environment showed altered anxiety behaviour
[9–11],  impaired stress axis [12] and deficits in sociability and social
cognition [13]. These mice also displayed changes in the serotoner-
gic system [14] and in brain-derived neurotrophic factor (BDNF)
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expression, one of the key molecules involved in memory functions
[15,16]. Moreover, BDNF expression was also increased following
enteric microbiota manipulation in  healthy rats through prebiotics
feeding [17]. Gut bacterial infection also induced increased anxiety
[18,19] and such infection followed by stress, could induce memory
impairments [20]. Conversely, social stress, or stress early in life,
can also alter the enteric microbiota [21–23].  Thus, regulating the
enteric microbiota may  be an interesting strategy for targeting new
treatments for cognitive deficits, either related to stress [24–26]
or to neurodegenerative disorders such as Alzheimer’s disease for
which there is still no satisfactory treatment [27].

Probiotics, which are  commensal bacteria offering potential
health benefit to the host, when provided in adequate amount,
actively interact with the endogenous microbiota [28].  Among
these bacteria, certain Lactobacilli and Bifidobacteria spp  have been
shown to improve gut health, as well as mood disorders and stress-
induced alterations such as impaired colonic microbiota [26,29].
Some Lactobacilli strains also normalised corticosterone release,
reversed stress-induced colonic alterations [30] and improved anx-
iety associated with chronic fatigue syndrome [31].  Moreover, we
have recently shown that L. rhamnosus was able to  improve the
naturally anxious phenotype of healthy BALB/c mice by decreasing
their anxiety [32] and it has been shown that a  B. longum decreased
anxiety in both healthy and DSS-induced colitis AKR mice or mice
infected with T. muris [33]. Thus it is  of high relevance to investigate
whether gut bacteria would also improve cognition. To this aim,
Gareau and colleagues [20] found that the stress-induced cognitive
impairments induced by  gut bacterial infections could be reversed
by ingestion of probiotics.

Bifidobacteria spp, which are amongst the main components
of human and animal GI tracts, are of high health benefit to the
host and are used as beneficial food supplements in dairy products
[34–36]. B. infantis 35624 was shown to  have potential therapeutic
effects on GI disorders and associated symptoms [37,38],  as well
as depression [39,40]. Also, B. breve NCIMB 702258 showed a  thera-
peutic potential for inflammatory and neurodegenerative diseases
via its modulation of fatty acids composition [41],  whereas B. breve

6330 positively modulated BDNF expression in the hippocampus
[42].  Moreover, B. longum NCC3001 decreased the anxiety of both
healthy and DSS-induced colitis AKR mice [33].

We have recently shown that two different Bifidobacteria strains,
B. longum 1714 and B. breve 1205,  improved the anxious pheno-
type of BALB/c mice by reducing their anxiety [43].  Interestingly,
the pattern of behavioural effects induced by both strains was dif-
ferent. Indeed, B.  longum 1714 reduced stress and anxiety of mice
in the stress-induced hyperthermia and marble burying tests and
reduced the latency to the anxiogenic inner zone of the open field,
whilst also reducing depression-like parameter in the tail suspen-
sion test. On the contrary, B. breve 1205 reduced rather various
forms of anxiety solely by having a positive effect in  the marble
burying test and the elevated plus maze. However, it is  unclear
if either or both of the bacteria can also modify cognitive pro-
cesses. As a result, we assessed in  this study the effects of B. longum

1714 and B. breve 1205 on various aspects of cognition. Impor-
tantly, cognitive deficits have been associated with a myriad of
diseases, and notably with the functional gastro-intestinal disorder
irritable bowel syndrome (IBS) [44,45].  Probiotics, and especially
Bifidobacteria spp, have shown particular efficiency against one
of the core symptoms of IBS, visceral pain [37,46,47].  This lat-
ter has been shown in  our laboratory to be associated with the
activation of different regions of the prefrontal cortex and amyg-
dala [48], which we suspected to be positively modulated by the
two Bifidobacteria strains we  are testing here following a  study on
anxiety [43]. Therefore in the present study, we  also assessed the
effects of B. longum 1714 and B. breve 1205 on visceral sensitiv-
ity.

2. Material and methods

2.1. Animals

Forty-eight male BALB/cOlaHsd (BALB/c) mice, 7–8 weeks old
(Harlan Laboratories, UK), were used and remained housed in
groups of 4 in  plexiglas cages (33 cm × 15 cm × 13 cm,  L × H  × W)
under standard controlled laboratory conditions (22 ± 1 ◦C, humid-
ity 55 ± 5%) on a 12-h light/dark cycle (lights on 7.30 a.m.). Mice
were provided with standard laboratory diet and water ad libitum

throughout. Animals were housed in a  separated room from other
animals and treatments groups were separated from each other to
avoid cross contamination. For each treatment group, mice were
issued from 3 different litters. All mice were evenly distributed
regarding treatment groups, order of feeding, order of testing, day
and time of testing. The sex of the mice was  specifically chosen to
compare with our previous studies in BALB/c mice investigating the
effects of the same Bifidobacteria strains [43] and of other potential
probiotics [32]. BALB/c mice were chosen for their innate anxiety
[49],  as they are  fundamental to model stress-related disorders, and
their associated impaired cognitive processes [32,50–53] and as
they have been used to characterise the in  vivo effects of  probiotics
[54].  All experiments were conducted in accordance with the Euro-
pean Directive 86/609/EEC, the Recommendation 2007/526/65/EC
and approved by the Animal Experimentation Ethics Committee of
University College Cork.

2.2. Bacteria treatment

B. longum 1714 and B. breve 1205 were kindly donated by
Alimentary Health Ltd. (Cork, Ireland) from freeze-dried stocks
(−80 ◦C). Bacteria were reconstituted in sterile phosphate buffered
saline (PBS) so that the final concentration ingested by  mice was
1  × 109 CFU mL−1.  This dose was  selected based on previous stud-
ies showing a  reduction in  visceral pain following treatment with
B. infantis 35624 [37]. Vehicle-treated animals received PBS only.
All treatments were given orally.

2.3. Study design

The experiment design is  presented in  Fig. 1.  After a 5-day
habituation to  the animal facility, mice were fed daily (6–7 p.m.)
with B. longum 1714, B. breve 1205 or vehicle treatment, using
sterile gavage needles, for 11 weeks. Bodyweight was monitored
throughout. Behavioural testing was  conducted (Fig. 1)  from week
4 onward, from the least to  the most stressful task [55],  including
resting days between tests. Animals were tested one at a  time in
a  counterbalanced fashion regarding cage, treatment and time of
the day and under the same conditions with an experimenter blind
to  conditions. All  apparatus were cleaned between animals with
70% ethanol to remove odours. Starting at 10–11-week old, mice
(n = 12 per group) were tested in  a  battery of cognitive tasks, the
object recognition test for short term/episodic memory, the Barnes
maze for spatial learning and memory and the fear conditioning for
Pavlovian conditioning, memory and extinction. Locomotor activity
was also assessed in the two first tests. At  17-week old (10-week
feeding), animals underwent colorectal distension test (CRD) for
visceral sensitivity. All animals were sacrificed 5–7 days following
last test (18-week old, 11-week feeding) and blood was collected
for measure of basal corticosterone levels in  the plasma.

