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multiple cognitive processes [1, 2]. Abnormalities of the cho-
linergic system have been closely associated with a significant 
cognitive dysfunction [3, 4]. 

Scopolamine (SCO), a competitive antagonist for musca-
rinic acetylcholine receptor, inhibits cholinergic transmission 
via blocking muscarinic acetylcholine receptor in the brain [5]. 
The hippocampus is known to show SCO-induced dysregula-
tion of cholinergic system, which consequently leads to the 
impairment of hippocampal-dependent learning and memo-
ry [6, 7]. Thus, SCO has been widely used to induce learning 
and memory impairment in rodent models of amnesia, which 
are useful in studying on cognitive impairments [8, 9].

Introduction

Acetylcholine, the first neurotransmitter, is synthesized 
in cholinergic neurons in the brain by enzyme choline acet-
yltransferase and plays a crucial role for the regulation of 
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4-Hydroxy-3-methoxybenzaldehyde (vanillin) and 4-hy-
droxybenzyl alcohol (4-HBA) are well known as natural phe-
nolic compounds which are found in diverse plants including 
Gastrodia elata Blume [10, 11]. These compounds have been 
received increasing interest due to their potential biological 
properties such as anti-tumor, anti-oxidant, and anti-inflam-
matory actions [12-15]. Additionally, with their high atten-
tion, many researchers have demonstrated potential neuro-
protective properties of vanillin and 4-HBA against neuronal 
injury using in vitro and in vivo experiments. For example, 
Lee et al. [16] reported that vanillin and 4-HBA inhibited 
glutamate-induced apoptosis in human neuronal cells, and 
Kim et al. [17] proved that vanillin and 4-HBA protected hip-
pocampal neurons from neuronal insult following transient 
global cerebral ischemia in gerbils. Furthermore, we recently 
reported that vanillin and 4-HBA promoted endogenous neu-
rogenesis in the dentate gyrus of the hippocampus, which is 
well known to be affected in hippocampus-dependent learn-
ing and memory function [18, 19], in adolescent mice [20]. 

However, few studies regarding potential effects of vanillin 
and 4-HBA on cognitive function and endogenous neuro-
genesis in animal models of SCO-induced amnesia have been 
elucidated. Therefore, in this study, we examined effects of 
vanillin and 4-HBA on learning and memory function us-
ing the Morris water maze and passive avoidance tests and 
assessed changes in cell proliferation and neuroblast dif-
ferentiation in the dentate gyrus of the hippocampus using 
immunohistochemistry for Ki-67 (a classic marker for cell 
proliferation) and doublecortin (a marker for neuroblast) in 
mice.

Materials and Methods

Experimental animals and drug treatment
Male ICR mice (8 weeks of age; weight of 25–30 g) were 

purchased from the Orient Bio Inc. (Seoul, Korea) and han-
dled and cared following the current international laws and 
policies (Guide for the Care and Use of Laboratory Animals, 
8th edition, 2011) [21]. Experimental protocol in the present 
study was reviewed and approved based on ethical procedures 
and scientific care by the Kangwon National University-Insti-
tutional Animal Care and Use Committee (KW-160802-3). 

Mice were randomly divided into four groups (n=14, per 
group) as follows: (1) vehicle (normal saline)-treated mice 
marked as “vehicle group,” (2) SCO (1 mg/kg/day)-treated 
mice marked as “SCO group,” (3) SCO (1 mg/kg/day) and 

vanillin (40 mg/kg/day)-treated mice marked as “SCO+vanillin 
group,” and (4) SCO (1 mg/kg/day) and 4-HBA (40 mg/kg/
day)–treated mice marked as “SCO+4-HBA group.” SCO, van-
illin, and 4-HBA were purchased from Sigma Aldrich (Sigma-
Aldrich, St. Louis, MO, USA) and dissolved in normal saline. 
SCO was administered by intraperitoneal injection once daily 
for 4 weeks, and vanillin or 4-HBA were administered orally 
using a feeding needle once daily for 4 weeks. Experimental 
dosage of SCO, vanillin, and 4-HBA was selected on the basis 
of previous studies [20, 22].

