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Antidementia eﬀects of Enterococcus faecalis 2001 are associated with
enhancement of hippocampal neurogenesis via the ERK-CREB-BDNF
pathway in olfactory bulbectomized mice
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Our previous study showed that Enterococcus faecalis 2001 (EF-2001) suppresses colitis-induced depressive-like
behavior through the enhancement of hippocampal neurogenesis in mice. In the present study, we investigated
the eﬀect of EF-2001 on the cognitive behavior of olfactory bulbectomized (OBX) mice and its molecular mechanisms. The OBX-induced cognitive dysfunction was signiﬁcantly suppressed by EF-2001. Moreover, EF-2001
also recovered the reductions in p-ERK1/2, p-CREB, BDNF and DCX levels and in neurogenesis observed in the
hippocampus of OBX mice. These results suggest that EF-2001-induced antidementia eﬀects are associated with
enhanced hippocampal neurogenesis through the ERK-CREB-BDNF pathway.

1. Main text
Alzheimer's disease (AD) patients show cognitive impairment, and
about 30 % of AD patients suﬀer from depression [1]. It is unclear
whether depression is a risk factor for AD or vice versa. AD and depression are thought to have a common pathophysiology. For example,
it has been reported that the olfactory bulb volume is smaller in depressed patients than in healthy people [2], and a similar ﬁnding was
noted in AD patients by magnetic resonance imaging [3]. In animals,
olfactory bulbectomy (OBX) can result in various abnormal behaviors
such as impaired learning and memory [4] and depressive-like behavior
[5], as well as neurochemical changes such as the reduction of cholinergic neurons, neurogenesis, monoamines, and brain-derived neurotrophic factor (BDNF) levels in the hippocampus [5–7]. BDNF is known
to play an important role in neuronal survival and is believed to

regulate neuroplasticity, including neurogenesis [8]. Especially, the
integration of newborn neurons inﬂuences animal behaviors, such as
learning and memory [9], including depressive behaviors [10]. A decrease in adult neurogenesis is observed in AD, depression and schizophrenia patients [11]. OBX mice also show diminished neurogenesis
in the dentate gyrus (DG) of the hippocampus [4,5,7]. These abnormal
behaviors and pathological changes in OBX mice were rescued by an
antidementia drug or the chronic administration of antidepressant
drugs [5,12]. Therefore, the regulation of hippocampal neurogenesis in
OBX mice could lead to therapeutic strategies against the cognitive
deﬁcits that is observed in AD with depression.
A recent study suggested that microbiota can regulate neurogenesis
and the expression of BDNF in the hippocampus [13]. Interestingly,
heat-killed Lactobacillus brevis SBC8803, which is a lactic acid bacterium, improves memory dysfunction and enhances adult hippocampal
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Fig. 1. Eﬀects of EF-2001 treatment on OBXinduced memory deﬁcit behaviors. A: The time
course of the experimental protocol. B and C:
The latency times for the diﬀerent groups are
shown for the training trial (B) and the test
trial (C) in the passive avoidance test (PAT). D
and E: Locomotor activity (D) and spontaneous
alternation behavior (E) during the Y-maze test
in mice. The bars represent the mean ±
standard error of the mean (SEM). One-way
ANOVA [F (2, 42) = 1.511, p = 0.2324, (B); F
(2, 42) = 15.25, p < 0.0001, (C); F (2,
49) = 1.639, p = 0.2047, (D); F (2,
49) = 13.59, p < 0.0001, (E)]. ** p < 0.01,
compared to the sham + water group. ## p <
0.01, compared to the OBX + water group.

All experiments were approved by the Ethics Committee of Animal
Experiments at the International University of Health and Welfare
(Ohtawara, Japan; approval number: 19015). 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
minimize animal suﬀering and reduce the number of animals used.
We used male ddY mice (age, 6-7 weeks; weight, 26-28 g; Japan
SLC, Shizuoka, Japan) for all experiments (total, n = 176; behavioral