2.4. Behavioural testing

2.4.1. Object recognition

This test presents the advantages of not requiring an exten-
sive training or aversive conditions (fearful environment, food
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Fig. 1. Representation of the study design. BALB/c mice were fed for a  total period of 11 weeks with B. longum 1714, B. breve 1205 or vehicle (PBS). All groups were weighed
daily. After 3-week feeding, animals underwent a  battery of testing relevant to learning and memory and visceral sensitivity. All groups were sacrificed on the  same day, +5
to  7 days post test. Blood was harvested for further physiological analysis.

deprivation, etc.) and is  based on the natural attraction mice dis-
play for novelty [56,57].  After investigation of two identical objects,
mice are presented with an old and a  new object; a  mouse remem-
bering the old object spends more time investigating the new one.
The protocol used was based on literature [58,59] and optimised
in-house for BALB/c mice (Savignac and Cryan, unpublished).

2.4.1.1. Set up and experimental conditions. Mice were tested after
3-week feeding. Experiments occurred between 9 a.m. and 2 p.m.,
under red light (5–10 lux) and experimenter left the room. The
object recognition arena was made of a  plastic white-painted open
field (40 cm × 30 cm × 25 cm,  L × W ×  H) without bedding and was
placed under a  ceiling infra-red camera wired to the computer for
animal movements tracking using Ethovision software (3.1 ver-
sion Noldus, TrackSys, Nottingham, UK). The objects used were
of different shape, texture and colour but of equivalent volume
(size∼2–3 × 5–4 cm): two grey and red polish tubes, two green
plastic toy shoes and two round and yellow plastic tube caps. The
sets of objects used were randomised so that each cage and treat-
ment group received all categories of objects. Data were further
analysed either manually or with Ethovision.

2.4.1.2. Habituation. To decrease stress related to  testing, animals
were daily handled and transported from the breeding to  the exper-
imental room for 3 days. On day 4 and 5, animals were habituated
to the object recognition arena for 15 min  after an initial 2-h accli-
matisation to the experimental room.

2.4.1.3. Training. The following day, after 1-h acclimatisation to the
experimental room, mice were individually placed in  the arena,
facing the wall opposite to the two identical objects A. These latter
were placed on one side of the arena, at equal distance from the
back (4 cm)  and side walls (8 cm). Mice were allowed 6-min free
exploration and returned to their home cage thereafter.

2.4.1.4. Test. One hour post training, mice were placed again in the
arena with two objects, the old (familiar) one A and a new one
B. Mice were allowed 5-min free exploration. For  both training
and test, the time spent investigating each object within a  2-cm
area was measured. An equal time investigating the two identical
objects during the training reflects no object or place preference;
a higher time spent investigating the new object over the old
one during the test reflects good recognition memory. Locomotor
activity was also monitored for each session and the number of
faecal pellets produced was also counted during the habituation
for novelty-induced stress state [60].

2.4.2. Barnes maze

This test is based on the natural fear and avoidance mice display
for  brightly lit open areas in  favour of dark and safe places [61,62].
Animals are placed in the centre of a fearful wide open arena, from

which they try to escape by learning to locate a  safe hidden box.
Good learning and memory skills are reflected by fewer errors to
remember and find the hidden box. The test was conducted mainly
as previously described [63] and the protocol used was optimised
for BALB/c mice (Savignac and Cryan, unpublished).

2.4.2.1. Set up  and experimental conditions. Mice were tested after
5–6-week feeding. Experiences occurred under dim light (∼10 lux
for room, ∼20  lux for maze centre); experimenter remained in the
room. The apparatus (MED Associates, St. Albans, VT, USA) con-
sisted of an elevated rotatable composite white platform (1.3 m
height × 1.2 m diameter) comprising 40 holes along the periphery
(∼5.5 cm from edges). A black plastic box (23 cm × 5.3 cm × 9 cm,
L × W ×  H) was hidden under one of the holes and constituted the
escape box mice had to  learn to  locate. The maze was rotated
between trials to avoid odour cues. The box was randomly placed in
different areas of the maze across groups to avoid place preference
from the animals but remained at the same place throughout test-
ing for a  given mouse. Additionally to  the experimental room cues,
distal cues were placed on the walls (cross, rounds). Mice were
habituated to  travelling to  the experimental room 1 day prior to
pre-training. For pre-training and training, mice were tested 10 min
after arrival in the experimental room.

2.4.2.2. Pre-training. Mice were placed into the escape box for
2 min  for habituation to the maze and box. Mice were then placed
in the centre of the maze and guided to  the escape box where they
remained for 2 min. Afterwards animals were placed into a trans-
parent glass chamber outside of the escape box for 3 min  before
remaining in the escape box for 2 min.

2.4.2.3. Training. Mice received 4 trials per day for 4  days, as fol-
lows. The day following the pre-training, mice were placed in  the
centre of the maze under a  glass chamber before being allowed
3 min  to find the escape box. A cut-off was  established for the mice
who did not find the box; these were gently guided to  the box where
they remained for 2 min. Mice were returned to their home cage
after each trial  and the inter-trial interval lasted 15 min.

2.4.2.4. Probe trial. On  day 5, the escape box was rotated 90 degrees
from its original place. Animals were placed in the centre of the
maze under the glass chamber and allowed a  single 3-min explo-
ration before being returned to their home cage.

The latency to reach the escape box and the number of errors
(wrong hole pokes) before finding the escape box was measured
for both training and probe trial. Stress-induced defaecation due to
a novel environment [60] was  also monitored on the pre-training
day.
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2.4.3. Fear conditioning

This test is based on the learning of the association of an initially
neutral and non-aversive stimulus, such as light cue (conditional
stimulus, CS), with an aversive one, such as foot shock (uncon-
ditional stimulus, US) [64,65]. The fear to receive the aversive
stimulus is translated by  a  freezing response (absence of movement
except for breathing) in  response to the presentation of the cue (CS)
or context. A good CS-US association reflects a good learning and
higher freezing rate from mice. The repeated presentation of the
CS alone over time induces a  reduction, or, in fine,  absence of freez-
ing response from the mice and induces an extinction of the CS-US
association [66].  Failing to forget or erase the CS-US association, as
assessed by a maintained freezing rate in mice, constitutes a patho-
logical process, notably observed in post-traumatic stress disorder
[67].  The protocol used was based on a  paradigm combining context
and cue, allowing to  differentiate the behavioural responses to each
of these components [68] and optimised for BALB/c mice [32]. Prior
control studies confirmed that the repeated CS alone did not induce
any freezing response from the mice. The full procedure lasted 3
days: 1 day of training (learning) and 2 days of memory/extinction
assessment.

2.4.3.1. Set up and experimental conditions. Mice were tested
after 7–8-week feeding. All  equipment used was purchased from
MED  Associates, St. Albans, VT,  USA. The conditioning chambers
(32 cm × 26 cm × 25 cm,  L × W × H) comprised aluminium walls, a
black frame insert, a transparent plexiglas door for video record-
ing by infra-red camera, a 19-stainless-steel-rod floor connected to
a generator and delivering electric shock and auditory and light-
ing apparatus to  deliver the cues (CS, tone +  light). These chambers
were inserted into a  soundproof isolation cubicle connected to
an interface transmitting information between the conditioning
chambers and the computer and Video Freeze software. The back-
ground noise from the set up was of 60 dB. The CS  was  constituted
of the combination of an auditory tone lasting 20 s, 70 dB, 10 KHz
and a light stimulus; the US was an electric foot shock (0.4 mA,  2 s)
paired to the last 2 s of the CS presentation.

2.4.3.2. Day 1: Training, assessment of learning skills. Upon arrival
in the experimental room, mice were immediately placed
into the conditioning chambers and allowed a 180-s accli-
matisation period to the chambers, which constituted the
movements’ baseline and initial response to context. Thereafter,
mice received 6 pairings of the CS-US, separated by  a 60-s
interval. After the last pairing, mice remained 120 s in  the condi-
tioning chamber before being returned to their home cage.