Morris water maze test
Spatial learning and memory test was performed using the 

Morris water maze test according to a published procedure by 
Park et al. [22]. In short, a circular pool (90 cm in diameter 
and 45 cm height) filled with water was conceptually divided 
into four quadrants, and a platform (6 cm in diameter and 
29 cm in height) was placed in one quadrant 1 cm below the 
water surface. Training was conducted for 3 consecutive days 
before the test, and the test was conducted on the last day. 
Mice were allowed to swim for 120 seconds to search for the 
hidden platform. If they failed to locate the platform within 
120 seconds, escape would be assisted and escape latency was 
recorded as 120 seconds. At the end of each trial, each animal 
would stay on the platform for 3 seconds. After the training, 
the time required for individual animal to find the submerged 
platform within 120 seconds (escape latency) was recorded 
with Noldus Ethovision video tracking system (Ethovision 
XT, Noldus Information Technology, Wageningen, The Neth-
erlands).

Passive avoidance test
As previously described [23], short-term memory ability 

was evaluated by assessing the latency of the passive avoid-
ance test. The test was performed with an apparatus that con-
sisted of two compartments (light and dark) with a grid floor 
(GEM 392, San Diego Instruments, San Diego, CA, USA). 
The test was divided into a training session and a test session. 
In the training session, the door between the compartments 
was kept open, and animals were allowed to explore environ-
ments in the dark compartments for 2 minutes. Then lights 
were turned on in one compartment, and animals were al-
lowed to explore environments in both light and dark com-
partments for 2 minutes. Then again, animals were given an 
inescapable foot shock (0.3 mA for 3 seconds) after entering 
the dark compartment by closing the door between the two 
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compartments. The test session was performed 20 minutes 
after the training session using the same paradigm but with-
out applying the foot shock. The interval between the start 
of the test session and their entry into the dark compartment 
was defined as the latency time of the passive avoidance test. 
When animals did not enter the dark room within 180 sec-
onds, the latency was recorded as 180 seconds.

Tissue processing for histology
As previously described [22], in short, mice were anesthe-

tized with sodium pentobarbital (30 mg/kg) and fixed with 4% 
paraformaldehyde. Their brains were removed and serially 
sectioned into 30-μm coronal sections in a cryostat (Leica, 
Wetzlar, Germany).

Fluoro-Jade B histofluorescence staining
To examine neuronal death in the hippocampus after SCO 

treatment, Fluoro-Jade B (F-J B; a high-affinity fluorescent 
marker for neuronal degeneration) histofluorescence staining 
was conducted according to our published protocol [24]. In 
brief, the sections were first immersed in a solution contain-
ing 1% sodium hydroxide, transferred to a solution of 0.06% 
potassium permanganate, and transferred to a 0.0004% F-J B 
(Histochem, Jefferson, AR, USA) staining solution. Finally, 
the stained sections were observed using an epifluorescent 
microscope (Carl Zeiss, Jena, Germany) with blue (450–490 
nm) excitation light and a barrier filter.

Immunohistochemistry
As previously described [25], immunohistochemical stain-

ing for neuronal nuclear antigen (NeuN, a marker for neu-
rons), Ki-67 (a marker for proliferating cell) and doublecortin 
(DCX, a marker for neuroblast) was performed using rabbit 
anti-NeuN (1:1,000, Chemicon International, Temecula, CA, 
USA), rabbit anti-Ki-67 (1:100, Abcam, Cambridge, UK), or 
goat anti-DCX (1:100, Santa Cruz Biotechnology, Santa Cruz, 
CA, USA) as primary antibodies, and biotinylated goat anti-
rabbit or rabbit anti-goat immunoglobulin G (1:200, Vector 
Laboratories, Burlingame, CA, USA) and streptavidin per-
oxidase complex (1:200, Vector Laboratories) as secondary 
antibodies. Finally, the antibodies were visualized with 3,3'-di-
aminobenzidine tetrahydrochloride. In order to establish 
the specificity of the immunostaining, a negative control test 
was carried out with pre-immune serum instead of primary 
antibody. The negative control resulted in the absence of im-
munoreactivity in all structures.

