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Entacapone promotes hippocampal neurogenesis in 
mice 
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Abstract  
Entacapone, a catechol-O-methyltransferase inhibitor, can strengthen the therapeutic effects of levodopa on the treatment of Parkinson’s 
disease. However, few studies are reported on whether entacapone can affect hippocampal neurogenesis in mice. To investigate the effects 
of entacapone, a modulator of dopamine, on proliferating cells and immature neurons in the mouse hippocampal dentate gyrus, 60 mice (7 
weeks old) were randomly divided into a vehicle-treated group and the groups treated with 10, 50, or 200 mg/kg entacapone. The results 
showed that 50 and 200 mg/kg entacapone increased the exploration time for novel object recognition. Immunohistochemical staining 
results revealed that after entacapone treatment, the numbers of Ki67-positive proliferating cells, doublecortin-positive immature neurons, 
and phosphorylated cAMP response element-binding protein (pCREB)-positive cells were significantly increased. Western blot analysis results 
revealed that treatment with tyrosine kinase receptor B (TrkB) receptor antagonist significantly decreased the exploration time for novel 
object recognition and inhibited the expression of phosphorylated TrkB and brain-derived neurotrophic factor (BDNF). Entacapone treatment 
antagonized the effects of TrkB receptor antagonist. These results suggest that entacapone treatment promoted hippocampal neurogenesis 
and improved memory function through activating the BDNF-TrkB-pCREB pathway. This study was approved by the Institutional Animal Care 
and Use Committee of Seoul National University (approval No. SNU-130730-1) on February 24, 2014.
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Introduction 
Abnormal neuronal loss due to trauma and pathological 
factors can lead to neurological diseases and functional 
impairment (Eriksson et al., 1998). The hippocampus plays 
important roles in learning and memory, spatial cognition 
and short-term memory to long-term memory conversion 
(Burgess et al., 1999; Deng et al., 2010). Moreover, the 

hippocampus is the most susceptible brain region to damage 
induced by Alzheimer’s disease and ischemia (Kappor et 
al., 2019; Beason-Held et al., 2020). In previous decades, 
the hippocampus was widely studied because new neurons 
emerge from the restricted regions of the central nervous 
system (CNS), such as the subventricular zone (SVZ) and the 
hippocampal subgranular zone (SGZ) (Eriksson et al., 1998; 
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Kempermann and Gage, 2000; van Praag et al., 2002; Fares 
et al., 2019). In the hippocampus, neural stem cells located 
in the SGZ can divide and further migrate and integrate into 
the granule cell layer (van Praag et al., 2002). In humans, 
approximately 700 neurons are newly added into granule cells 
each day (Spalding et al., 2013). The surviving cells extend 
their axons, the mossy fibers, into the hippocampal CA3 region 
(van Praag et al., 2002). Electrophysiological, optogenetic, 
and retrograde tracing studies confirmed that glutamatergic 
synaptic responses or inputs in newly emerging neurons are 
detectable up to several weeks (Ge et al., 2006; Chancey et 
al., 2013; Deshpande et al., 2013).

Various intrinsic and extrinsic factors influence adult 
hippocampal neurogenesis (Niklison-Chirou et al., 2020). 
Monoamines and their modulators are presumed to 
possibly contribute to a hippocampal neurogenesis as they 
affect the hippocampal neurochemistry and behavioral 
responses (Park, 2019). We previously demonstrated that 
pyridoxine and pyridoxal 5′-phosphate, a cofactor in the 
synthesis of monoamine including dopamine, are crucial 
for neurogenesis and cognitive functions including memory 
(Jung et al.,  2017, 2020). Dopamine is an important 
monoamine neurotransmitter, which regulates the mood, 
motivation, cognition, reward, and motor control (Ohira, 
2020). In addition, dopamine agonists induce the release of 
acetylcholine from the hippocampus (Imperato et al., 1993). 
Dopamine regulates cell proliferation, and thus mammalian 
brain development; dopamine and its receptors are closely 
related to hippocampal neurogenesis (Mishra et al., 2019a; 
Ohira, 2020).

