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A therapeutic strategy through the gut–brain axis has been proven to be effective in treatment for depression. In
our previous study, we demonstrated that Enterococcus faecalis 2001 (EF-2001) prevents colitis-induced
depressive-like behavior through the gut–brain axis in mice. More recently, we found that demyelination in
the prefrontal cortex (PFC) was associated with depressive-like behavior in an animal model of major depressive
disorder, olfactory bulbectomized (OBX) mice. The present study investigated the effects of EF-2001 on
depressive-like behaviors in OBX mice and the underlying molecular mechanisms from the perspective of
myelination in the PFC. OBX mice exhibited depressive-like behaviors in the tail-suspension, splash, and sucrose
preference tests, and decreased myelin and paranodal proteins along with mature oligodendrocytes in the PFC.
These behavioral and biochemical changes were all prevented by treatment with EF-2001. Further, EF-2001
treatment increased brain-derived neurotrophic factor (BDNF) and leukemia inhibitory factor (LIF) in the PFC.
Interestingly, an immunohistochemical analysis revealed enhanced phospho (p) -cAMP-responsive element
binding protein (CREB) expression in neurons, p-nuclear factor-kappa B (NFκB) p65 (Ser536) expression in as
trocytes, and p-signal transducer and activator of transcription 3 (STAT3) (Ty705) expression in mature oligo
dendrocytes in the PFC of OBX mice. From these results, we suggest that EF-2001 administration prevents
depressive-like behaviors by regulating prefrontal cortical myelination via the enhancement of CREB/BDNF
and NFκB p65/LIF/STAT3 pathways. Our findings strongly support the idea that a therapeutic strategy involving
the gut microbiota may be a promising alternative treatment for alleviating symptoms of depression.
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1. Introduction
Olfactory bulbectomized (OBX) mice are a valuable experimental
animal model for major depressive disorder and express various
abnormal behaviors, including depressive-like behaviors like anhedonia
(Calcagnetti et al., 1996; Odaira et al., 2019; Takahashi et al., 2018a,
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Abbreviation
ANOVA
BDNF
Caspr
CC-1
CNPase
CREB
ECL
ERK
GFAP
Iba1
i.p.
Kv1.1
LIF

MAG
MBP
Nav1.6
NF-κB
NG2
OBX
Olig2
PBS
PBSGT

analysis of variance
brain-derived neurotrophic factor
contactin-associated protein
adenomatous polyposis coli
cyclicnucleotide phosphodiesterase
cAMP-responsive element binding protein
enhanced chemiluminescence
extracellular signal-regulated protein kinase
glial fibrillary acidic protein
ionized calcium binding adaptor molecule 1
intraperitoneally
voltage-dependent potassium channel 1.1
leukemia inhibitory factor

PFC
p
SEM
STAT3
TBST

2018b), memory impairment (Takahashi et al., 2017; 2018c), and
reduction in sexual contact (Larsson, 1971; Lumia et al., 1992). These
abnormal behaviors are recovered by chronic, but not acute, treatment
with antidepressant drugs (Breuer et al., 2009a; 2009b). Furthermore,
physiological and neurochemical changes in OBX models, such as
reduced monoamines and neurogenesis, and the enhanced neuro
inflammation in the brain, are similar to those in clinical depression
(Takahashi et al., 2016, 2017, 2018a; Thakare et al., 2017). Recently, we
reported that OBX mice exhibited impaired myelination in the prefrontal
cortex (PFC), and this change was relevant to the development of
depressive-like behavior (Takahashi et al., 2021).
Postmortem pathological assessments of depressed patients demon
strate the impairment of myelination in the PFC (Lake et al., 2017).
Animal models of depression such as chronic social defeat stress, chronic
unpredictable stress and social isolation lead to impaired myelination
including oligodendrocyte differentiation and maintenance of nodes of
Ranvier in the PFC (Bonnefil et al., 2019; Liu et al., 2012; Miyata et al.,
2016; Tang et al., 2019). These findings suggest that prefrontal cortical
demyelination may be associated with pathological depression.
Clinical (Dwivedi et al., 2003; Karege et al., 2005; Qi et al., 2015;
Tripp et al., 2012) and preclinical (Deyama and Kaneda, 2020; Liu et al.,
2020; Zhou et al., 2016) studies have demonstrated that a decrease in
the brain-derived neurotrophic factor (BDNF) level in the PFC is relevant
to depression. BDNF regulates oligodendrocyte differentiation in the
central nervous system (Ramos-Cejudo et al., 2015). Moreover, leuke
mia inhibitory factor (LIF) enhances myelination in the brain (Deverman
and Patterson, 2012; Ishibashi et al., 2006; Yeh et al., 2020). Thus, the
prefrontal cortical BDNF and LIF play a crucial role in the process of
myelination.
Interestingly, germ-free (GF) mice, which are microbiota-deficient
throughout life, show depressive-like behaviors and abnormal myeli
nation in the PFC, while these abnormalities are normalized by sup
plementation with microbiota. Therefore, it is suggested that
microbiota-gut-brain bidirectional communication may play a crucial
role in psychiatric disorders associated with demyelination in the PFC
(Du et al., 2020; Hoban et al., 2016; Radulescu et al., 2019). A biogenic
lactic acid bacterium Enterococcus faecalis 2001 (EF-2001) is used as a
biological response modifier. We previously reported that EF-2001 has
various beneficial effects such as improvement of the immune system
and antitumor activity in mice (Choi et al., 2016; Gu et al., 2017), an
antidementia effect in OBX mice (Takahashi et al., 2020), and an
antidepressant-like effect in colitis model mice (Takahashi et al., 2019a).
However, the effect of EF-2001 on the impairment of myelination in the
PFC of OBX mice is unclear.
The present study examined the effects of EF-2001 on OBX-induced
depressive-like behaviors in mice and the underlying molecular mech
anisms from the perspective of myelination in the PFC.