neurogenesis in mice [14]. We recently found that Enterococcus faecalis
2001 (EF-2001), which is also a lactic acid bacterium that is used as a
biological response modiﬁer (BRM), suppresses colitis-induced depressive-like behavior via the enhancement of neurogenesis in the hippocampus [15]. However, it remains unknown whether EF-2001 aﬀects
OBX-induced cognitive dysfunction. Therefore, we investigated the effect of EF-2001 on OBX-induced impairment of memory and its molecular mechanisms in mice.
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Fig. 2. Eﬀects of EF-2001 on the changes in the levels of p-ERK1/2 (A), p-CREB (B), BDNF (C) and DCX (D) in the hippocampi of OBX mice. The bars represent the
mean ± SEM. One-way ANOVA [F (2, 36) = 6.394, p = 0.0042, (A); F (2, 38) = 12.69, p < 0.0001, (B); F (2, 37) = 20.01, p < 0.0001, (C); F (2, 34) = 6.876,
p = 0.0031, (D)]. * p < 0.05 and ** p < 0.01, compared to the sham + water group. ## p < 0.01, compared to the OBX + water group.

from the data if the lesion did not extend to more than two-thirds of the
OB or if it extended to the cortex. Sham operations followed the same
surgical procedure without removal of the OB.
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 (vehicle) 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 7 days before the OBX operation

test, n = 113; western blotting analysis, n = 40; and immunohistochemical study, n = 23). The mice were housed in cages
containing ﬁve to six mice, and were subjected to steady conditions
(temperature, 23 ± 1°C; humidity, 55 ± 5%, and 12/12 hour light-dark
cycle with lights on at 7:00). Behavioural tests were performed between
10:00 and 17:00.
OBX surgery was performed as described previously [7]. All mice
were euthanized at the end of the experiment and we visually conﬁrmed that two-thirds of the OB had been lesioned. Mice were excluded
3

Physiology & Behavior 223 (2020) 112997

K. Takahashi, et al.

Cell Signaling Technology), p-CREB (1:200, Cell Signaling Technology),
BDNF (1:1000; Abcam Ltd., Cambridge, UK), doublecortin (DCX; 1:50;
Santa Cruz Biotechnology, CA, USA), β-actin (1:1000; Santa Cruz Biotechnology) and horseradish peroxidase-conjugated secondary antibody (1:10000; Jackson Immuno Research Laboratories, Inc., PA, USA)
were obtained from commercial sources. Double-staining immunohistochemical analysis used primary monoclonal antibodies
against rat anti-BrdU (1:200; Abcam Ltd., Cambridge, UK) and mouse
DCX (1:50; Santa Cruz Biotechnology), and secondary monoclonal antibodies against goat anti-rat IgG Alexa ﬂuor 568 (1:200; Molecular
Probes, OR, USA) and goat anti-mouse IgG Alexa ﬂuor 488 (1:200;
Molecular Probes), and DAPI (1:100; Wako Pure Chemical Industries,
Ltd, Osaka, Japan) to identify nuclei.
Results are expressed as the mean ± standard error of the mean.
Normality and homoscedasticity assumptions were veriﬁed prior to the
use of any parametric test (Shapiro-Wilk normality test and equality of
variances F-test). The signiﬁcance of diﬀerences was determined by a
one-way analysis of variance (ANOVA) to compare groups, followed by
a Tukey-Kramer test to correct for multigroup comparisons; a signiﬁcant diﬀerence was deﬁned as p < 0.05. All statistical analyses were
performed by investigators other than the experimenters to avoid bias
and to ensure blinding.
We examined the eﬀects and underlying mechanisms of EF-2001 on
the impairment of memory-related behavior in OBX mice in the present
study. Previous studies reported that OBX rodents exhibit not only
depressive-like behaviors [5], but also cognitive dysfunction [4]. Our
previous studies have shown that OBX induces memory impairment in
the Y-maze and passive avoidance tests, which are used to evaluate
short- and long-term memory, respectively [5,16]. The present study
found that OBX mice exhibited impairment of memory-related behavior
in both tests, and these changes were prevented by the administration
of EF-2001 [Fig. 1 (B-E)]. OBX has been reported to induce hyper-locomotor activity in the dark phase [17]. Our previous study suggested
that there was no diﬀerence in locomotor activity in the light phase
between OBX and Sham mice [4]. The present behavioral tests were
performed between 10:00 and 17:00. Thus, we consider that the results
of behavioral tests in the present study are not inﬂuenced by locomotor
activity. The present ﬁndings therefore suggest that EF-2001 has an
antidementia eﬀect in OBX mice.
Several studies have suggested that microbiota regulates hippocampal BDNF by mediating the cholinergic system in the vagus nerve
[13,18]. Acetylcholine stimulates the ERK1/2/CREB/BDNF signaling
pathway via M1 receptor [19]. A decrease in the BDNF expression level
was conﬁrmed in an AD patient's brain, particularly in the hippocampus
and cerebral cortex [20]. Additionally, it was also revealed that CREB is
important for mediating neuronal plasticity and BDNF transcription
factors, and the activation of CREB is involved in learning and memory
formation [21]. Previous studies reported reduced levels of p-ERK1/2,
p-CREB, BDNF, and DCX, a marker for immature neurons, in the hippocampus of OBX mice [5,7], suggesting that these changes may be
related to the reduction of neurogenesis in the hippocampal dentate
gyrus (DG). In the present study, the p-CREB, BDNF, and DCX immunocontent was signiﬁcantly lower in OBX mice than in sham controls
(p-ERK1/2 levels in the OBX group were slightly decreased (p = 0.063)
compared to those in the sham group), while EF-2001 administration
signiﬁcantly increased p-ERK1/2, p-CREB, BDNF, and DCX levels in the
hippocampus of OBX mice [Fig. 2 (A-D)]. This suggests that the activation of cholinergic system and ERK1/2/CREB/BDNF signaling pathways could regulate the eﬀects of EF-2001.
Neurogenesis in the hippocampal DG signiﬁcantly contributes to
central neuroplasticity mechanisms such as learning and memory [22].
To determine the change in hippocampal neurogenesis in OBX mice, the
animals were injected with BrdU. Anti-DCX antibody was then used to
identify immature neurons in the DG area. The incorporation of BrdU
into a cell indicated that it was cycling at the time of BrdU injection.
OBX mice had a signiﬁcantly lower number of BrdU/DCX-positive cells