Data analysis
Quantitative analysis of the number of Ki-67– and DCX-

immunoreactive cells was performed to our published 
procedure [24]. Briefly, images of all Ki-67– and DCX-
immunoreactive structures were captured using a light micro-
scope (BX53, Olympus, Hamburg, Germany) equipped with 
a digital camera (DP72, Olympus) connected to a personal 
computer monitor. The total number of Ki-67– or DCX-im-
munoreactive cells in all groups were counted in five sections/
animal, which were selected with 120 μm interval between 
−1.46 to −2.46 mm posterior to the bregma in reference to a 
mouse atlas [26], using an Image Analysis System equipped 
with a computer-based CCD camera (Optimas 6.5, Cyber-
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Fig. 1. The latency of Morris water maze (A) and passive avoidance tests (B) in the vehicle, scopolamine (SCO), SCO+vanillin, and SCO+4-
hydro xybenzyl alcohol (4-HBA) groups (n=7 per group in each test; *P<0.05, significantly different from the vehicle group, #P<0.05, significantly 
different from the SCO group). The bars indicate the means±SEM.
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Metrics, Scottsdale, AZ, USA). The cell counts were obtained 
by averaging the counts from the tissue sections obtained 
from each animal. 

Statistical analysis
The data shown here represent the means±SEM. The nor-

mality test was performed using Kolmogorov and Smirnov 
test for testing normal distributions, and Bartlett test for test-
ing identical standard distributions. All data passed normality 
test. The differences among the means were statistically ana-
lyzed by a one-way analysis of variance followed by a Tukey’s 
multiple range method to elucidate difference among the 
groups. Statistical analysis was performed using GraphPad In-
stat (Instat Statistics, GraphPad Software, La Jolla, CA, USA) 

and statistical significance was considered at P<0.05.

Results

Morris water maze test
In the Morris water maze test, there was a significant in-

crease in escape latency time in the SCO group compared 
with the vehicle group. However, in both SCO+vanillin and 
SCO+4-HBA groups, escape latency time was significantly 
decreased compared with that in the SCO group, and no 
significant difference was found in the escape latency time 
between these two groups (Fig. 1A). 
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Fig. 2. Immunohistochemistry for Ki-
67 in the dentate gyrus of the ve hicle 
(A), scopolamine (SCO) (B), SCO+ 
vanillin (C), and SCO+4-hydro xy-
benzyl alcohol (4-HBA) (D) groups. 
In the vehicle group, Ki-67–im mu-
no reactive cells (arrows) are shown in 
the subgranular zone. Ki-67-im mu no-
reactive cells are significantly decreased 
in the SCO group; however, they are 
in creased in the SCO+vanillin and 
SCO+4-HBA groups. GCL, granule 
cell layer; ML, molecular layer; PL, 
poly mor phic layer. Scale bar=100 μm. 
(E) The mean number of Ki-67–im-
mu no reactive cells per group (n=14 per 
group; *P<0.05, significantly dif fer ent 
from the vehicle group, #P<0.05, signi-
fi cantly different from the SCO group). 
The bars indicate the means±SEM.
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Passive avoidance test
In the SCO group, latency time in the passive avoidance 

test was significantly decreased compared with the vehicle 
group. However, latency time was significantly reversed in 
both SCO+vanillin and SCO+4-HBA groups compared with 
that in the SCO group; there was no significant difference in 
latency time between these two groups (Fig. 1B).