myelin-associated glycoprotein
myelin basic protein
voltage-dependent sodium channel 1.6
nuclear factor-kappa B
neuron-glial antigen 2
olfactory bulbectomized
oligodendrocyte transcription factor 2
phosphate-buffered saline
PBS containing 1% normal goat serum and 0.3% Triton X100
prefrontal cortex
phospho
standard error of the mean
signal transducer and activator of transcription 3
tris-buffered saline supplemented with 0.01% Tween-20

2. Materials and methods
All experiments were approved by the Ethics Committee of Animal
Experiments at the International University of Health and Welfare
(Ohtawara, Japan; approval number: 19016). All procedures followed
the guidelines of the National Institutes of Health Guide for the Care and
Use of Laboratory Animals (Bethesda, MD). Efforts were made to mini
mize animal suffering and reduce the number of animals used. Mea
surements in all experiments and analyses were performed in a blinded
manner.
2.1. Animals
We used male ddY mice (age, 6–7 weeks; weight, 26–28 g; Japan
SLC, Shizuoka, Japan) for all experiments (total, n = 152; behavioral
tests, n = 86; western blotting analysis, n = 39; immunohistochemical
analysis, n = 27). The mice were housed in cages containing five to six
mice, and subjected to steady conditions (i.e., temperature, 23 ± 1 ◦ C;
humidity, 55 ± 5%, and 12/12 h light-dark cycle with lights on at 7:00).
2.2. Drugs and treatments
Commercially available heat-treated EF-2001 was originally isolated
from healthy human feces. It was supplied as a heat-killed, dried powder
by Nihon BRM Co. (Tokyo, Japan). EF-2001 (250 mg/kg) was dissolved
in drinking water and administered orally (per os [p.o.]) once a day in a
volume of 0.1 mL/10 g mouse body weight using a 1 mL syringe with an
oral probe, from 6 days before the OBX operation for 28 days. Fig. 1(A)
shows the time course of the experimental protocol. The dose for each
drug used was calculated from previous reports (Takahashi et al., 2019a,
2020).
2.3. Surgical operation
OBX surgery was performed as previously described (Hozumi et al.,
2003). The lesions of all animals were verified at the end of the exper
iment. We confirmed that more than two-thirds of the olfactory bulb had
been removed. If the lesion was either not extensive enough or extended
to the cortex, we excluded the data from that animal. Sham operations
were performed as above but without removal of the olfactory bulb.
2.4. Tail-suspension test
The tail suspension test was conducted to assess depressive-like be
haviors. Mice were considered immobile only when they hung
completely and passively motionless. Mice were suspended 30 cm above
the floor by means of adhesive tape placed approximately 1 cm from the
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Fig. 1. Effects of treatment with EF-2001 on
OBX-induced depressive-like behaviors. A:
Time course of the experimental protocol. B
and C: Time-dependent change in immobility
time (B) and duration of total immobility for
6 min (C) in the tail suspension test. D:
Duration of grooming in the splash test. E:
Rate of sucrose intake in the sucrose prefer
ence test. Bars represent means ± SEM. Twoway ANOVA: F(12, 294) = 1.79, p = 0.0492,
Fig. 1(B). One-way ANOVA: F(2, 42) =
13.72, p < 0.0001, Fig. 1(C), F(2, 33) =
9.935, p = 0.0004, Fig. 1(D); F(2, 35) =
8.065, p = 0.0013, Fig. 1 (E). *p < 0.05 and
**p < 0.01 vs. sham + water group. ##p <
0.01 vs. OBX + water group (n = 10–15 per
group).

tip of the tail. The duration of time spent immobile was quantified
during a test period of 6 min by an activity-monitoring system (Super
mex device; Muromachi Kikai, Tokyo, Japan). The data were analyzed
and stored in a personal computer using analytical software (Comp ACT
HBS; Muromachi Kikai).

