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Bacopa monnieri extract improves novel object recognition,
cell proliferation, neuroblast differentiation, brain-derived
neurotrophic factor, and phosphorylation of cCAMP
response element-binding protein in the dentate gyrus
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Bacopa monnieri is a medicinal plant with a long history of use in Ayurveda, especially in the treatment
of poor memory and cognitive deficits. In the present study, we hypothesized that Bacopa monnieri
extract (BME) can improve memory via increased cell proliferation and neuroblast differentiation in the
dentate gyrus. BME was administered to 7-week-old mice once a day for 4 weeks and a novel object
recognition memory test was performed. Thereafter, the mice were euthanized followed by immuno-
histochemistry analysis for Ki67, doublecortin (DCX), and phosphorylated cAMP response element-
binding protein (CREB), and western blot analysis of brain-derived neurotrophic factor (BDNF). BME-
treated mice showed moderate increases in the exploration of new objects when compared with that of
familiar objects, leading to a significant higher discrimination index compared with vehicle-treated mice.
Ki67 and DCX immunohistochemistry showed a facilitation of cell proliferation and neuroblast differentiation
following the administration of BME in the dentate gyrus. In addition, administration of BME significantly
elevated the BDNF protein expression in the hippocampal dentate gyrus, and increased CREB
phosphorylation in the dentate gyrus. These data suggest that BME improves novel object recognition by
increasing the cell proliferation and neuroblast differentiation in the dentate gyrus, and this may be
closely related to elevated levels of BDNF and CREB phosphorylation in the dentate gyrus.
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The hippocampus is key limbic region that is involved
in the formation of new memories [1]. Classically, the
cholinergic system plays a role in the encoding of new
memories; blockade of muscarinic cholinergic receptors
via scopolamine impairs the encoding of new memories,
but not the retrieval of previously stored memories [2,3].
In contrast, the drug-induced activation of nicotinic
receptors enhances the encoding of new information

[4,5]. Recent studies have demonstrated that the brain
has regenerative potential throughout life in several
regions, for example, the subgranular zone of dentate
gyrus [6,7]. A recent study has demonstrated that adult
neurogenesis in male rats plays a crucial role in the
maintenance of hippocampal capacity for learning and
memory formation, and enhancing hippocampal neuro-
genesis accelerates long-term potentiation decay and
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shows the rapid recovery of memory capacity [8].
Therefore, facilitation of hippocampal neurogenesis
using various paradigms, including natural medicinal
plants, may aid the rapid recovery of memory capacity
and enhance memory functions.

Bacopa monnieri (L.), from the Scrophulariaceae
family, is an aquatic plant found in Asian countries,
including India. Bacopa monnieri has been used in
Ayurvedic medicine to treat various diseases, including
anxiety, poor memory, and cognitive deficits [9]. Several
lines of evidence have demonstrated that Bacopa
monnieri has a number of active components, such as
alkaloids and saponin glycosides, including bacoside A
[9-14]. Bacopa monnieri extract (BME) enhances
memory and cognitive functions via bacoside A [11]. In
addition, administration of BME significantly increases
the number of proliferating cells, as shown with 5-
bromodeoxyuridine labeling, in chronic unpredictable
stress (CUS)-induced depressed rats [15].

However, few morphological studies have measured
the effects of BME on hippocampal neurogenesis in
healthy animals and the underlying mechanisms. In the
present study, therefore, we examined the role of BME
on the novel object recognition, cell proliferation, and
neuroblast differentiation in the dentate gyrus of healthy
mice. In addition, we also observed changes in
hippocampal brain-derived neurotrophic factor (BDNF)
and phosphorylated cAMP response element-binding
protein (CREB) as a possible mechanism of BME.

Materials and Methods

Experimental animals

Male C57BL/6] mice (7 weeks of age) were purchased
from Jackson Laboratory Co. Ltd (Bar Harbor, ME,
USA). Mice were housed 5 per cage in a conventional
area under standard conditions at ambient temperature
(2242°C) and humidity (60+5%), with a 12/12 h light/
dark cycle with ad libitum access to food and water.
Animal handling and care conformed to the guidelines
of current international laws and policies (National
Institutes of Health Guide for the Care and Use of
Laboratory Animals, Publication No. 85-23, 1985,
revised 1996) and were approved by the Institutional
Animal Care and Use Committee of Seoul National
University (Approval number: SNU-160816-21-1). All
experiments were conducted with an effort to minimize
the number of animals used, and the physiological stress
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caused by any procedures. All experimental procedures
were conducted according to ARRIVE guidelines [16].