2.4.3.3. Day 2 and 3: Test of memory and extinction. Mice under-
went the same procedure as day 1,  in the same chambers (i.e. same
context) 24 h (day 2) and 48 h (day 3) later but were presented with
the CS only. Hence, mice had to learn that both  the CS  and context
no longer predicted a foot shock.

The procedure for each day lasted 12 min  per mouse. The freez-
ing response was  measured as % freezing for every component (cue
and context), as previously described [68].  The context component
was assessed during the periods without cue presentation (accli-
mation, 60-s intervals and the last 120-s period in the chamber);
the cue component was assessed during each of the 20-s CS pre-
sentation.

2.4.4. Colorectal distension

This test is commonly used to  assess visceral pain or hypersen-
sitivity, one of the core symptoms of IBS. Higher visceral pain is
reflected by a lower threshold tolerance to colonic pain and higher
pain behaviours [23].  It is  assessed in  mice by  measuring the vis-
ceromotor response (VMR) to increasing pressures of a balloon

inserted in  the colon. The procedure was conducted as previously
described in our laboratory [69–71].

2.4.4.1. Set up and experimental conditions. Mice were tested after
10-week feeding. Experiences occurred under normal light (100 lux
at 1 m above the floor). CRD-system was composed of a  barostat
(Distender Series II, G&J Electronics, Toronto, ON, Canada) and a
transducer amplifier (LabTrax4, World Precision Instruments, Sara-
sota, FL,  USA). The barostat was  used to control air inflation and
pressure during the CRD procedure and Protocol Plus TM software
(G&J Electronics, Toronto, ON, Canada) was used to  control the baro-
stat. A custom-made balloon (2 cm length × 1 cm inflated diameter)
prepared from a polyurethane plastic bag (GMC Medical, Denmark)
was tied over a  PE60 catheter with silk 4.0. Before securing the bal-
loon to the catheter, several holes were punched in  the distal 20 mm
of the tubing with a 27-gauge needle to allow the balloon to inflate.

2.4.4.2. Protocol. On the experimental day, mice were lightly anes-
thetised with isoflurane (IsoFlo®, Abbott, UK) and a  balloon with a
connecting catheter was inserted into the colon, 0.5 cm proximal
to  the anus. The catheter was fixed to  the base of the tail with tape
to avoid any displacement. After 10-min recovery for the mice, the
balloon was connected to  the barostat system and subsequent pres-
sure changes within the distending balloon, observed in response
to a  distension paradigm, were monitored and recorded using Data
Trax 2 software (World Precision Instruments, Sarasota, FL, USA).
Ascending phasic distension paradigm (from 10 to 80 mmHg) was
used, consisting of 3 ×  20 s pulses at each pressure and 5 min  inter-
pulse intervals. Raw data of the traces were further analysed by
using DataTrax2 software. VMR  were determined for the 5 s period
before and after each pulse (baseline activity) and over pulse. In
all cases, VMR  were established for each 3 consecutive pulses as a
group.

2.5. Plasma collection

Animals were sacrificed in a  random fashion regarding treat-
ment and test condition, 5–7 days following the last test; sampling
occurred between 8:30 a.m. and 1 p.m. Trunk blood was collected
in  potassium EDTA (Ethylene Diamine Tetra Acetic Acid) tubes and
spun for 15 min  at 5000 rpm. Plasma was  isolated and stored at
−80 ◦C  for further corticosterone analysis as germ-free mice have
been shown to  display altered HPA-axis [12] and as a  combination
of L. rhamnosus (R0011)  and L. helveticus (R0052) has been demon-
strated to normalise the elevated corticosterone release induced
by  maternal separation in rats [30]. In addition, as we showed that
the two  Bifidobacteria strains used in the present study reduced
stress and anxiety [43] and these latter are associated with cogni-
tive  impairment, we  also scored additional routine stress-sensitive
physiological parameters [50].  Measuring these may give first
valuable insights into the systemic mechanisms involved behind
bacteria effects on the brain, as part of the microbiome–brain–gut
axis. The colon was  removed, mechanically cleaned and its length
measured to 0.1 cm precision, as colon length reduction is  observed
in  case of colonic inflammation following stress [72]; thymus, heart,
spleen, and adrenals were also weighed as thymus and adrenals
hypotrophy, heart hypertrophy and splenomegaly are observed fol-
lowing chronic stress due to stress impact on the immune system,
immune cells survival, as well as interactions with the autonomic
nervous system and metabolic pathways [73–76].

2.6. Corticosterone assay

Corticosterone levels were measured using an Enzyme
Immunoassay Kit (Assay Designs, Inc., MI,  U.S.A.) according to
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Fig. 2. Effect of the two  Bifidobacteria strains on bodyweight gain. There was no difference between groups for bodyweight gain, over time (A) or in total (B). n =  9–11 per
group.  Veh = vehicle, B lgm =  B. longum 1714,  B Bre =  B. breve 1205. Data are expressed as means ± SEM.

the  manufacturer’s instructions. Samples were analysed in dupli-
cate in a single assay, using 20 �L of plasma per sample; the
threshold detection was less than 32 pg/mL; coefficient of variation
limit = 20%; the concentrations are expressed in  ng/mL.

2.7. Data analysis

Data were analysed using SPSS software (version 15). Data
normality was  assessed using Shapiro–Wilk test; for data non-
normally distributed, non-parametric statistics were conducted.
For repeated data, a  two-way ANOVA with matching sample was
conducted with factor 1 =  the treatment and factor 2 = the param-
eter that was repeated, i.e. week for bodyweight, time for object
recognition, context and cue for fear conditioning. Where there was
an overall significant effect, one-way ANOVA (or Kruskal–Wallis
test) was further conducted for within time-points comparison,
followed by Fisher (or Dunn’s) post hoc test for multiple group com-
parison. For object recognition, two-way ANOVA was  conducted
on the total time of the test with treatment and object as factors,
followed by post hoc paired Student’s t-test (or Wilcoxon test)
on every time-point measured for object effect within treatment
group. All other data, including other object recognition parame-
ters, were analysed using a  one-way ANOVA followed by Fisher post
hoc test for multiple group comparison. Statistical significance was
set  at p < 0.05. Data are  expressed as mean ± SEM.

3. Results

3.1. Effect of the two Bifidobacteria strains on bodyweight gain

Fig. 2 shows the cumulative evolution (Fig. 2A) or total body-
weight gain (Fig. 2B).  There was an effect of time on bodyweight
gain (two-way ANOVA, F(10,280) =  80.32, p < 0.0001), without
effect of treatment (F(2,280) = 1.16, p  =  0.328) or  time × treatment
interaction (F(20,280) = 0.76, p =  0.759). Although on the graph, the

curve of bodyweight gain for B. breve 1205 animals is constantly
under the one of vehicle animals, post hoc analysis on individ-
ual  days did not reveal any differences between groups (p > 0.05
all days). There was  also no significant difference between treat-
ments for the total bodyweight gain (week 1–11) (one-way ANOVA,
F(2,26) =  2.86, p =  0.075).

3.2. Effect of the two Bifidobacteria strains on object recognition

3.2.1. Habituation

Table 1 shows locomotor activity for day 1 (day 2 was sim-
ilar, data not  shown). There was no difference between groups
in the distance travelled or stress-induced defaecation (one-way
ANOVA, F(2,29) = 0.069, p  =  0.933; F(2,31) = 2.53, p = 0.096, respec-
tively). Thus, none of the treatments altered the basal activity of
mice.