Entacapone, a catechol-O-methyltransferase (COMT) 
inhibitor, is used to treat Parkinson’s disease together with 
levodopa (L-DOPA) (Liao et al., 2020). Entacapone inhibits 
COMT through degrading L-DOPA into 3-methoxy-4-hydroxy-
L-phenylalanine, and consequently, it increases the plasma 
concentration of L-DOPA, which can cross the blood-brain 
barrier (Rinne et al., 1998). Entacapone prevents the effects of 
scopolamine and prolongs the retention latency in the passive 
avoidance test (Khromova et al., 1997); however, it has no 
significant effects on the cognition of Sprague-Dawley rats 
(Detrait et al., 2016).

Nevertheless, it is difficult to prove that COMT inhibitors 
influence neurogenesis in the mouse brain, and few reports 
suggest that dopaminergic transmission and dopamine 
receptors may be neuroprotect ive and may induce 
neurogenesis (Schlachetzki et al., 2016; Ermine et al., 2018; 
Mishra et al., 2019a, b). Therefore, in the present study, 
we investigated the effects of entacapone on hippocampal 
neurogenesis based on behavioral, morphological, and 
biochemical analysis in mice.
 
Materials and Methods   
Experimental animals
Male 7-week-old C57BL/6J mice (22–25 g, n = 60) were 
obtained from Orient Bio (Sungnam, South Korea). Animals 
were housed in specific pathogen free facility in Seoul National 
University College of Veterinary Medicine under adequate 
temperature, humidity, and light/dark cycle. Experimental 
protocols for animal experiment were approved by the 
Institutional Animal Care and Use Committee of Seoul National 
University (approval No. SNU-130730-1) on February 24, 2014.

Entacapone and TrkB receptor antagonist treatment
After 1-week acclimation, mice (n = 10 per group) were 
randomly divided into four groups to identify the effects of 
entacapone on hippocampal function: the vehicle-treated 
control group and the groups treated with 10, 50, or 200 mg/kg  
entacapone (E10, E50, and E200 groups, respectively). To 
elucidate the effects of E50 and/or TrkB receptor antagonist 

on hippocampal function, mice (n = 5 per group) were divided 
into vehicle (artificial cerebrospinal fluid)-treated control 
group, TrkB receptor antagonist N-[2-[[(Hexahydro-2-oxo-
1H-azepin-3-yl)amino]carbonyl]phenyl]benzo[b]thiophene-
2-carboxamide (ANA-12, Sigma, St. Louis, MO, USA)-treated 
(ANA-12 alone) group, E50 alone group, and E50 + ANA-12 
treatment (E50 + ANA-12) group. Vehicle or entacapone was 
orally administered to the mice once a day using a feeding 
needle and ANA-12 was injected into the hippocampus at a 
rate of 0.5 μL/min for 5 minutes according to the mouse atlas 
provided by Paxinos and Franklin (2001). We administered 
entacapone for 21 days because immature neurons transiently 
express doublecortin (DCX) only from 1 day to 28 days after 
birth (Brown et al., 2003; Couillard-Despres et al., 2005).

Memory test
To investigate the effects of entacapone and/or TrkB receptor 
antagonist on hippocampus-dependent memory, the novel 
object recognition (NOR) test was conducted using a black 
acryl box (25 cm× 25 cm × 25 cm), as per a previously 
described method (Jung et al., 2017). Briefly, the mice 
explored the open box for 2 minutes on day 20 of entacapone 
treatment to adapt to the environment. On day 21, the two 
same objects were put in the opposite corners of the box and 
mice were allowed to explore the two objects for 2 minutes, 
following which the mice were removed from the apparatus. 
One hour after the training trial, the mice were again allowed 
to explore the familiar and new objects. Exploration time was 
determined when the noses of the mice were about 2 cm 
away from the objects.

The difference between the familiar and new objects on the 
testing day (day 21) was calculated as the discrimination 
index (DI) by evaluating the proportion of time difference in 
observing the new and familiar objects versus total exploration 
time on the two objects during the test trial.