sucrose solution was applied, grooming time was manually recorded for
a period of 5 min as an index of self-care and motivational behavior. The
apparatus was cleaned with a solution of 10% ethanol between tests to
remove any traces of each animal.
2.6. Sucrose preference test

2.5. Splash test

The sucrose preference test was performed as has been previously
described (Xu et al., 2018). Mice were divided into three groups
(Sham/water, OBX/water, OBX/EF-2001) and singly housed for 60 min
for adaptation, Next, they were provided two bottles, one containing a
1% sucrose solution and one containing tap water, for a 1 h test period
following 24 h of water and food fasting on day 21 after surgery. Sucrose
solution and water intake were measured by weighing the bottles before
and after the sucrose preference test period. Sucrose preference was

The splash test was carried out 24 h after the last repeated drug
administration as performed previously but with minor modifications
(Freitas et al., 2013). The test consists of squirting a 10% sucrose solu
tion on the dorsal coat of a mouse after it has been placed individually in
a clear plexiglass box (height: 17 cm, width: 25 cm, length: 30 cm) for
15 min (adaptation). Because of its viscosity, the sucrose solution ad
heres to the mouse fur and the animal initiates grooming behavior. After
139

K. Takahashi et al.

Journal of Psychiatric Research 148 (2022) 137–148

calculated as a percentage of the consumed sucrose solution relative to
the total volume (V) of liquid consumed using the following formula:

mouse anti-Iba1 (1:200, Millipore), rabbit anti-p-NF-κB p65 (1:200; Cell
Signaling), mouse anti-adenomatous polyposis coli (CC-1; 1:200,
Abcam), rabbit anti-p-STAT3 (Ty705) (1:200; Abcam), or rabbit anti-pERK1/2 (1:50; Cell Signaling). Sections were washed and incubated
overnight at 4 ◦ C with goat anti-rabbit IgG Alexa Fluor 488 (1:200;
Molecular Probes, Eugene, USA), goat anti-rabbit IgG Alexa Fluor 568
(1:200; Molecular Probes), goat anti-mouse IgG Alexa Fluor 488 (1:200;
Molecular Probes), or goat anti-mouse IgG Alexa Fluor 568 (1:200;
Molecular Probes) with PBSGT. DAPI (1:100; Wako Pure Chemical In
dustries, Ltd) was used to identify the nuclei. Finally, sections were
washed and coverslipped with VECTASHIELD Mounting Medium (Vec
tor Laboratories, Burlingame, CA, USA). Labeled sections were analyzed
using a confocal laser-scanning microscope (FV1200; OLYMPUS, Tokyo,
Japan).

Sucrose preference (%) = V(sucrose solution)/[V(sucrose solution)+V
(water)] × 100

2.7. Western blotting
On day 21 after surgery, mice were sacrificed by decapitation 24 h
after the last administration of water or EF-2001. The brain was
immediately removed and the PFC was quickly dissected using a mouse
brain slicer (Muromachi Kikai). The brain atlas by Paxinos and Franklin
(2001) was used as a reference to guide all dissections. Protein isolation
and western blots were performed as described previously (Takahashi
et al., 2020, 2021). After electrophoresis, proteins were transferred
electrically from the gel onto a polyvinylidene difluoride membrane
using a semi-dry blotting apparatus (Bio-Rad Laboratories, Hercules, CA,
USA). The blots were blocked for 30 min with 5% skim-milk in
Tris-buffered saline supplemented with 0.01% Tween-20 (TBST). Next,
membranes were probed with antibodies against phosphorylated
(p)-cAMP-responsive element binding protein (CREB; 1:200; Cell
Signaling, Danvers, USA), t-CREB (1:1000; Cell Signaling), BDNF
(1:1000; Abcam, Cambridge, UK), p-nuclear factor-kappa B (NF-κB p65;
1:200; Cell Signaling), LIF (1:500; R&D Systems, Minneapolis, MN,
USA), p-signal transducer and activator of transcription 3 (STAT3)
(Ser727) (1:1000; Abcam), p-STAT3 (Ty705) (1:1000; Abcam), t-STAT3
(1:500; Abcam), p-extracellular signal-regulated protein kinase
(ERK1/2; 1:1000; Cell Signaling), t-ERK1/2 (1:1000; Cell Signaling),
myelin basic protein (MBP; 1:1000; Cell Signaling), myelin-associated
glycoprotein (MAG; 1:2000; Cell Signaling), cyclicnucleotide phospho
diesterase (CNPase; 1:1000; Cell Signaling), voltage-dependent sodium
channel 1.6 (Nav1.6; 1:500; Alomone, Jerusalem, Israel),
contactin-associated
protein
(Caspr;
1:1000;
Abcam),
voltage-dependent potassium channel 1.1 (Kv1.1; 1:500; Alomone) and
β-actin (1:1000; Santa Cruz Biotechnology, Santa Cruz, USA) overnight
at 4 ◦ C. The blots were washed several times and then incubated at room
temperature for 1 h with secondary antibody (horseradish
peroxidase-conjugated anti-rabbit or anti-mouse IgG antibody diluted
1:10000 with TBST containing 5% skim-milk). Blots were developed
using an enhanced chemiluminescence (ECL) assay kit (GE Healthcare,
Buckinghamshire, UK) or ImmunoCruz (Santa Cruz Biotechnology) and
scanned, optimized and analyzed by Quantity One 1-D Analysis Soft
ware version 4.5.2 (Bio-Rad Laboratories). The density of the corre
sponding bands was analyzed using Image Studio Lite version 5.2
(LI-COR Biosciences, Lincoln, NE, USA).