3.2.2. Training

Table 1 shows the time of investigation (sniffing) of the two
identical objects. The animals did not display any object preference
as there was no effect of object (two-way ANOVA, F(1,31) =  0.02,
p  =  0.877), treatment (F(2,31) =  2.90, p  =  0.07), or object ×  treatment
interaction (F(2,31) = 0.77, p  =  0.47). B. breve 1205-fed animals
tended to  explore the two objects less than vehicle-treated group
(Table 1,  11.1 ±  2.2 object 1 vs. 17.7 ± 3.9 control animals and
9.8 ± 1.8  object 2 vs. 20.7 ± 4.3 control animals, a  priori t-test,
p =  0.161 object 1, p < 0.05 object 2). Thus, locomotor activity was
also assessed and there was  no difference between groups (one-
way ANOVA, F(2,31) =  0.43, p =  0.655).

3.2.3. Test

Some animals were freezing and investigated the objects for
less than ∼2 s; these were excluded from the analysis (3 from
vehicle group and 1 from B. breve 1205 group). Overt freezing
is often seen in  BALB/c mice [77].  Data are  presented in Fig.  3.

Table 1

Effect of the two  Bifidobacteria strains on  object recognition. There was  no difference between treatments for the habituation phase in the locomotor activity or stress-induced
defaecation (faecal outputs). There was also no difference in  the locomotor activity during the training or the time spent investigating the two  objects. For the test, B. breve

1205  induced a lower motor activity than vehicle treatment. n =  10–11 per group.

Parameter Vehicle B.  longum 1714 B. breve 1205

Habituation (15 min)
Locomotor activity (cm) 4027 ± 322.5 3928 ±  359.5 4093 ± 266.3
Faecal output (n) 12.1 ± 0.8 11.8 ±  0.9 14.2 ± 0.8

Training (6 min)
Locomotor activity (cm) 2370 ± 218.8 2301 ±  156 2135 ± 169.6
Object 1 time sniffing (s) 17.7 ± 3.9 15.0 ±  2.2 11.1 ± 2.2
Object 2 time sniffing (s) 20.7 ± 4.3 14.0 ±  1.9 9.8 ± 1.8*

Test (5 min) Locomotor activity (cm) 1903 ± 123.5 1669 ±  114.8 1418 ± 127.7*

* p < 0.05, treatment vs. vehicle groups. Data are expressed as means ± SEM.
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Fig. 3. Effect of the Two Bifidobacteria strains on Object Recognition. The two Bifidobacteria induced a  significant recognition of the familiar from the new  object  at an  earlier
stage  than vehicle treatment; this was more pronounced in B. longum 1714-fed animals (3 min  vs. 5  for vehicle). n =  9–12 per group. Veh =  vehicle, B  longum = B. longum 1714,
B  Breve = B. breve 1205. *p <  0.05, **p < 0.01, new vs. old object. Data are expressed as means ± SEM.

When comparing groups at the total time of investigation of the
objects (i.e.; time-point 5 min), there was an overall object effect
(two-way ANOVA, F(1,28) =  29.71, p <  0.0001) and a  treatment
effect (F(2,28) = 5.08, p <  0.05) but no object ×  treatment interac-
tion (F(2,28) = 0.36, p =  0.702). Post hoc analysis showed that all
animals remembered the old object as the new object was signifi-
cantly more investigated than the old (familiar) one (vehicle and B.

breve 1205 groups, p  < 0.05, B. longum 1714 group, p  <  0.05); how-
ever, there was no statistical difference in the time  of investigation
of the objects between groups. As it has been previously shown
that analysing a test minute per minute, as opposed to only for the
total time, highlights better differences between groups which may
not raise in the total time (open field test) [78], we decided here  to
split the data and analysis per min  as well (represented in Fig.  3 as
cumulative time of sniffing). Two-group comparison within treat-
ments groups showed that differences raised early in the test but
for the two Bifidobacteria strains; indeed, there was no statistical
difference before min  5 for vehicle animals, whereas B. longum 1714

group discriminated between the two objects at the 3- (p <  0.05), 4-
(p < 0.05) and 5-min (p <  0.01) time-points and B. breve 1205 group,
at 4- and 5-min (p <  0.05 each).

Although in the post hoc analysis conducted above, B. breve

1205-fed animals did not differ statistically from the vehicle group
in their time spent exploring the two objects, they still seemed
to display lower time of investigation (Fig. 3, time-point 5,  new
object, 13.8 ± 2.8 vehicle vs. 5.9 ± 1.5 B. breve 1205, old object
8.2 ± 1.8 vehicle vs. 2.1 ±  0.6 B. breve 1205). Therefore, locomotor
activity was assessed (Table 1). There was a  significant difference
between treatments (one-way ANOVA, F(2,31) =  3.85, p <  0.05),
confirmed by post hoc test as B. breve 1205 group travelled less
distance than vehicle group (p < 0.05). This difference in  locomotor
activity may  explain the trend towards lower object exploration.
As B. breve 1205-fed animals were not freezing, did not differ in
their locomotor activity in  the training from vehicle animals and
displayed lower anxiety than them in another study we  conducted
[43],  we cannot discount the fact that mice fed with B. breve 1205

might have been less anxious, which altered their behaviour during

testing. This did not interact with their memory skills as they still
discriminated the two objects in the test phase and at an earlier
stage than vehicle mice. The data may  also suggest that B. longum

1714 group may  have displayed better working memory skills than
vehicle group as it was the first group to discriminate significantly
more the two  objects, at 3-min, followed by B. breve 1205-fed
animals.

3.3. Effect of the two Bifidobacteria strains in the Barnes maze

3.3.1. Pre-training

For stress-induced defaecation (Table 2),  there was an effect of
treatment (one-way ANOVA, F(2,30) =  4.54, p < 0.05), confirmed by
post hoc analysis as B. longum 1714-fed animals defaecated signif-
icantly less than vehicle-treated animals (p <  0.05).

3.3.2. Training

For the number of errors over the 3 days of training (day 2,
3, 4,  Fig. 4A), there was no effect of treatment (two-way ANOVA,
F(2,73) = 0.68, p  =  0.51), days (F(2,73) = 1.17, p  =  0.316) and no treat-
ment × days interaction (F(4,73) =  0.17, p =  0.953).

For the latency to  find the escape box (Fig. 4B), there was an
effect of days as expected (two-way ANOVA, F(2,60) =  3.81, p  < 0.05),
but no effect of treatment (F(2,60) = 0.04, p  =  0.963) and no treat-
ment × days interaction (F(4,60) = 0.75, p = 0.563). Further post hoc
analysis on individual days did  not reveal any group differences.

3.3.3. Probe trial

Some animals, which were freezing, were excluded from the
analysis (3 for vehicle group, 1 for B. longum 1714 group and 2 for
B. breve 1205 group).

Regarding the number of errors (Fig. 4C), there was a
trend towards a significant effect of treatment (Kruskal–Wallis,
H(df =  2) =  5.813, p  = 0.055), with post hoc analysis revealing that B.

longum 1714 group made fewer errors to  find the escape box than
vehicle group (p <  0.05).

Table 2

Effect of the two  Bifidobacteria strains on cognitive performance in the Barnes maze. For the pre-training, B. longum 1714 induced a  lower stress-induced defaecation number
(faecal outputs) than vehicle treatment. For the probe trial, there was no  difference between treatments in the time spent in the centre  of the maze; however, B. breve 1205

induced a lower locomotor activity than vehicle treatment.