Immunohistochemistry
To observe the effects of entacapone on the proliferating 
cells, differentiated neuroblasts, and phosphorylation of 
cAMP response element binding protein at Ser133 in the 
hippocampal dentate gyrus, immunohistochemical staining 
was performed for Ki67, DCX, and the phosphorylated cAMP 
response element binding protein (pCREB), respectively. 
Briefly, mice (n = 5 per group) were anesthetized with 
intraperitoneal injection of alfaxalone (Alfaxan, 75 mg/kg; 
Careside, Seongnam, South Korea) and xylazine (10 mg/kg;  
Bayer Korea, Seoul, South Korea) 2 hours after NOR test 
and were perfused transcardially (Jung et al., 2017). Mouse 
brain was serially cut into 30 μm-thick sections between 1.7 
mm and 2.3 mm posterior to the bregma, according to the 
mouse atlas provided by Paxinos and Franklin (2001), and the 
sections were collected into six-well plates.

Five sections 90 μm apart were selected and used for 
immunohistochemical staining, as described in a previous 
study (Yoo et al., 2019). Briefly, sections were sequentially 
incubated with 5% normal goat serum (Vector Lab., 
Burlingame, CA, USA) and rabbit anti-Ki67 antibody (1:1000, 
Cat# ab15580, Abcam, Cambridge, UK), rabbit anti-DCX 
antibody (1:5000, Cat# ab18723, Abcam), or rabbit anti-pCREB 
(1:400, Cat# 9198, Cell Signaling Technology Inc., Beverly, 
MA, USA) for 12 hours at 25°C. Thereafter, sections were 
incubated with goat anti-rabbit IgG (Cat# BA-1000, Vector 
Lab.) and Vectastain ABC kits (Cat# PK-6100, Vector Lab.). 
Immunoreaction was visualized using 3,3′-diaminobenzidine 
tetrachloride (Sigma) in 0.1 M Tris-HCl buffer (pH 7.2) and 
the immunoreactive structures were taken with a BX51 light 
microscope (Olympus, Tokyo, Japan) equipped with a digital 
camera (DP72, Olympus). 

For each antibody, five sections 90 μm apart from each other 
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were examined between 1.7 mm and 2.3 mm posterior to the 
bregma according to the mouse atlas by Paxinos and Franklin 
(2001) and DCX immunoreactivity was measured as described 
previously (Yoo et al., 2019). Briefly, DCX-immunoreactive 
structures in the dentate gyrus were photographed and the 
optical density (OD) was measured using ImageJ software v. 
1.5 (National Institutes of Health, Bethesda, MD, USA). DCX 
immunoreactivity was calculated by summation of OD × pixel 
numbers and final data were expressed as a percentage of the 
control group values (set to 100%).

The number of Ki67- and pCREB-positive cells in the dentate 
gyrus was counted with Optimas 6.5 software (CyberMetrics, 
Scottsdale, AZ, USA) according to a previously described 
method (Yoo et al., 2019). Cell counts from all the sections (n 
= 5) of each mouse (n = 5) were averaged.

Western blot analyses
To investigate the effects of entacapone and/or TrkB 
receptor antagonist on expression levels of brain-derived 
neurotrophic factor (BDNF) and tyrosine kinase receptor 
B (TrkB) in the hippocampus, mice (n = 5 per group) were 
euthanized with a mixture of alfaxalone and xylazine 2 hours 
after NOR test. Hippocampal tissues were quickly removed 
from the whole brain and were homogenized in a buffer, 
as described previously (Jung et al., 2017). Briefly, protein-
transferred nitrocellulose membranes (Pall Crop, East Hills, 
NY, USA) were treated with a mature form of rabbit anti-BDNF 
(1:5000, Cat# ab108319, Abcam), rabbit anti-phosphorylated 
TrkB (1:500, Cat# sc-135645, Santa Cruz Biotechnology, 
Santa Cruz, CA, USA), and rabbit anti-β-actin (1:1000, Cat# 
8457, Cell Signaling) for 12 hours at 4°C. Thereafter, the 
membranes were incubated with peroxidase-conjugated goat 
anti-rabbit IgG (1:500, Cat# PI-1000, Vector). The proteins 
were detected using enhanced chemiluminescent reagent 
(Amersham, Buckinghamshire, UK) protocol according to the 
manufacturer’s instructions. Data were normalized compared 
with the β-actin levels as demonstrated in the previous study 
(Jung et al., 2017). Quantification of the bands was analyzed 
using ImageJ software v. 1.50 (National Institutes of Health).