Administration of BME

The mice were divided into three groups: control,
vehicle (5% Tween 80)-treated, and BME-treated. Equal
volumes of vehicle and BME (200 mg/kg) were
administered to mice by oral gavage at 8 weeks of age,
once a day for 4 weeks. This ensured that we could
compare doublecortin (DCX) expression, which is
exclusively expressed in immature neurons from 1 to 28
days of cell age, between groups [17,18]. This dosage
was adopted because several studies have demonstrated
a cognitive-enhancing effect BME at this dosage [19].

Novel object recognition test

The testing apparatus consisted of an open box (25x
25x25 cm) made of black acryl, as previously described
[20]. The floor was covered with woodchip bedding,
which was moved around between trials and testing days
to prevent the build-up of odor in certain places. The
objects to be discriminated were made of solid metal and
could not be displaced by the mice due to their weight.
The objects were cleaned with bleach to remove residual
odors.

On the 27" day of treatment with vehicle and BME,
2 h after treatment, mice from each group (#=10 per
group) were allowed to explore the apparatus for 2 min.
On testing day (28" day of treatment), two 2-min trials
were performed 2 h following the last treatment. During
the training trial, two identical objects were placed in
opposite corners of the apparatus. Mice were placed
singly in the apparatus and left to explore these objects.
After training, mice were placed back in their home cage
for an inter-trial interval of 1h. Following this, one
testing trial was performed, in which a new object
replaced one of the familiar objects that was present in
training trial. Mice were exposed again to the familiar
and new object. Exploration was defined as directing the
nose toward the object at a distance of no more than 2
cm and/or touching the object with the nose. From this
measure, a series of variables were then calculated: the
total time spent exploring the two identical objects in the
training trial and the time spent exploring the two
different objects in the testing trial.

The distinction between familiar and new objects in
the testing trial was determined by comparing the time
spent exploring familiar object with time spent exploring
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new object to create a discrimination index that
represents the difference in exploration time expressed
as a proportion of the total time spent exploring the two
objects in testing trial.

Tissue processing

Following the novel object recognition test, mice (n=>5
in each group) were euthanized with 1.5 g/kg of urethane
(Sigma-Aldrich, St. Louis, MO, USA) and perfused
transcardially with 0.1 M PBS (pH 7.4) followed by 4%
paraformaldehyde in 0.1 M PBS (pH 7.4), as previously
described [20]. The brains were removed and post-fixed
for 12 h in the same fixative. The tissue was cryoprotected
by overnight saturation with 30% sucrose. Serial brain
sections were cut coronally at a thickness of 30 um using
a cryostat (Leica, Wetzlar, Germany), and collected in 6-
well plates containing PBS until further processing.

Immunohistochemical staining for Ki67, DCX, and
pCREB

All sections were processed under the same conditions
to ensure that comparable immunohistochemical data
between groups. Serial tissue sections, 90 um apart,
were selected from an area between 1.82 and 2.30 mm
posterior to bregma, as defined using a standard mouse
brain atlas [21]. Sections were sequentially treated with
0.3% H,0O, in PBS for 30 min and 10% normal goat
serum in 0.05 M PBS for 30 min at 25°C. First, sections
were incubated for 12 h with rabbit anti-Ki67 (1:1,000;
Abcam, Cambridge, UK), rabbit anti-DCX (1:5,000;
Abcam), or rabbit anti-pCREB (1:400; Cell Signaling
Technology, Inc., Beverly, MA, USA) antibodies at
25°C. Thereafter, the sections were treated with biotinylated
goat anti-rabbit IgG and a streptavidin-peroxidase
complex (1:200; Vector, Burlingame, CA, USA) for 2 h
at 25°C. Sections were visualized by reaction with 3,3-
diaminobenzidine tetrachloride (Sigma) in 0.1 M Tris-
HCI buffer (pH 7.2) and mounted on gelatin-coated
slides. Sections were dehydrated and mounted with
Canada balsam (Kanto Chemical, Tokyo, Japan).