Parameter Vehicle B. longum 1714 B. breve 1205

Pre-training Faecal output (n) 7.7 ± 0.6 6.0  ± 0.4* 8.3 ± 0.6
Probe  trial Time in centre (s) 99.3 ± 18.5 118.1 ± 22.3 98.9 ± 20.3

Distance travelled (cm) 745.5 ± 105.8 694 ± 60.8 468.7 ± 56.6*

* p < 0.05, treatment vs. vehicle groups. Data are expressed as means ± SEM.
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Fig. 4. Effect of the two  Bifidobacteria strains on cognitive performance in the Barnes maze. Although there was  no  difference between treatments for the number of errors to
find  the escape box during the  training (A), B. longum 1714 induced a lower number of errors than vehicle treatment for the probe trial (C). However, there was no difference
between  groups in the latency to  find  the escape box for both the training (B) and the probe trial (C). n =  7–11 per group. Veh = vehicle, B lgm = B. longum 1714,  B Bre = B. breve

1205.  *p < 0.05, treatment vs. vehicle groups. Data are expressed as means ± SEM.

For  the latency to  find the escape box (Fig. 4D), there was
no difference between groups (Kruskal–Wallis, H(df =  2) = 0.171,
p = 0.918).

As the latencies to find the box did not  differ, the distance
travelled was measured (Table 2). There was an overall differ-
ence between groups (one-way ANOVA, F(2,30) =  3.595, p <  0.05)
and post hoc analysis revealed that  B. breve 1205 group travelled
less distance than vehicle group (p <  0.05).

Further, the time  spent in the centre of the maze (starting point
of the trials) was also measured to assess freezing behaviour of mice
(Table 2). There was no difference between groups (Kruskal–Wallis,
H(df = 2) = 1.12, p  =  0.571). Altogether, these data suggest that B.

longum 1714 – fed animals displayed better memory of the place of
the hidden box.

3.4. Effect of the two Bifidobacteria strains on fear conditioning

3.4.1. Overall freezing response

Regarding the total freezing response over the 3 days of
testing (Fig. 5), there was an effect of day (two-way ANOVA,
F(2,60) = 15.04, p  < 0.001) and a  trend towards a  significant interac-
tion effect treatment ×  day (F(4,60) =  2.38, p =  0.061) but no overall
effect of treatment (F(2,60) =  2.02, p =  0.151). Post hoc analysis
revealed that B. longum 1714 induced a higher freezing response
than vehicle on day 1 (p < 0.001 and p  <  0.05, respectively). The
analysis was further split into cue/context component to better
characterise the freezing response from animals to each compo-
nent.

3.4.2. Freezing response to the context

On  day 1 (Fig.  5A),  there was  an effect of context (two-way
ANOVA, F(7,217) =  321.38, p <  0.0001) and a  treatment × context
interaction (F(14,217) = 2.23, p <  0.001), but no overall effect of
treatment (F(2,217) = 2.87, p =  0.072), on the freezing response.
Post hoc analysis revealed that B. longum 1714-fed mice displayed
significantly higher freezing response than vehicle-treated animals
for context 3 (p <  0.05), 4 (p <  0.01), 5 (p <  0.05) and 6 (p <  0.05) and
B. breve 1205-treated mice on context 4 (p <  0.05).

On  day 2 (Fig.  5A),  there was  an effect of context (two-way
ANOVA, F(7,210) =  14.11, p < 0.0001), treatment (F(2,210) =  5.28,
p  <  0.05) and a treatment × context interaction (F(14,210) = 2.37,
p  <  0.01) on the freezing response. Post hoc analysis revealed that B.

longum 1714-fed mice displayed a significant 2-fold increase (40%
more) in the freezing response than vehicle-treated animals for
context 2 (p < 0.05), 3 (p < 0.01), 4 (p < 0.05) and 5 (p <  0.05) and B.

breve 1205-treated mice displayed a lower freezing response than
vehicle group on  context 8 (p <  0.05).

On  day 3 (Fig.  5A),  there was  an effect of context (two-way
ANOVA, F(7,210) = 11.95, p <  0.0001) but no effect of treatment
and no treatment ×  context interaction in the freezing response.
Further analysis on  individual context events did not reveal any
difference between groups.

3.4.3. Freezing response to the cue

On  day 1 (Fig. 5B), there was an effect of cue (two-way ANOVA,
F(5,155) =  174.5, p  <  0.0001), treatment (F(2,155) =  7.46, p  < 0.01),
and a treatment × cue interaction (F(10,155) =  3.57, p  <  0.0001)
on the freezing response. Post hoc analysis revealed that B.
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Fig. 5. Effect of the two Bifidobacteria strains on fear  conditioning. B. longum 1714 treatment induced a significant higher % freezing to the context (A) on  day 1  and 2, to the
cue  (B) on day 1 and a non-significant 1.5–2-fold increase on day  2. B. breve 1205 induced a significant higher % freezing to the context (A) and cue (B) on day 1. n =  11–12 per
group.  Veh = vehicle, 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.

longum 1714- and B. breve 1205- fed mice displayed significantly
higher freezing response than vehicle-treated animals, for cue 4
(p < 0.001 and p  <  0.05, respectively) and 5 (p < 0.01 and p  <  0.05,
respectively).

On day 2 (Fig. 5B), there was an effect of cue (two-way
ANOVA, F(5,150) =  4.31, p  <  0.01), but no effect of treatment or treat-
ment × cue interaction in  the freezing response. Of note, although
not significant, B.  longum 1714 induced 20%  more freezing response
than vehicle.

On day 3 (Fig. 5B), there was an effect of cue (two-way
ANOVA, F(5,150) =  3.90, p < 0.01), but no effect of treatment or treat-
ment × cue interaction in  the freezing response. Of note, although
not significant, B. breve 1205 induced 10–20% less freezing than
vehicle group.

These results overall indicate that B. longum 1714-fed mice dis-
played a better learning than vehicle animals (day 1), and a  better
memory (day 2), on both cue and context components, although
this was not significant for day 2. However, groups did not sig-
nificantly differ in  their extinction ability (day 3, i.e. the ability to
re-learn that the cue does not predict a  shock anymore), although
B. breve 1205 group tended to display a  lower freezing rate than
other groups.

3.5. Effect of the two Bifidobacteria strains on colorectal

distension

There was an overall effect of increasing pressure
on viscero-motor response as expected (Fig. 6,  two-way

ANOVA, F(4,92) = 1049.65, p < 0.0001), but no treatment effect
(F(2,92) =  0.64, p  =  0.534) and no treatment × pressure interaction
(F(8,92) =  0.58, p =  0.788).

3.6. Effect of the two Bifidobacteria strains on tissue weight,

colon length, corticosterone levels

Table 3 shows there was  no difference between treat-
ments in thymus weight (F(2,26) =  0.927, p =  0.409), spleen weight
(H(df =  2) =  4.082, p = 0.130), left adrenal (F(2,21) =  0.215, p = 0.809),
right adrenal weights (F(2,18) =  0.103, p =  0.903) and colon length
(F(2,26) =  0.524, p = 0.599).

There was  also no statistical difference between groups in basal
corticosterone levels (H(df = 2) =  3.693, p = 0.158). Altogether, these
data show that  neither commensal bacteria altered stress-sensitive
physiological parameters at the time-point assessed post-stress
termination.

4. Discussion

An  increasing body of data indicates that probiotic consump-
tion has positive effects on behaviour and stress-related disorders
[2,79–81]. We have previously shown in the innately anxious
BALB/c mice, that two Bifidobacteria strains, B. longum 1714 and
B. breve 1205, decreased anxiety [43] and that a  Lactobacillus, L.

rhamnosus, decreased both anxiety and stress response, along with
changes in  central gamma-aminobutyric acid (GABA) receptors
expression [32].  In the present study, we also show that certain
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Fig. 6. Effect of the  two Bifidobacteria strains on colorectal distension. There was
no  difference between groups in the colorectal distension test. n =  11–12 per group.
Veh = vehicle, B lgm =  B. longum 1714,  B Bre = B. breve 1205. Data are expressed as
means ±  SEM.