2.9. Immunohistochemical study
To assess changes in the number of nodes of Ranvier paired with
paranodes, and immature or mature oligodendrocyte cells in the PFC,
animals were sacrificed on day 21 after surgery. Brain samples were
collected as described previously (Takahashi et al., 2019b). The sections
were incubated overnight at 4 ◦ C with rabbit anti-oligodendrocyte
transcription factor 2 (Olig2) (1:200; Abcam), mouse anti-Olig2
(1:200; Millipore), rabbit anti-neuron-glial antigen 2 (NG2; 1:200; Mil
lipore), mouse anti-CC-1 (1:200, Abcam), rabbit anti-Nav1.6 (1:200;
Alomone), or mouse anti-Caspr (1:200; NeuroMab, Davis, USA). Sec
tions were washed and incubated overnight at 4 ◦ C with goat anti-rabbit
IgG Alexa Fluor 488 (1:200; Molecular Probes), goat anti-rabbit IgG
Alexa Fluor 568 (1:200; Molecular Probes), goat anti-mouse IgG Alexa
Fluor 488 (1:200; Molecular Probes), or goat anti-mouse IgG Alexa Fluor
568 (1:200; Molecular Probes) with PBSGT. Six sections per mouse were
used, and two images of the PFC were obtained from each section. Next,
we evaluated disturbance of the nodes of Ranvier by counting sets with
Nav1.6 and paired Caspr (node and paranode markers, respectively) in
the PFC. To assess changes in immature and mature oligodendrocyte
cells, we counted the number of NG2+/Olig2+ cells as immature oligo
dendrocytes and CC-1+/Olig2+ cells as mature oligodendrocytes in the
PFC. A mean number of six images were analyzed for each mouse, and
each group contained 6–9 mice. Quantification was performed in a
blinded fashion and used Image-J processing software (National Insti
tute of Health).
2.10. Statistical analysis
Results of experiments are expressed as mean ± standard error of the
mean (SEM). The significance of differences was determined by one- or
two-way analysis of variance (ANOVA), followed by the Tukey-Kramer
test for multiple group comparisons. All statistical analyses were per
formed using GraphPad Prism 7 (GraphPad Software, San Diego, USA)
by investigators other than the experimenters to avoid bias and to ensure
blinding.

2.8. Double immunofluorescence staining
Mice were sacrificed 24 h after the last administration of water or EF2001. Brain samples were collected as described previously (Takahashi
et al., 2019b). The brains were cut into 50-μm sections from the bregma
2.60 mm–1.60 mm using a cryostat (Leica CM3050, Leica Biosystems,
Tokyo, Japan).
Frozen sections were mounted on glass slides (Matsunami Glass,
Osaka, Japan). Antigen retrieval was performed for p-ERK1/2 or ionized
calcium binding adaptor molecule 1 (Iba1) staining. Briefly, frozen
sections were incubated at 60 ◦ C for 30 min in 50 mM sodium citrate
(pH = 6.0). After three washes every 5 min, the sections were incubated
with phosphate-buffered saline (PBS) containing 1% normal goat serum
(Life Technologies Corporation, Carlsbad, USA) and 0.3% Triton X-100
(PBSGT) at room temperature for 2 h. The sections were incubated
overnight at 4 ◦ C with rabbit anti-p-CREB (1:200; Cell Signaling), mouse
anti-neuronal nuclear antigen (NeuN; 1:200; Millipore, Burlington,
USA), mouse anti-glial fibrillary acidic protein (GFAP; 1:200; Millipore),