Data analysis

Analysis of DCX expression in the dentate gyrus was
performed using an image analysis system and ImageJ v.
1.50 (National Institutes of Health, Bethesda, MD,
USA). Data analysis was carried out under the same
conditions by two observers for each experiment to
ensure objectivity in blinded conditions, as described in

a previous study [20]. Digital images of the whole dentate
gyrus were captured with a BX51 light microscope
(Olympus, Tokyo, Japan) equipped with a digital camera
(DP72, Olympus) connected to a computer monitor.
Images were calibrated into an array of 512x512 pixels
corresponding to a tissue area of 1200900 um (100%
primary magnification). Each pixel had 256 gray levels
and the intensity of DCX immunoreactivity was evaluated
using relative optical density (ROD), which was
obtained after transformation of the mean gray level
using the following formula: ROD=log (256/mean gray
level). The ROD of background staining was determined
in unlabeled regions of sections using Photoshop CC
2018 software (Adobe Systems Inc., San Jose, CA,
USA) and this value was subtracted to correct for
nonspecific staining using Image] v. 1.50. Data are
expressed as a percentage of the control group, which
was set at 100%.

Ki67- and pCREB-immunoreactive nuclei in the
whole dentate gyrus were counted using an analysis
system equipped with a computer-based CCD camera
(OPTIMAS software version 6.5; CyberMetrics®”
Corporation, Phoenix, AZ, USA; magnification, 100x),
as previously described [20]. Images were converted to
gray-scale, and Ki67- and pCREB-immunoreactive
nuclei were automatically selected according to the
intensity of the immunohistochemical staining for Ki67
and pCREB, respectively.

Western blot analysis for BDNF

Following the novel object recognition test, mice in
the control, vehicle-treated, and BME-treated groups
(n=5 in each group) were sacrificed. Brain tissue was
analyzed by western blotting, as described previously
[20]. Briefly, the brain was removed and cut into 500-
um-thick sections on a vibratome (Leica Microsystems
GmbH), and the hippocampal dentate gyrus was cut
using a surgical blade. Hippocampal tissues were
homogenized in 50 mM phosphate-buffered saline
(PBS, pH 7.4) containing 0.1 mM ethylene glycol-bis([3-
aminoethyl ether)-N,N,N',N'-tetraacetic acid (pH 8.0),
0.2% Nonidet P-40, 10 mM ethylenediaminetetraacetic
acid (pH 8.0), 15 mM sodium pyrophosphate, 100 mM
B-glycerophosphate, 50 mM sodium fluoride, 150 mM
sodium chloride, 2 mM sodium orthovanadate, 1 mM
phenylmethylsulfonyl fluoride and 1 mM dithiothreitol
(DTT). Following centrifugation for 5 min at 16,000 g at
4°C, the concentration of protein in the supernatant was
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determined using a Micro BCA protein assay kit with
bovine serum albumin as the standard (Pierce; Thermo
Fisher Scientific, Inc., Waltham, MA, USA). Aliquots
containing 20 pg of total protein were boiled in loading
buffer containing 150 mM Tris (pH 6.8), 3 mM DTT,
6% SDS, 0.3% bromophenol blue and 30% glycerol.
Each aliquot was subsequently loaded onto a polyacrylamide
gel. Following electrophoresis, the separated proteins in
the gel were transferred to a nitrocellulose membrane
(Pall Life Sciences, Port Washington, NY, USA). To
reduce background staining, the membrane was incubated
with 5% non-fat dry milk in PBS containing 0.1%
Tween-20 for 45 min at 25°C, followed by incubation
with rabbit anti-BDNF antibody (1:1000, Proteintech,
Rosemont, IL, USA), peroxidase-conjugated goat anti-
rabbit IgG (1:1000, Vector), and an ECL chemiluminescent
reagent (Pierce; Thermo Fisher Scientific, Inc.).

Statistical analysis

The data were expressed as mean values in each group.
To determine the changes in novel object recognition,
cell number, and ROD, we compared the means between
groups using one-way analyses of variance followed by
Bonferroni’s post-hoc test using GraphPad Prism 5.01
software (GraphPad Software, Inc., La Jolla, CA, USA).
Results were considered to be statistically significant if
P<0.05.

Results

Effect of BME on novel object recognition memory

During the training period, mice in all groups spent a
similar amount of time exploring the two identical
objects. During testing period, mice in all groups spent
more time exploring the new object when compared
with a familiar object. We found that BME-treated mice
spent more time exploring the new object than the
familiar one when compared with control or vehicle-
treated mice; however, this did not reach statistical
significance. There was no difference in discrimination
index values between the control and vehicle-treated
group; however, the mean discrimination index in the
BME-treated group was significantly higher than the
control or vehicle-treated groups (Figure 1).