Statistical analysis 
Data represent the mean ± SD. Raw data were statistically 
analyzed using one-way analysis of variance followed by 
Tukey’s multiple-range test using GraphPad Prism 5.01 
software (GraphPad Software Inc., La Jolla, CA, USA). Data 
were considered significant at P < 0.05.

Results
Effects of entacapone on memory measured by NOR test 
Animals in each group revealed no significant difference 
during exploration of the two identical objects during the 
training trial. During the test trial, however, the vehicle-
treated (control) and 10 mg/kg, 50 mg/kg, and 200 mg/kg 
entacapone-treated (E10, E50, and E200) mice spent more 
time with the new object than that with the familiar object (P 
< 0.05). Particularly, DI was significantly increased in the E50 
and E200 groups compared with that in the control and E10 
groups (P < 0.05; Figure 1).

Effects of entacapone on Ki67-positive proliferating cells
Most of the Ki67-positive proliferating cells were observed in 
the SGZ of the dentate gyrus (Figure 2A). In total, 21 and 23 
Ki67-positive cells per section were detected in the control 
and E10 groups (Figure 2E), respectively, and there was no 
significant difference between the control and E10 groups 
(Figure 2B and E). In the E50 and E200 groups, entacapone 
treatment significantly increased the mean number of Ki67-
positive cells compared with that in the control and E10 
groups (P < 0.05; Figure 2C–E). Moreover, 33.0 and 33.8 Ki67-
positive cells per section were observed in the E50 and E200 

groups, respectively (Figure 2E).

Effects of entacapone on DCX-positive differentiated 
neuroblasts
In the control group, the cell bodies of the DCX-positive 
neuroblasts were detected in the SGZ of the dentate gyrus 
and they stretched their dendritic branches into the molecular 
layer (Figure 3A). There was no significant difference in DCX 
immunoreactivity between the control and E10 groups (Figure 
3B and E). DCX immunoreactivity in the E50 group was 180.6% 
of that in the control group; P < 0.05; Figure 3C and E). DCX 
immunoreactivity in the E200 group was decreased compared 
with that in the E50 group; however, DCX immunoreactivity 
in the E200 group was significantly higher than that in the 
control group (P < 0.05; Figure 3D and E).

Effects of entacapone on phosphorylation of CREB signaling
In the control group, pCREB immunoreactivity was clearly 
detected in the nuclei located in the molecular layer and SGZ 
of the hippocampal dentate gyrus (Figure 4A). In the E10 
group, pCREB-immunoreactive nuclei were hardly detected 
in the SGZ of the dentate gyrus compared with those in the 
control group, although no significant difference was observed 
in the number of the pCREB-positive nuclei (Figure 4B and 
E). In the E50 and E200 groups, more abundant pCREB-
positive nuclei were detected in the SGZ of the dentate gyrus 
compared with those in the control group (P < 0.05; Figure 4C 
and D), and the count of pCREB-positive nuclei was 138.2% 
and 136.0% of that in the control group, respectively (Figure 
4E).

Effects of entacapone on BDNF-TrkB signaling pathway
Western blot analysis for mature BDNF and phosphorylated 
TrkB was performed to examine the role of entacapone 
in the BDNF-TrkB signaling pathway. In the E10, E50, and 
E200 groups, the levels of BDNF and TrkB were significantly 
increased compared with those in the control group (P < 
0.05). Mean percentages of relative optical density (ROD) in 
mature BDNF were 169.0%, 162.3%, and 194.5%, respectively, 
compared with 100% in the control group; whereas those 
in TrkB were 151.1%, 156.0%, and 168.2%, respectively, 
compared with 100% in the control group (Figure 5). 