3. Results
3.1. EF-2001 treatment prevents depressive-like behaviors in OBX mice
There was a significantly prolonged duration of immobile behavior
in OBX mice compared to the sham group [p = 0.0004, Fig. 1(C)]. In the
splash and sucrose preference tests, OBX mice showed decreases in
grooming time [p = 0.0067, Fig. 1(D)] and sucrose preference [p =
0.0020, Fig. 1(E)], respectively. In contrast, chronic administration of
EF-2001 prevented these depressive-like behaviors observed in OBX
mice [Tail suspension test: p < 0.0001, Fig. 1(C); Splash test: p = 0.0004,
Fig. 1(D); Sucrose preference test: p = 0.0092, Fig. 1(E)].
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3.2. EF-2001 enhances the maturation of oligodendrocytes in the PFC of
OBX mice via the CREB/BDNF pathway in neurons

marker for mature neurons), GFAP (an astrocyte marker), and Iba1 (a
microglia marker). P-CREB-positive cells were identified as mature
neurons [Fig. 2(D)].
Anti-NG2 antibody was used to identify immature oligodendrocytes,
while anti-CC-1 antibody was used to identify mature oligodendrocytes
in the PFC. Moreover, Olig2-positive cells were considered to be oligo
dendrocyte lineage cells in the PFC. OBX mice tended to have a higher
number of NG2+/Olig2+ cells [p = 0.1017, Fig. 3(B)] and a significantly
lower number of CC-1+/Olig2+ cells [p < 0.0001, Fig. 3(D)] in the PFC
compared to the sham group, while EF-2001 administration prevented
these changes [NG2+/Olig2+: p = 0.0028, Fig. 3(B); CC-1+/Olig2+: p =

As shown in Fig. 2, the immunocontent of p-CREB and BDNF in the
PFC of OBX mice was unchanged compared to that in the sham group [pCREB: p = 0.3621, Fig. 2(B); BDNF: p = 0.8395, Fig. 2(C)], while EF2001 treatment significantly increased these proteins [p-CREB: p =
0.0058, Fig. 2(B); BDNF: p = 0.0025, Fig. 2(C)] compared to those in the
OBX control group. To determine which cell types were involved, dual
immunofluorescence staining for p-CREB in the PFC of OBX mouse was
performed in conjunction with cell-specific markers, such as NeuN (a

Fig. 2. Effects of EF-2001 on the changes in the levels of p-CREB (B) and BDNF (C) in the PFC of OBX mice. A: Representative immunoblots probed with antibodies
against p-CREB, t-CREB, BDNF, and β-actin. Quantification of normalized values of p-CREB (B) relative to t-CREB levels and of BDNF (C) with β-actin, respectively. PCREB is expressed in neurons of the PFC in OBX mice treated with EF-2001 (D). Microscopy images of p-CREB (red) together with NeuN, GFAP or Iba1 (green)
immunostaining in the PFC (Scale bar: 50 μm). Bars represent means ± SEM. One-way ANOVA: F(2, 33) = 5.588, p = 0.0081, Fig. 2(B); F(2, 33) = 7.622, p = 0.0019,
Fig. 2(C). ##p < 0.01 vs. OBX + water group (n = 9–15 per group).
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Fig. 3. Effects of EF-2001 on the OBX-induced reduction of oligodendrocytes in the PFC. A and C: Confocal images of brain slices are stained with DAPI (blue), NG2
or CC-1 (red), and Olig2 (green). Scale bar: 100 μm. Quantitative analysis of the number of NG2+/Olig2+ (B) and CC-1+/Olig2+ (D) cells in the PFC. The bars
represent the mean ± SEM. One-way ANOVA: F(2, 24) = 7.039, p = 0.0039, Fig. 3(B); F(2, 24) = 22.32, p < 0.001, Fig. 3(D). **p < 0.01 vs. sham + water group. #p
< 0.05, ##p < 0.01 vs. OBX + water group (n = 9 per group).

0.0217, Fig. 3(D)].

3.4. EF-2001 prevents demyelination in the PFC of OBX mice via the
phosphorylation of STAT3 in mature oligodendrocyte cells

3.3. EF-2001 increases LIF protein in the PFC of OBX mice via the
phosphorylation of NF-κB p65 in astrocytes

As shown in Fig. 5, the immunocontent of p-STAT (Ser727), p-STAT
(Ty705) and p-ERK1/2 in the PFC of OBX mice was unchanged
compared to those in the sham group [p-STAT (Ser727): p = 0.6350,
Fig.5(B); p-STAT (Ty705): p = 0.7686, Fig.5(C); p-ERK1/2: p = 0.2148,
Fig. 5(D)], while EF-2001 administration significantly increased these
proteins except for p-STAT (Ser727) [p-STAT (Ser727): p = 0.4678,
Fig.5(B); p-STAT (Ty705): p = 0.0004, Fig.5(C); p-ERK1/2: p = 0.0042,
Fig. 5(D)] compared to those in the OBX control group. Moreover, to
determine whether STAT3 (Ty705) and/or ERK1/2 were phosphory
lated in mature oligodendrocyte cells, dual immunofluorescence stain
ing for CC-1 in the PFC of OBX mouse was performed in conjunction with
p-STAT3 (Ty705) or p-ERK1/2. P-STAT3 (Ty705), but not p-ERK1/2,
was localized in mature oligodendrocyte cells [Fig. 5(E)].
OBX mice showed a reduction of MBP, MAG, and CNPase proteins in