Bifidobacteria strains and B. longum 1714 in  particular, are able to
induce some positive effects on cognition (summary in Table 4)
in fear-related cognitive tasks, possibly by  decreasing anxiety in
mice. To the best of our knowledge, this is one of the first studies
showing that commensal bacteria can benefit cognition in healthy
animals (i.e. without previous physiological intervention such as
gut bacterial infection or stress event).

Bifidobacteria spp were chosen for their reported high beneficial
effects on host health, gastrointestinal disorders and their sus-
pected therapeutic effects on psychiatric disorders [26,34,82]. Thus,
we show here a  new potential health benefit from certain bacte-
ria, which fits with recent studies showing that gut microbiota can
impact on key components of anxiety and memory functions, such
as BDNF and N-Methyl-d-Aspartate (NMDA) receptors expression
[11,12,16,42,17]. It  was also shown that a  Lactobacillus improved

memory processes that  had been impaired by stress and infection
in tasks that are hippocampal-dependent, the T-maze and object
recognition [20]. Moreover, combinations of Lactobacilli and Bifi-

dobacteria spp were shown to  decrease acute stress and depression
[83,84] and Mycobacterium vaccae improved anxiety and learning
in  a zero-maze task [85]. We  also showed that two Bifidobacteria

strains and L. rhamnosus reduced anxiety [32,43], which is linked
to  changes in the amygdala. Thus, altogether, this literature, added
to our data, converge to  show that hippocampus and amygdala
are two structures which are positively impacted by probiotics.
Interestingly, it has been recently shown that  the effects of a  Lacto-

bacillus on behaviour correlated with the microbiome profile and
was dependent on the diet and genotype of mice [86].  This shows
that the effects of bacteria on behaviour are highly dependent on a
wide range of complex factors and reinforces the fact that there is
a need for customised individual therapies.

The battery of tests we conducted here aimed at characterising
the effects of the two Bifidobacteria strains on different aspects of
cognition and thus brain functions. In the object recognition test, we
aimed at assessing short-term/episodic memory [87].  We  choose to
conduct the test with a  one hour delay, as it has been shown that
this is  one of the best inter-trial intervals to assess short-term mem-
ory processes in  BALB/c mice [58].  At  the end of the 5-min test, all
animals discriminated between the two objects, but this was  more
significant in B. longum 1714 group. As the animals fed with the two
Bifidobacteria strains displayed a trend of lower exploration levels
than vehicle animals, we  decided to conduct a  min-per-min analy-
sis of the test in  order to  assess if  changes in mice behaviours had
occurred along the test but would have been masked by  the total
time of exploration at the end. This idea was motivated by  our own
experience [88] based on an innovative analysis from Van Heerden
and colleagues [78] which showed that measuring the total time of
investigation from the animals may  mask differences which may
rise during the test when analysed minute-per-minute. As a  result,
using this method in  the present study, it appeared that animals fed
with both bacteria, and in  particular B. longum 1714 –  fed animals,

Table 3

Effect of the two Bifidobacteria strains on basal corticosterone levels, tissue weight and colon length. Tissue weight data are expressed as %  bodyweight. Colon length
is  expressed in cm. There was no  statistical difference between groups for any of the stress-sensitive parameters measured. n = 7–11 per group. Data are expressed as
means  ± SEM.

% body weight Vehicle B.  longum 1714 B. breve 1205

Thymus 0.190  ± 0.028 0.214 ±  0.030 0.240 ± 0.023
Spleen  0.338 ± 0.022 0.378 ±  0.035 0.362 ± 0.010
Right  adrenal 0.0092 ± 0.0014 0.0088 ±  0.0017 0.0098 ± 0.0016
Left  adrenal 0.0093 ± 0.0018 0.0099 ±  0.0011 0.0105 ± 0.0010
Colon length (cm) 9.5 ± 0.3 9.0 ±  0.3 9.4 ± 0.3
Corticosterone (ng/mL) 5.02 ± 1.67 5.03 ±  1.23 10.33 ± 2.35

Table 4

Summary of the effects of the two Bifidobacteria strains on  cognition and visceral sensitivity compared to  control group. Study = 11-week feeding, behaviour started at  3-week
feeding;  cognition and visceral sensitivity; B. longum = 1714; B.  breve =  1205; n = 9–12 for short-term spatial memory and locomotor activity (object recognition), n =  7–12 for
spatial learning and long-term memory (Barnes Maze), n =  11–12 for fear learning, memory and extinction (fear conditioning), visceral sensitivity (colorectal distension),
n  = 8–12 for secondary stress-sensitive physiological parameters (bodyweight gain, 9–11 and tissue weight, 7–11) and HPA-axis activity (corticosterone levels in the plasma).

Feeding time Test B. longum 1714 B. breve 1205

3 weeks Object recognition (OR) Exploration, memory OK
Fastest recognition

Exploration, memory OK
Faster recognition than controls

3 weeks Locomotor activity OR =activity Decreased activity
4/5  weeks Barnes maze =learning

Increased memory
Decreased faecal output
=activity

=learning
=memory
=faecal output
Decreased activity

6/7  weeks Fear conditioning Increased learning and memory
=extinction

=learning, memory
=extinction

9/11  weeks Colorectal distension =sensitivity =sensitivity
11  weeks Body weight gain (bwg) =bwg =(trend -)
11  weeks Corticosterone =basal levels =basal levels
11  weeks Tissue weight =weight =weight
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recognised the new object at an earlier stage than vehicle group. As
early exploration of a  new object over an old one has been associ-
ated with better recognition and thus, increased memory [59],  our
data indicate that the two Bifidobacteria strains may  have improved
memory processes. Thus, they possibly affected episodic memory
and the perirhinal cortex and the hippocampus [58],  although there
is a discrepancy in the literature about the brain regions involved
in this test [89]. Noteworthy, this idea of faster early exploration is
also related to the length of the test we  used, 5-min, as opposed to
6-min as we did for the training. Indeed, if  the test lasts too long
in comparison to the training (such as equal time or  more), the
animals are reported to get too familiar with the new object and
start to explore again the old one, masking any difference occur-
ring during the test [59]. However, we  cannot rule out the fact that
a decrease in anxiety from Bifidobacteria-fed mice may  be a reason
for an earlier exploration. Indeed, we previously showed that  the
two Bifidobacteria strains decreased stress and anxiety [43] and a
decreased latency to perform a  task can also be related to  decreased
anxiety. Thus, the positive effects of B. longum 1714 are likely to  be
related to their positive action on anxiety, making the interpreta-
tion of the object recognition difficult and warranting the use of a
battery of tests.

In the Barnes maze, B. longum 1714 also reduced the number
of errors to find the hidden platform compared with vehicle treat-
ment. This indicates an improvement in  hippocampal-dependent
spatial learning and long-term memory [61,62],  thus broadening
B. longum 1714 effects on cognition. When analysing other param-
eters, locomotor activity during both the training and the probe
test and learning during the training were similar between groups.
Thus, it is possible that in this test, B. longum 1714 rather affected
retrieval processes of a  memory trace, which is thought to  be
both hippocampal and prefrontal cortex-dependent rather than the
encoding, which is thought to be mainly hippocampal-dependent
[61,90]. Nonetheless, spatial memory encoding is source of discrep-
ancy as it was before solely thought to  be hippocampal and NMDA
receptor-dependent, but recent evidences show that other brain
structures –  and neurotransmitters systems – are involved, in  a
task- and reference strategy-dependent manner [91–93].  Retrieval
of this memory trace, as involving higher cortical structures, would
be less dependent on NMDA receptors [90]. Thus, it is  possible that
B. longum 1714 had predominantly effects on the prefrontal cor-
tex (PFC), non-NMDA-dependent processes. Further, fitting with
the observation in the object recognition that cognitive perfor-
mance may  have been influenced by a decrease in  anxiety due to
a lower latency to explore the new object, in  the Barnes maze,
stress novelty-induced defaecation was reduced with B. longum