Cell proliferation
In the vehicle group, cells stained by Ki-67 antibody were 

found in the subgranular zone of the dentate gyrus (Fig. 2A). 
In the SCO group, a few Ki-67–immunoreactive cells were ob-
served in the subgranular zone; the mean number of the cells 
was 3±0.6 cells (Fig. 2B, E). However, in both SCO+vanillin 
and SCO+4-HBA groups, the mean number of Ki-76–immu-
noreactive cells (8±0.9 and 8±1.1 cells, respectively) was sig-
nificantly increased in the subgranular zone compared with 
that in the SCO group (Fig. 2C–E).

Neuroblast differentiation
In the vehicle group, DCX-immunoreactive cells were eas-

ily found in the subgranular zone of the dentate gyrus. They 
showed well-developed (tertiary) dendrites that projected into 
the inner molecular layer (Fig. 3A, B). In the SCO group, the 
mean number of DCX-immunoreactive cells (23±2.2 cells) 
was significantly decreased in the subgranular zone, and they 
had very short processes compared to those in the vehicle 
group (Fig. 3C, D, I). Whereas in both SCO+vanillin and 
SCO+4-HBA groups, the mean number of DCX-immunore-
active cells (42±2.8 and 44±3.4 cells, respectively) was signifi-
cantly increased in the subgranular zone, and their dendrites 
were longer and thicker than those in the SCO group (Fig. 
3E–I). 

Neuronal damage
In the vehicle group, NeuN-immunoreactive neurons were 

abundantly found in the dentate gyrus, especially, in the gran-
ule cell layer and polymorphic layer (Fig. 4A). In the SCO 
group, the distribution pattern of NeuN-immunoreactive 
neurons was similar to that in the vehicle group (Fig. 4C). In 
both SCO+vanillin and SCO+4-HBA groups, no significant 
difference in the distribution pattern of NeuN-immunoreac-
tive neurons was found (Fig. 4E, G). In addition, in all experi-
mental groups, F-J B–positive cells were not observed in the 
dentate gyrus (Fig. 4B, D, F, H). These results were consistent 
with the findings from previous studies [22, 24].

Discussion

Cognitive impairment following SCO treatment in rodents 
has been well established by various behavioral tasks used 
to assess learning and memory, and rodent models of SCO-
induced amnesia have been widely used to investigate the 
efficacy of agents which have possibility to improve cognitive 
deficits [8, 27]. 

In this study, we examined effects of vanillin and 4-HBA 
on cognitive impairment induced by chronic treatment with 
SCO in mice using the Morris water maze and passive avoid-
ance behavior tests. In the Morris water maze test, SCO-
treated mice significantly required much more time to find 
the platform hidden than that in the vehicle group, and vanil-
lin or 4-HBA–treated mice in combination with SCO easily 
found the location of platform. In addition, in the passive 
avoidance test, treatment with vanillin or 4-HBA effectively 
restored the latency time which was reduced by chronic SCO 
treatment. Previous studies in vivo reported that vanillin and 
4-HBA have protective effects against cognitive impairment. 
For instance, the administration of vanillin attenuated learn-
ing and memory impairment induced by chronic cerebral hy-
poperfusion-induced vascular dementia and 3-nitropropionic 
acid-induced Huntington’s disease in mice and rats, which 
was assessed by the Morris water maze test [28, 29]. In addi-
tion, Hsieh et al. [30] reported that 4-HBA improved cyclo-
heximide- and apomorphine-induced memory impairment 
in mice, which was tested by a passive avoidance test. Thus, 
on the basis of these reports as well as our result, we suggests 
that vanillin and 4-HBA can ameliorate SCO-induced learn-
ing and memory deficits in mice.