As shown in Fig. 4, OBX mice tended to have a higher immuno
content of p-NF-κB p65 and an unchanged LIF level in the PFC compared
to those in the sham group [p-NF-κB p65: p = 0.083, Fig. 4(B); LIF: p =
0.8766, Fig. 4(C)], while EF-2001 administration significantly increased
these proteins [p-NF-κB p65: p = 0.0277, Fig. 4(B); LIF: p = 0.0345,
Fig. 4(C)] compared to those in the OBX control group. Moreover, to
determine the cell types that are involved in the activation of NF-κB p65,
dual immunofluorescence staining for p-NF-κB p65 in the PFC of OBX
mouse was performed in conjunction with cell-specific markers, such as
NeuN, GFAP and Iba-1. P-NF-κB p65 was localized in the astrocyes
[Fig. 4(D)].
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Fig. 4. Effects of EF-2001 on the changes in the levels of p-NF-κB p65 (Ser536) (B) and LIF (C) in the PFC of OBX mice. A: Representative immunoblots probed with
antibodies against p-NF-κB p65 (Ser536), LIF, and β-actin. Quantification of normalized values of p-NF-κB p65 (Ser536) (B) and LIF (C) relative to β-actin levels,
respectively. P-NF-κB p65 (Ser536) is expressed in astrocytes of the PFC in OBX mice treated with EF-2001 (D). Microscopy images of p-NF-κB p65 (Ser536) (red)
together with NeuN, GFAP or Iba1 (green) immunostaining in the PFC (Scale bar: 50 μm). Bars represent means ± SEM. One-way ANOVA: F(2, 37) = 10.75, p =
0.0002, Fig. 4(B); F(2, 32) = 3.824, p = 0.0324, Fig. 4(C). #p < 0.05 vs. OBX + water group (n = 9–16 per group).

the PFC compared to those in the sham group [MBP: p = 0.0006, Fig. 5
(G); MAG: p = 0.0418, Fig. 5(H); CNPase: p = 0.0085, Fig. 5(I)], whereas
EF-2001 administration prevented these changes [MBP: p = 0.0001,
Fig. 5(G); MAG: p = 0.0343, Fig. 5(H); CNPase: p = 0.0466, Fig. 5(I)]
compared to those in the OBX control group.

Fig. 6(C)] compared to that in the OBX control group. Moreover, OBX
induced a decrease in the number of Nav1.6-containing paired Caspr in
the PFC [p = 0.0085, Fig. 6(F)], and EF-2001 administration prevented
this change [p = 0.0046, Fig. 6(F)] compared to that in the OBX control
group.

3.5. EF-2001 prevents disturbed nodes of Ranvier in the PFC of OBX mice

4. Discussion

As shown in Fig. 6, OBX mice showed a decrease in the immuno
content of Caspr and unchanged Nav1.6 and Kv1.1 levels in the PFC
compared to those in the sham group [Nav1.6: p = 0.9294, Fig. 6(B);
Caspr: p = 0.0101, Fig. 6(C); Kv1.1: p = 0.7213, Fig. 6(D)], while EF2001 administration significantly prevented this change [p = 0.0186,

In this study, we examined the effect of EF-2001 on depressive-like
behaviors in OBX mice. Chronic treatment with EF-2001 prevented
these depressive-like behaviors. In addition, EF-2001 attenuated the
reduction of mature oligodendrocytes, myelin and paranode marker
proteins, and facilitated the CREB/BDNF and NF-κB p65/LIF/STAT3
143
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Fig. 5. Effects of EF-2001 on the changes in the levels of p-STAT (Ser727) (B), p-STAT (Ty705) (C), p-ERK1/2 (D), MBP (G), MAG (H), and CNPase (I) in the PFC of
OBX mice. A and F: Representative immunoblots probed with antibodies against p-STAT (Ser727), p-STAT (Ty705), t-STAT, p-ERK1/2, t-ERK1/2, MBP, MAG,
CNPase, and β-actin. Quantification of the normalized values of MBP (G), MAG (H), and CNPase (I) levels with β-actin and of p-STAT3 (B and C) and p-ERK1/2 (D)
with t-STAT3 and t-ERK1/2, respectively. P-STAT (Ty705) is expressed in mature oligodendrocytes of the PFC in OBX mice treated with EF-2001 (E). Microscopy
images of CC-1 (red) together with p-STAT (Ty705) or p-ERK1/2 (green) immunostaining in the PFC (Scale bar: 50 μm). Bars represent means ± SEM. One-way
ANOVA: F(2, 37) = 0.8004, p = 0.4568, Fig. 5(B); F(2, 36) = 9.807, p = 0.0004, Fig. 5(C); F(2, 36) = 5.936, p = 0.0059, Fig. 5(D); F(2, 35) = 14.23, p <
0.0001, Fig. 5(G); F(2, 34) = 4.594, p = 0.0171, Fig. 5(H); F(2, 34) = 5.78, p = 0.0069, Fig. 5(I). **p < 0.01 vs. sham + water group. ##p < 0.01 vs. OBX + water
group (n = 9–16 per group).