1714. Thus, this gives further confirmation that this bacterium may
have decreased stress or anxiety in the present study as well, as
we previously showed [43]. Hence, as the learning construct of
the Barnes maze has a fear component – animals have to slightly
fear the wide open arena to  be motivated to explore the maze
and find the escape box [63] – it is  possible that the improve-
ment in memory was related to, and dependent on, a decrease
in anxiety induced by B. longum 1714 rather than being solely
due  to better cognitive skills. Thus, altogether, it is possible that
B. longum 1714 did not directly improve hippocampal function
but rather induced either a reduced amygdala activity which thus
prevented an subsequent inhibition of the hippocampus, or that
prefrontal cortex (PFC) functions were improved and exerted a
stronger inhibition on the amygdala [94,95]. Finally, the latency
to find the target box did not differ between groups. A possible
explanation for this is that BALB/c mice are naturally explorative
when not stressed [58,96],  thus B. longum 1714-fed mice might
have travelled distance to explore the maze before reaching the
escape box, while vehicle group was travelling and making more
errors.

One challenge which had to  be  overcome in the present study
was the widely known high anxiety of BALB/c mice [49,51]. This
strain is rather avoided in cognitive studies due to their low or vari-
able cognitive skills and high freezing behaviour. We  chose this
strain as it constitutes excellent models for investigating stress-
related disorders and conduct genetic studies comparisons with
other mouse strains less anxious [88,96,97].  Moreover, as stress
and anxiety and associated with lower cognitive skills [98,99],  we
were interested in  trying to improve cognition in naturally anxious
mice. This said, BALB/c mice are either completely freezing when
frightened or highly explorative in the absence of a  perceived threat
[51,58,96].  In this latter case, they still may  not perform a  given
task and explore the behavioural set up instead of learning. More-
over, BALB/c mice differentially respond to  different types of stress,
showing either better or lower learning skills than other mouse
strains [51,52], making it difficult to predict their behaviour in a
given task and what the testing conditions and protocol should
be. Thus, we conducted extensive pilot studies in  order to  find the
appropriate conditions and protocols for which BALB/c mice would
not display confounding overt fear-related behaviour. On  the other
hand, in the Barnes maze, as the principle of the maze is  to dis-
play a  mild fear in  order to be motivated to find the escape box,
it is  necessary to set up the exact conditions that will induce mice
to be motivated but not too scared. In the present study, although
some animals displayed freezing and had to be excluded from the
analysis (up to 40%) for some parameters, the test still worked and
the majority of the animals could learn. As a result, all animals that
were not  freezing were kept in data analysis. As a  result, our  data
prove that it is  possible to conduct cognitive tasks with BALB/c mice
and that they are able to learn, provided the right experimental
conditions and protocols are found.

In fear conditioning, our data suggest that B. longum 1714

improved the learning and memory of an aversive event (day 1 and
2)  without impairing extinction processes (day 3). As the two Bifi-

dobacteria strains have been shown to improve stress and anxiety
in  a  previous study [43] and as stress, anxiety and stress hormones
are  known to  impair cognition [100], it is  possible that memory
retrieval functions were enhanced by B. longum 1714 by their action
on stress and anxiety. However, it is difficult to conclude on this
point as it has been shown that corticosterone, the main stress
hormone, facilitates fear extinction in BALB/c mice while it rein-
forces it in the normo/non-anxious C57BL/6 [68].  Nonetheless, our
data suggest that B. longum 1714 had an effect on the hippocam-
pus (context component) and on the amygdala (context and cue
component); but also, amongst others, the periaqueductal grey
(freezing behaviour) and hypothalamus (autonomic response),
the thalamus (encoding of the stimulus) [101,102].  B. breve 1205

improved learning on day 1 only without further improvement on
memory processes. Interestingly, using the same fear conditioning
protocol as in the present study, L. rhamnosus increased memory
on day 2 only [32]. Thus, it seems like each bacteria impacted
on different brain structures and/or sub-regions of the amygdala
and hippocampus and also that they affected different memory
encoding/retrieval processes. This confirms that commensal bac-
teria induce highly strain-specific effects and warrants further
complex mechanistic studies. Thus, data from the object recogni-
tion and Barnes maze suggest that B. longum 1714 rather impacted
on PFC, amygdala, enterhinal and perirhinal cortex (better retrieval
processes) and to  a milder extent on the hippocampus but data
from the fear conditioning suggest that this bacterium did have an
impact on the hippocampus, as well as amygdala and perhaps not
so much on the PFC, which is involved in extinction [90,95,100].
Another hypothesis leaving apart the hippocampus, as emitted for
the Barnes maze, is that B. longum 1714 possibly improved ven-
tromedial PFC  inhibition of the amygdala by modulation of  the
serotonin (5-HT) feedback loop coming to the PFC or  by acting on
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GABA interneurons inhibition to the amygdala, therein modulat-
ing synaptic plasticity and NMDARs expression in the amygdala
[94,95,102]. A lower amygdala activity would then induce a  cascade
of mechanisms with lower autonomic response and hypothalamus
stimulation, decrease stress response and decreased hippocampal
inhibition by stress hormones [100,102,103].  This is also confirmed
by the fact that L. rhamnosus decreased stress response and anxiety
via changes in GABAergic activity in key brains areas of the lim-
bic system [32]. Finally, B. longum 1714 may  have had an impact
on many more brain regions and systems such as acetylcholine,
therein modulating spatial inputs and theta waves to the hip-
pocampus, thus promoting memory [104,105],  or dopamine and
the mesolimbic pathway, also involved in memories related to fear
[106–108]. Further complex lesion and molecular studies would
shed light on the exact processes, molecules and brain regions
involved behind bacteria effects. Of note, mice from all groups
still displayed a  residual freezing response on day 3 which was
higher than the initial freezing response on  day 1 to the context
and first cues before presentation of the shock. Thus, it is arguable
that extinction processes did not  fully occur with possibly either
a partial inhibition only of the initial fear trace by the new one
or an absence of strong re-learning of the new memory trace. As a
result, it is also possible that there was a  reinstatement of the freez-
ing response [109]. To assess whether a full extinction could have
occurred and the freezing response totally disappear, a possibility
would have been to  keep testing the animals on consecutive days,
or test them in a new context to assess whether renewal processes
occurred, or to assess spontaneous recovery after several days of
rest [66].  Nevertheless, and importantly, we found that the freez-
ing response on day 3 is still much lower than on previous days,
showing that learning and extinction did occur [109,110].

As probiotics have been foremost studied for GI disorders
including IBS [47,54] and as IBS has been associated with cogni-
tive impairments [44],  we have conducted tests to assess one of
the core symptoms of IBS, visceral sensitivity. However, this latter
was not affected by  either Bifidobacteria strains. This was  surpris-
ing as Lactobacilli and Bifidobacteria genus have been widely shown
to improve gut health and visceral pain [26,38,46,111] and modu-
late colonic neurons that  may  be  associated with pain perception
[112,113].  Moreover, we have previously shown that B. infantis

35624 reversed visceral sensitivity in normal and viscerally hyper-
sensitive Wistar Kyoto rats [37].  This said, we have recently found in
our laboratory that BALB/c mice did not  display higher visceral sen-
sitivity than C57BL/6 mice (unpublished observations), although
these two mouse strains are known to differ in anxiety and stress-
related parameters [96,114–116]. Thus, BALB/c mice may  as well
not be particularly prone to  visceral pain, making it difficult for
improvement from probiotics per se.  Visceral sensitivity is under a
complex regulation of mechanisms and its perception in the brain
would notably be mediated via the vagus nerve [117]. Moreover, it
has been shown that  visceral pain is  associated with an increased
activity in parts of the PFC (cingulate cortex) and notably an absence
of inhibition of the pain networks [48,118,119].  These data, put in
relation with the comorbidity between IBS, cognitive impairment
and stress-related disorders suggest a  strong link between visceral
pain and parts of the limbic system. Moreover, neurotransmitters
involved in anxiety and cognition (such as 5-HT, GABA, acetyl-
choline (Ach)) have been involved in  the aetiology of visceral pain
and treatments targeting these molecules are also used in  the treat-
ment of IBS [120,121].  Thus, the absence of effects from the two
Bifidobacteria strains used in our study on visceral pain is somewhat
surprising but is in  line with the lack of effects of these strains on
secondary physiological parameters.