Effects of TrkB receptor antagonist on memory measured by 
NOR test 
During training trial, animals in the ANA-12 alone group spent 
less, but not significant, time compared with other groups in 
exploring the two identical objects. During test trials, mice 
spent more time to explore new object than to find familiar 
one in control, E50 alone and E50 + ANA-12 groups (P < 0.05). 
However, in the ANA-12 alone group, mice spent similar 
time to explore new and familiar objects. In addition, DI was 
significantly decreased in the ANA-12 alone group compared 
with that in the control or E50 alone group (P < 0.05) and was 
recovered in E50 + ANA-12 group to similar levels to those in 
the control group (Figure 6).

Effects of TrkB receptor antagonist on BDNF-TrkB signaling 
pathway
Mature BDNF and phosphorylated TrkB levels were measured 
to confirm the TrkB inhibition and BDNF-TrkB signaling of 
entacapone. In the ANA-12 alone group, BDNF and TrkB levels 
were significantly decreased to 53.0% and 34.7% of control 
group, respectively. In the E50 alone group, BDNF and TrkB 
levels were significantly increased to 171.1% and 161.0% of 
those in the control group, respectively (P < 0.05). In the E50 + 
ANA-12 group, BDNF and TrkB levels in the hippocampus were 
153.4% and 154.4% of those in the ANA-12 alone group (P < 
0.05; Figure 7).
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Figure 1 ｜ Exploration time (familiar and new object) and the 
discrimination index (the test trial) in the novel object recognition test 
in the vehicle-treated (control) and 10, 50, and 200 mg/kg entacapone-
treated (E10, E50, and E200) mice.
Data are expressed as the mean ± SD from n = 10 mice per group. *P < 0.05, 
vs. the familiar object; #P < 0.05, vs. control group; †P < 0.05, vs. E10 group 
(one-way analysis of variance followed by Tukey’s multi-range test). The bars 
indicate the standard deviation.

Figure 2 ｜ Immunohistochemistry for Ki67 
in the mouse dentate gyrus of the vehicle-
treated (control, A) and 10 (B), 50 (C), and 
200 mg/kg (D) entacapone-treated (E10, 
E50, and E200) groups. 
More Ki67-positive cells (arrows) are detected 
in the E50 and E200 groups compared with 
those in the control or E10 group. Scale bar: 
50 μm. (E) The number of Ki67-positive cells 
per section in all groups (n = 5 per group). #P 
< 0.05, vs. control group; †P < 0.05, vs. E10 
group (one-way analysis of variance followed 
by Tukey’s multi-range test). The bars indicate 
the standard deviation. GCL: Granule cell 
layer; ML: molecular layer; PoL: polymorphic 
layer.

Figure 3 ｜ Immunohistochemistry for 
doublecortin in the mouse dentate gyrus 
of the vehicle-treated (control, A) and 10 
(B), 50 (C), and 200 mg/kg (D) entacapone-
treated (E10, E50, and E200) groups.
In the E50 and E200 groups, doublecortin-
immunoreactive cell bodies (arrows) and 
dendrites are increased compared with 
those in the control group. Scale bar: 50 μm. 
(E) Relative optical densities (RODs) in the 
dentate gyrus per section for each group 
are depicted as a percentile value (n = 5 per 
group). #P < 0.05, vs. control group; †P < 0.05, 
vs. E10 group (one-way analysis of variance 
followed by Tukey’s multi-range test). The 
bars indicate the standard deviation. GCL: 
Granule cell layer; ML: molecular layer; PoL: 
polymorphic layer.

Figure 4 ｜ Immunohistochemistry for 
phosphorylated cAMP response element-
binding protein in the mouse dentate gyrus 
of the vehicle-treated (control, A) and 10 
(B), 50 (C), and 200 mg/kg (D) entacapone-
treated (E10, E50, and E200) groups. 
pCREB-positive nuclei (arrows) were 
abundantly observed in the E50 and E200 
groups compared with those in the control 
or E10 group. Scale bar: 50 μm. (E) Number 
of the pCREB-positive cells per section in 
all groups (n = 5 per group). #P < 0.05, vs. 
control group; †P < 0.05, vs. E10 group; (one-
way analysis of variance followed by Tukey’s 
multi-range test). The bars indicate the 
standard deviation. GCL: Granule cell layer; 
ML: molecular layer; PL: polymorphic layer.
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Discussion
Entacapone, a COMT inhibitor, directly regulates L-DOPA 
metabolism (Rinne et al., 1998). Dopamine is released in 
various regions of the mammalian brain, and along with 
its receptors, it modulates the proliferation of neural stem 
cells, and thus, the early embryonic development of the 
nervous system as well as adult hippocampal neurogenesis 
(Mishra et al., 2019a; Ohira, 2020). The adult brain comprises 
two neurogenic regions, which contain adult neural stem/