pathways in the PFC of OBX mice. This is the first report that the
antidepressant-like effect of EF-2001 may involve the prevention of
prefrontal cortical demyelination by enhancing the maturation of oli
godendrocytes through the CREB/BDNF pathway, and the regulation of
myelination through the NF-κB p65/LIF/STAT3 pathway in the PFC.
OBX mice are a valuable experimental animal model for major

depressive disorder, since they have been reported to exhibit abnormal
behaviors, including cognitive deficits (Hozumi et al., 2003; Takahashi
et al., 2017, 2018c, 2020), and depressive-like behaviors (Calcagnetti
et al., 1996; Odaira et al., 2019; Takahashi et al., 2018a, 2018b) during
the 1–3 weeks after surgery. In the present study, OBX mice exhibited
depressive-like behavior in the tail suspension, splash and sucrose
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Fig. 6. Effects of EF-2001 on the OBX-induced reduction of paranode protein and changes in node of Ranvier formation. A: Representative immunoblots probed with
antibodies against Nav1.6, Caspr, Kv1.1, and β-actin. Quantification of normalized values of Nav1.6 (B), Caspr (C), Kv1.1(D) relative to β-actin levels (n = 8–15 per
group). E: Confocal images of brain slices are stained with Nav1.6 (red) and Caspr (green). Scale bar: 10 μm. F: Quantitative analysis of the number of Caspr pairs +
Nav1.6 in the PFC (n = 6 per group). Bars represent means ± SEM. One-way ANOVA: F(2, 36) = 0.06757, p = 0.9348, Fig. 6(B); F(2, 35) = 6.329, p = 0.0045, Fig. 6
(C); F(2, 36) = 1.483, Fig. 6(D); F(2, 15) = 8.951, p = 0.0028, Fig. 6(F). *p < 0.05, **p < 0.01 vs. sham + water group. #p < 0.05, ##p < 0.01 vs. OBX +
water group.

preference tests (Fig. 1), consistent with previous studies (Freitas et al.,
2013; Odaira et al., 2019; Xu et al., 2018), while no effect was observed
in sham mice treated with EF-2001 (Supplementary Fig. S1).
Microbiota-gut-brain function is an important requirement for mental
health. Microbiota-gut-brain dysfunction and abnormal microbiota may
cause mental disorders, while correcting these disturbances could
attenuate depression (Liang et al., 2018). Animal models for depression,
such as OBX and chronically stressed rodents have been reported to alter
microbiota conditions with developing depressive-like behavior (Li
et al., 2021; Park et al., 2013; Partrick et al., 2021; Zhou et al., 2019).
Several studies have shown that either probiotics or prebiotics have
antidepressant effects and improve the intestinal environment (Ansari
et al., 2020; Dinan and Cryan, 2017; Li et al., 2021; Partrick et al., 2021).
It has been recently reported that EF-2001, which is a biogenic lactic
acid bacterium, had an antidepressant effect on colitis-induced sec
ondary depressive-like behavior and improved the intestinal environ
mental (Choi et al., 2019; Takahashi et al., 2019a). In addition, the
present study indicates that EF-2001 also has antidepressant effects
against major depression other than colitis-derived depression.
Clinical and preclinical studies have demonstrated that depression is
relevant to reduction of the BDNF level in the PFC. Postmortem patho
logical studies have found a decrease in levels of BDNF in the PFC of
depressed subjects (Qi et al., 2015; Tripp et al., 2012) and suicide vic
tims (Dwivedi et al., 2003; Karege et al., 2005). A single infusion of
BDNF into the PFC produces an antidepressant effect in mice (Deyama
and Kaneda, 2020). The phosphorylation of CREB plays a crucial role in
neural plasticity, as well as transcription of BDNF (Finkbeiner et al.,
1997). We previously reported that administration of EF-2001 enhanced
the CREB/BDNF pathway in the hippocampus of OBX mice (Takahashi
et al., 2020). The present study showed that enhancement of the
CREB/BDNF pathway was also induced in the PFC of OBX mice by
EF-2001 administration [Fig. 2(A-C)]. Moreover, we found that activa
tion of CREB was localized to prefrontal cortical neurons [Fig. 2(D)].