The hippocampus is a major component of the brain and 
is responsible for regulating cognitive function such as learn-
ing and memory, and reasoning [31, 32]. It has been reported 
that newly generated neurons in the dentate gyrus of the hip-
pocampus play critical roles in learning and memory function 
and that a decline in hippocampal neurogenesis displays a 
negative effect on learning and memory [18, 33]. We reported 
that chronic treatment with SCO led to a significant reduc-
tion of endogenous neurogenesis without any neuronal loss in 
the dentate gyrus in mice [24, 34]. Furthermore, we recently 
reported that vanillin and 4-HBA effectively promoted hip-
pocampal neurogenesis in normal mice [20]. On the basis of 
our previous studies, in the present study, we first examined 
whether vanillin and 4-HBA ameliorated SCO-induced re-
duction in neurogenesis in the dentate gyrus using immuno-
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Fig.  3.  Immunohistochemistry for 
double cor tin (DCX) in the den tate 
gyrus of the vehicle (A, B), sco pola mine 
(SCO) (C, D), SCO+vanillin (E, F), and 
SCO+4-hydro xy benzyl alcohol (4-HBA) 
(G, H) groups. In the vehicle group, 
DCX-im mu no reactive cells (arrowheads) 
have well-developed dendrites that extend 
into the molecular layer (ML, arrows). 
A few DCX-immunoreactive cells with 
short dendrites are found in the SCO 
group; however, numbers of DCX-
immunoreactive cells and their dendrites 
are reversed in both SCO+vanillin and 
SCO+4-HBA group. GCL, granule 
cell layer; PL, poly mor phic layer. Scale 
bars=100 (A, C, E, G) μm, 50 (B, D, F, 
H) μm. (I) The mean number of DCX-
im mu no reactive cells per group (n=14 
per group; *P<0.05, significantly dif-
fer ent from the vehicle group, #P<0.05, 
significantly different from the SCO 
group). The bars indicate the means± 
SEM.
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histochemistry for Ki-67 and DCX, which has been widely 
used as alternative endogenous markers for adult neurogen-
esis [35, 36], and we found that the treatment with vanillin or 
4-HBA significantly increased numbers of Ki-67– and DCX-
immunoreactive cells in the mouse dentate gyrus compared 
with the SCO group. In addition, DCX-immunoreactive cells 
in the vanillin or 4-HBA–treated group showed a well-devel-
oped dendritic complexity compared with the SCO group. 
Previous studies have reported that complexity of neuroblast 

dendrites is related to survival of newly generated neurons 
and synaptic connection of granule cells in the hippocampal 
dentate gyrus [37, 38]. Therefore, this result indicates that 
vanillin and 4-HBA can reverse the SCO-induced decrease of 
cell proliferation and neuroblast differentiation in the hippo-
campal dentate gyrus, and we suggest that this effect may be 
associated with the amelioration of the SCO-induced learning 
and memory impairment following vanillin and 4-HBA treat-
ment. 
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Fig. 4. NeuN immunohistochemistry 
(A, C, E, G) and Fluoro-Jade B (F-J 
B) histofluorescence staining (B, D, F, 
H) in the dentate gyrus of the vehicle 
(A, B), scopolamine (SCO) (C, D), 
SCO+vanillin (E, F), and SCO+4-
hydroxy benzyl alcohol (4-HBA) (G, 
H) groups. There is no difference in the 
distribution pattern of NeuN-immuno-
reactive neurons between all groups, and 
no F-J B–positive cells are detected in 
all groups. GCL, granule cell layer; ML, 
molecular layer; PL, polymorphic layer. 
Scale bar=100 μm. The bars indicate 
the means±SEM.
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In summary, we demonstrated that vanillin and 4-HBA 
effectively attenuated learning and memory impairment and 
a reduction of cell proliferation and neuroblast differentia-
tion in the hippocampal dentate gyrus in a mouse model of 
SCO-induced amnesia. These findings indicate that vanillin 
and 4-HBA can be used as potential candidates for improv-
ing impaired cognitive function and neurogenesis, although 
further studies need to clearly understand the underlying 
mechanisms regarding effects of vanillin and 4-HBA against 
SCO-induced amnesia.
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