Effect of BME on cell proliferation in the dentate gyrus
In all groups, Ki67-positive proliferating cells were
mainly detected in the subgranular zone of dentate gyrus,
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Figure 1. Exploration time (n=10 per group) in training and
testing trials, and discrimination index in the testing trial of
familiar vs. new objects during the testing day of the novel
object recognition test in control, vehicle-treated, and Bacopa
monnieri extract (BME)-treated mice (n=10 per group; *P<0.05,
vs. familiar object; 2P<0.05, vs. control group; *P<0.05, vs.
vehicle-treated group). All data are shown as % exploration
time+SEM.

but there were significant differences in the number of
Ki67-positive nuclei between groups. In the control
group, the mean number of Ki67-positive nuclei was
11.44 per section, and there was a similar number of
Ki67-positive proliferating cells in the vehicle-treated
group. In contrast, we observed a large number of Ki67-
positive proliferating nuclei in the dentate gyrus of
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Figure 2. Ki67 immunohistochemistry in the dentate gyrus of control, vehicle-treated, and Bacopa monnieri extract (BME)-treated
mice. Ki67-positive nuclei are most abundantly detected in the subgranular zone of dentate gyrus in BME-treated mice. GCL,
granule cell layer; ML, molecular layer; PL, polymorphic layer. Scale bar=50 um. The relative number of Ki67-positive nuclei in the
dentate gyrus per section for each group are shown as a percentage of the value (n=5 per group; ®P<0.05, vs. control group;
®P<0.05, vs. vehicle-treated group). Data are presented as mean+SEM.

BME-treated mice, compared with the control or vehicle-
treated group. Furthermore, the number of Ki67-positive
nuclei in the BME-treated group was 179.9% higher
than that in the control group (Figure 2).

Effect of BME on neuroblast differentiation in the
dentate gyrus

In all groups, DCX immunoreactive differentiated
neuroblasts were found in the dentate gyrus with dendrites
and somas. However, the number of somas and complexity
of DCX-immunoreactive dendrites were significantly
different between groups. Post-hoc analysis showed no
difference in the number and ROD of DCX immuno-
reactive neuroblasts between the vehicle-treated group
and control group. However, there was an increase in the
number of DCX-immunoreactive differentiated neuroblasts
with highly developed dendrites in the dentate gyrus of
the BME-treated mice. The number of DCX immuno-
reactive neuroblasts and DCX immunoreactivity was
significantly higher, by 149.0 and 159.0%, respectively,
when compared with the control group (Figure 3).

Effect of BME on the phosphorylation of CREB in the
dentate gyrus

PCREB-positive nuclei were found mainly in the
subgranular zone of the dentate gyrus in all groups;
however, there were significant differences in the number
of pCREB-positive nuclei between groups. In the control
group, the mean number of pCREB-positive nuclei was
70.48 per section, there was a reduction in the number
of pCREB-positive nuclei in the vehicle-treated group
compared with the control group; however, this did not
reach statistical significance. Conversely, there was a
significant increase in the number of pCREB-positive
nuclei in the subgranular zone in the BME-treated group
(149.7%) when compared with the control group (Figure
4).

Effect of BME on BDNF expression in the dentate
gyrus

BDNF levels in the dentate gyrus was slightly decreased
in the vehicle-treated group compared to that in the
control group. In the BME-treated group, BDNF levels
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Figure 3. Immunohistochemistry for doublecortin (DCX) in the dentate gyrus of control, vehicle-treated, and Bacopa monnieri
extract (BME)-treated mice. In the BME-treated group, DCX immunoreactive neuroblasts and their dendrites are most abundantly
observed in the dentate gyrus. GCL, granule cell layer; ML, molecular layer; PL, polymorphic layer. Scale bar= 50 um. The relative
optical densities (RODs) expressed as a percentage of the value representing the DCX immunoreactivity in the dentate gyrus of the
control group are shown. The number of DCX-immunoreactive neuroblasts in the dentate gyrus per section for each group are also
shown (n=5 per group; 2P<0.05, vs. control group; ®P<0.05, vs. vehicle-treated group). Data are presented as mean+SEM.

were significantly increased in the hippocampal dentate Discussion
gyrus homogenates by 167.9% of control group (Figure
5). BME has various pharmacological actions, including