Based on these findings, we suggest that the antidepressant effect of
EF-2001 may be associated with enhancing the neuronal CREB/BDNF
pathway in the PFC of OBX mice.
BDNF regulates oligodendrocyte differentiation in the central ner
vous system (Ramos-Cejudo et al., 2015). Postmortem tissue from the
PFC in depressed patients showed the reduced oligodendrocyte-related
gene or protein expression, decreased oligodendrocyte density and
numbers, and abnormal myelin morphology (Kim and Webster, 2010;
Klempan et al., 2009; Uranova et al., 2004). Preclinical studies
confirmed abnormal oligodendrocyte differentiation in the PFC in
depression models such as social defeat mice and OBX mice (Bonnefil
et al., 2019; Takahashi et al., 2021). In this study, we found a tendency
for a higher number of NG2+/Olig2+ cells (immature oligodendrocytes)
and a lower number of CC-1+/Olig2+ cells (mature oligodendrocytes) in
the PFC of OBX mice, while these changes were prevented by EF-2001
treatment (Fig. 3). This suggests that increasing the prefrontal cortical
BDNF level by EF-2001 may be associated with the prevention of
abnormal oligodendrocyte differentiation.
The astrocyte-derived LIF, which is induced through the phosphor
ylation of NF-κB p65, stimulates myelination (Deverman and Patterson,
2012; Ishibashi et al., 2006; Yeh et al., 2020) and activates STAT3 (Stahl
et al., 1994) and ERK1/2 (Thoma et al., 1994) signaling. Our previous
studies demonstrated that treatment with EF-2001 activated NF-κB p65
(Takahashi et al., 2019a) and increased the p-ERK1/2 level (Takahashi
et al., 2020) in the hippocampus. In the present study, administration of
EF-2001 enhanced the NF-κB p65/LIF/STAT3 and ERK1/2 pathways in
the PFC of OBX mice [Fig. 4(A-C) and 5(A-D)]. Moreover, we found that
activated NF-κB p65 was localized to astrocytes [Fig. 4(D)], while
activated STAT3, but not ERK1/2, was localized to mature oligoden
drocytes in the PFC [Fig. 5(E)]. Based on these results, we hypothesized
that EF-2001 has the effect of myelination via enhancement of the NF-κB
p65/LIF/STAT3 pathway in the PFC of OBX mice. Recently, Sacchet and
Gotlib (2017) suggested that major depressive disorder is relevant to
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abnormalities in the brain myelin content. A postmortem study in
depressed patients revealed that the expression of genes related to
myelin was reduced in the PFC (Tham et al., 2011). Various rodent
models of depression such as chronic social defeat stress (Bonnefil et al.,
2019), social isolation (Liu et al., 2012) and OBX model (Takahashi
et al., 2021) have been shown to exhibit demyelination in the PFC. The
present study showed that myelin proteins such as MBP, MAG and
CNPase were decreased in the PFC of OBX mice as in other models of
depression (Lehmann et al., 2017; Liu et al., 2012; Luo et al., 2019),
whereas these changes were prevented by treatment with EF-2001.
Thus, we suggest that EF-2001 might induce myelination via enhance
ment of the NF-κB p65/LIF/STAT3 pathway in the PFC of OBX mice.
MBP regulates the maturation of oligodendrocytes and myelination
in the CNS (Akiyama et al., 2002; Mikoshiba et al., 1991). MAG and
CNPase are necessary for maintenance of axon-glia interactions at nodes
of Ranvier in the CNS (Marcus et al., 2002; Rasband et al., 2005). The
node of Ranvier plays an important role for action potential propagation
along myelinated axons in the CNS (Arancibia-Carcamo and Attwell,
2014). Dysfunction of the node of Ranvier in the brain induces
depressive-like behavior in mice (McKinney et al., 2008). Our previous
study demonstrated that OBX-induced depressive-like behavior and
impairment of nodes of Ranvier in the PFC were improved by chronic
treatment with imipramine (Takahashi et al., 2021). From these find
ings, we suggest that disturbed node of Ranvier formation contributes to
depression. In this study, OBX mice showed a reduced protein level of
Caspr and fewer Nav1.6-containing paired Caspr in the PFC, while these
changes were prevented by EF-2001 administration (Fig. 6), suggesting
that the antidepressant effect of EF-2001 was relevant to the prevention
of demyelination in the PFC.
In the present study, the question remains whether EF-2001 acts
directly or indirectly on the brain. Other researchers have reported that
Lactobacillus strains administration induced antidepressant-like effects
via the vagus nerve (Bharwani et al., 2020; Bravo et al., 2011). More
over, Liang et al. (2018) reported that improvement of disturbed
microbiota balance alleviated the symptoms of depression. However,
the effect of EF-2001 on OBX-induced dysfunction of gut microflora, as
well as the relationship between the vagus nerve and the effects of
EF-2001, remains unknown. Further extensive studies will be necessary
to solve these issues.
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