Fig. 3. Eﬀect of EF-2001 on the OBX-induced reduction of neurogenesis in the
hippocampal DG. A-C: The confocal images of brain slices are stained with DAPI
(blue), BrdU (red), and DCX (green). The arrowheads indicate triple-positive
cells in the subgranular zone (SGZ). Sham treated with water (A); OBX treated
with water (B); OBX treated with EF-2001 (C). D: Quantitative analysis of the
number of BrdU+/DCX+ cells in the SGZ. The bars represent the mean ± SEM.
One-way ANOVA [F (2, 20) = 47.14, p < 0.0001, (D)]. ** p < 0.01, compared
to the sham + water group. ## p < 0.01, compared to the OBX + water
group.(For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)

for 28 days.
The behavioral tests, western blotting and immunohistochemical
study were performed as previously described [4,16]. Extracellular
signal-regulated protein kinase (ERK; 1:1000, Cell Signaling Technology, MA, USA), phosphorylated (p)-ERK (1:1000, Cell Signaling
Technology), cAMP response element-binding protein (CREB; 1:1000;
4
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than the control group, consistent with our previous study [7], and the
administration of EF-2001 protected against this change [Fig. 3 (A-D)].
Likewise, it has been reported that neurogenesis is reduced in the
hippocampus of patients with depression [23] and AD [24]. Moreover,
an increase in adult-born neurons is associated with an improvement in
spatial memory-related behavior [25]. Considering these reports, the
present ﬁnding suggests that the enhancement of neurogenesis in the
hippocampus by EF-2001 may be associated with the improvement of
memory-related behavioral impairment in OBX mice.
Besides the hippocampus, the prefrontal cortex also aﬀects memory
function [26]. In this study, we examined the mechanisms of the antidementia eﬀects of EF-2001 focusing only on the hippocampus. Moreover, we hypothesize that the antidementia eﬀect of EF-2001 may be
regulated by hippocampal neurogenesis via the cholinergic system in
the vagus nerve, but this hypothesis has not yet been established.
Hence, further experiments are needed to examine the relationship
between the prefrontal cortex and the eﬀects of EF-2001, as well as the
contribution of the cholinergic system to the eﬀects of EF-2001.
In conclusion, the present results indicate that the antidementia
eﬀect of EF-2001 may involve the enhancement of neurogenesis via the
activation of ERK1/2/CREB/BDNF signaling pathways. EF-2001 may
have the potential to prevent cognitive dysfunctions in neuropsychiatric
disorders.
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