Lab Anim Res | December, 2018 | Vol. 34, No. 4
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Figure 4. Immunohistochemistry for phosphorylated cAMP response element-binding protein (pCREB) in the dentate gyrus of
control, vehicle-treated, and Bacopa monnieri extract (BME)-treated mice. Strong and abundant pCREB-positive nuclei are
observed in the subgranular zone in BME-treated mice. GCL, granule cell layer; ML, molecular layer; PL, polymorphic layer. Scale
bar=50 um. The relative number of pCREB-positive nuclei in the dentate gyrus per section for each group are shown as a
percentage of the value (n=5 per group; 2P<0.05, vs. control group; ?P<0.05, vs. vehicle-treated group). Data are presented as

mean+SEM.
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Figure 5. Western blot analysis showing the percentage BDNF
expression in hippocampal dentate gyrus of control, vehicle-
treated, and Bacopa monnieri extract (BME)-treated groups
(n=5 per group; 2P<0.05, vs. control group; °P<0.05, vs.
vehicle-treated group). Data are presented as mean+SEM.

antioxidant, anti-inflammatory, anticonvulsant, bronchodilator,
and anti-ulcer effects [10,22]. In addition, BME can
affect the central nervous system, such as improving

memory, reducing epilepsy and insomnia, and as an anti-
anxiety agent [23]. In the present study, we observed a
significant improvement of discrimination index in
BME-treated healthy mice. This result is consistent with
previous studies showing that BME improves cognitive
function in type 2 diabetes [24], Alzheimer’s disease
[25], and amnesia [26]. In human trials, consumption of
BME improves working memory and cognition in elderly
individuals [14,27,28]. An additional study showed that
oral consumption of BME for 6 and 12 weeks increased
information-retaining capacity over time; however, there
was no beneficial effect on learning trials [27].

In the present study, we investigated cell proliferation
and neuroblast differentiation in the dentate gyrus
because the hippocampus is necessary for learning and
memory retention, as shown in the Morris water maze
task [29]. The present study shows morphological evidence
that BME promoted cell proliferation and neuroblast
differentiation in healthy mice. Chronic administration
of BME increases the number of BrdU/NeuN-labled
cells and DCX expression in the hippocampus of stressed
rats [15]. However, this study found no significant
differences in BrdU and/or DCX expression in the
hippocampus of naive (healthy) animals. Furthermore,

Lab Anim Res | December, 2018 | Vol. 34, No. 4
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an electrophysiological study has shown that BME
enhances the magnitude of long-term potentiation with
the inverted U-shaped dose-effect relationship in healthy
animals [30].

To further elucidate the possible mechanisms underlying
the BME-induced increases in cell proliferation and
neuroblast differentiation, we focused on the BDNF-
pCREB pathway. BDNF plays an important role in
neurite growth, differentiation, and neuronal survival in
the central nervous system. Mice lacking BDNF and its
receptor, TrkB, showed a failure to respond to a behavioral
regime [31]. In addition, the phosphorylation of CREB
at Serl33 in neurons leads to the expression of
neurotrophic genes, including BDNF, and regulates
growth, survival, synaptic plasticity, short-term memory,
and long-term potentiation [32-34]. In addition, CREB
participates in learning and memory through its
involvement in adult hippocampal neurogenesis [35]. In
the present study, we observed that BME administration
significantly increased BDNF expression in the
hippocampus. studies shown that
administration of BME increases BDNF expression in
the cerebrum of healthy and amnesic mice [34], and
CUS-induced depressed rats [15,36]. BME administration
also increases the pCREB/total-CREB ratio in the
hippocampus of amnesic mice [12,37] and CUS-induced
depressed rats [36]. In the present study, we found
morphological evidence that BME administration
significantly increased the number of pCREB-positive
nuclei in the subgranular zone of the dentate gyrus. BME
administration for 2 weeks increased new synaptic
glutamate receptor proteins, such as N-methyl-D-aspartate
receptor 2A/2B, and postsynaptic scaffolding proteins,
such as postsynaptic density 95 [38]. Taken together,
these data suggest that BME administration increases
neural plasticity in the hippocampus.

In conclusion, the administration of BME promoted
novel object recognition, and increased cell proliferation
and neuroblast differentiation as well as upregulation of
BDNF protein expression and CREB phosphorylation.
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