Indeed, these results fit  with our previous findings were we
showed that B. longum 1714 and B. breve 1205 decreased anxiety in
BALB/c mice without affecting either basal or  stress corticosterone

levels, or other secondary stress parameters [43]. However, data
related to stress hormones are controversial in the literature as
Bifidobacteria spp are rather reported to  induce no change in
rodents [37,39,40] or  humans [122],  whereas certain Lactobacilli

strains have been shown to reduce corticosterone stress levels in
rodents [20,30,32].  Thus, commensal bacteria effects, again, appear
to be highly strain-dependent and preferentially impact on stress
response rather than basal levels. However, of note, it has been
suggested that corticosterone levels differences between groups
may  rather rise when samples are  harvested in  the evening, as
opposed to mornings as done so in  most studies, due to circadian
rhythms of the hormone [76].  Therefore, it is possible that these
two Bifidobacteria strains induced changes in stress hormones
that our time of harvesting did not allow to monitor; it will be
interesting to assess this hypothesis in future studies.

So far, the molecular mechanisms underlying bacteria action on
brain and behaviour remain unclear. Changes occurring in the brain
following gut microbiota manipulation may mainly come, notably,
from a  humoral, hormonal or  neuronal route; and this, via action
directly within the gut, via signals transmitted up to  the brain (via
nerves, second messengers), or through molecules directly travel-
ling up to the brain and exerting their action there (via the blood
stream) [1,26] However, at that stage of knowledge in  the litera-
ture, it is impossible to emit an assertive statement on the exact
mechanisms behind a  given bacterium’s effects or to  conduct a full
mechanistic study answering all the questions at once, as so many
various systems and molecules may  be involved. As mentioned
before, commensal bacteria actively interact with gut cells, enteric
microbiota and the immune system [8,123],  in  a bacterial strain
dependent-manner [54,124]. As immune system activation is  also
linked to stress-related disorders and cognitive deficits [125–127],
in the present study, one first hypothesis is  that  Bifidobacteria

effects on memory may  be due to differential interactions with the
immune system, either via indirect stimulation from the enteric
immune system or  via direct signalling to the brain [127].  Thus, B.

longum 1714 and B. breve 1205 may have impacted on the immune
system as well, as they decreased stress and anxiety [43] and other
studies showed differential activations of key immune cells from
Bifidobacteria of different strain/genera [82,124,128].  Centrally, this
immune signalling may  modulate the microglia and brain struc-
tures such as the nucleus accumbens and induce noradrenergic
system changes, autonomous response modulation and involve fur-
ther brain regions [127,129]. Such modifications may  have then
reduced amygdala activation while reinforcing hippocampal and
PFC functions, amongst other possibilities, inducing therein both
reduced stress and anxiety and improved learning and memory.
However, others suggest that certain Bifidobacteria strains exert
anxiolytic properties rather through enteric neurons and the vagus
nerve [33].

A second hypothesis, thus, is  that  commensal bacteria may
also modulate various neurotransmitters implicated in cognitive,
emotional and GI functions, locally in the gut [26,130].  Indeed, ente-
rochromaffin cells contains 95% of 5-HT stocks and enteric cells
can release neurotransmitters such as glutamate, GABA, Ach, 5-
HT, which can themselves, or via secondary messengers, signal to
the enteric and central nervous system (brain stem, periaqueduc-
tal grey, thalamus, limbic system) a  via somatosensory, spinal or
vagal afferences [1,81].  Moreover, studies report an impact of both
Bifidobacteria and Lactobacilli spp consumption on the serotonergic
and GABAergic systems [32,39]. However, our present data war-
rant investigations of other molecules involved in fear and memory
such as Ach, glutamate or even noradrenaline and also, specifically,
of the differential mechanisms behind B. longum 1714 and B. breve

1205 effects.
Further, it is  also possible, directly or indirectly, that B. longum

1714 induced the expression of various neurotrophic factors, such
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as BDNF, which was increased in the hippocampus, along with
memory improvements, following probiotics consumption [20,42].
However, this effect is not systematic as the fermentation products
of a B. longum (NCC3001) had no effect on BDNF mRNA expression
in neuroblastoma cell cultures [33].

It is also possible that B. longum 1714 effects were mediated
via changes in the indigenous enteric microbiota and subsequent
alterations in the resulting degradation products following food
digestion. Indeed, probiotics may  induce different indigenous bac-
teria to grow by altering the luminal content and conditions
(acidity, pH etc.) [7,28].  Such products may  cross the epithelial cell
walls and travel up to the brain via the blood stream, transporters
at the blood brain barrier, or induce locally a cascade of signalling,
thus affecting molecules involved in cognition [17,41].

B. longum 1714 may  have also exerted its positive effects via
gut hormones signalling. Indeed, in a  previous study [43],  B. breve

induced bodyweight gain reduction in  mice; although not signif-
icant in the present study, the same trend was observed. A link
has been established between obesity and lower Bifidobacteria spp
content in the indigenous microbiota and probiotics, and notably
Bifidobacteria,  have been shown to  have positive effects in obesity
[131,132]. Obesity has been linked to changes in hormonal sig-
nalling from the gut to the brain [133].  Thus, although the effects
observed in bodyweight gain were related to B. breve 1205,  which
did not induce cognitive improvements in the present study, it is
still possible that the effects of B. longum 1714 were mediated via
gut hormones. To correlate with this, the positive effects of prebi-
otics on BDNF increase in the hippocampus have been shown to be
related to the gut hormone peptide YY [17].

As a result, altogether, all of these hypotheses show that the
mechanisms of action of probiotics appear to be very complex and
under a wide range of molecules and systems, strengthening the
now well-established linked between the enteric microbiota and
the brain–gut axis. Data from our studies and the literature also
confirms that the effects are  highly bacterial strain-dependent. The
complexity of all of the possibilities emerging regarding the poten-
tial mechanisms involved and candidate molecules warrant further
mechanistic studies.

5. Conclusions

B. Longum 1714 induced overall a  positive modulation of mem-
ory processes in cognitive tasks comprising a fear component, in
the innately anxious BALB/c mice, whereas B. breve 1205 had a
lower impact. There is thus a  strong possibility that B. Longum

1714 positively modulated BALB/c behaviour by decreasing their
anxiety. These data confirm that commensal bacteria effects are
highly strain-specific but  above all that bacteria and the enteric
microbiota can also have an impact on cognition, in  an unper-
turbed healthy mouse. These findings show a  new role for the
enteric microbiota and suggest a potential therapeutic approach
for  treating cognitive deficits associated with stress-related or  neu-
rodegenerative diseases, above all as we  found evidences of positive
impact from B. Longum 1714 in the hippocampus, one of the first
brain regions impacted in  Alzheimer’s disease. Therefore, it will be
of high interest in further studies to investigate and characterise the
molecular mechanisms behind these commensal bacteria’s action
on behaviour.
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