progenitor cells, and the neurogenic proliferation may be 
regulated by dopamine (Schlachetzki et al., 2016; Vargas-
Saturno and Ayala-Grosso, 2018). Moreover, dopamine 
depletion or lesioning reduces hippocampal neurogenesis in 
rat and mouse models of Parkinson’s disease (Schlachetzki 
et al., 2016; Ermine et al., 2018; Mishra et al., 2018). In 
this study, we examined the effects of entacapone on 
hippocampus-dependent memory, proliferating cells, and 
differentiated neuroblasts using NOR test, Ki67, and DCX 
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immunostaining, respectively.

Entacapone treatment increased the exploration time on 
new objects, although there was no significant difference 
in the time taken for exploring new and familiar objects. 
However, DI was significantly increased in the E50 and E200 
groups compared with that in the control or E10 group. A 
previous study demonstrated that treatment with 30 mg/kg 
entacapone led to a moderate increase in the cognition index 
in Sprague-Dawley rats, and no significant difference was 
observed (Detrait et al., 2016). Recent studies also reported 
that spatial learning and memory were closely related to 
the dopamine release in the axons of dorsal hippocampus 
from neurons in the locus coeruleus (Kempadoo et al., 2016; 
Yamasaki and Takeuchi, 2017). Administration of entacapone 
significantly increased the number of Ki67-positive nuclei and 
DCX-positive neuroblasts in the hippocampal dentate gyrus of 
mice. Dopamine and its receptors are crucial in the dopamine-
dependent neurogenesis in the SGZ and SVZ (Winner et al., 
2006; O’Keeffe et al., 2009; Mishra et al., 2019a; Shuto et al., 
2020). Neural precursor cells express both dopaminergic D1- 
and D2-like receptors, but only the activation of D1 receptor 
improves hippocampal neurogenesis (Mishra et al., 2019b). 
Dopaminergic denervation or stimulation influence the 
proliferation not only in the SVZ, but also in the hippocampus 
(Winner et al., 2006; Park and Enikolopov, 2010; Hedlund et 
al., 2016; Tapia-Bustos et al., 2017).

Neurotrophins including BDNF modulate the cell proliferation 
and differentiation of neural stem cells in several neurogenic 
regions of the mammalian brain (Pencea et al., 2001; Rossi 
et al., 2006; Cruz et al., 2018). In particular, BDNF and 
its receptor, TrkB, play a pivotal role in neurogenesis and 

synaptic plasticity, and the signaling pathways mediated by 
these molecules are essential in regulating cell proliferation 
and survival in the hippocampus (Rossi et al., 2006). The 
expression levels of BDNF and TrkB in the hippocampus 
are controlled via extrinsic stimulating factors (Gustafsson 
et al., 2003). Küppers and Beyer (2001) demonstrated 
that a dopaminergic activity can modulate the release and 
expression of BDNF in vitro. In addition, local infusion of 
BDNF increased the expression of dopaminergic D3 receptors 
(Guillin et al., 2001; Pencea et al., 2001), and the stimulation 
of dopaminergic D1 receptor markedly increased the 
dopaminergic neurogenesis in 6-hydroxydopamine lesioned 
rats (Mishra et al., 2019a). In the present study, we confirmed 
that treatment of entacapone significantly increased BDNF 
and phosphorylated TrkB expression levels in the hippocampal 
homogenates. Moreover, the expression of pCREB, which is 
a nuclear effector of BDNF-TrkB signaling, was significantly 
enhanced. However, in the present study, we observed the 
significant increases of BDNF and TrkB expression in the 
hippocampus with 10 mg/kg entacapone treatment, while 
we did not observe any significant changes in the memory 
measured by NOR test as well as Ki67-, DCX-, and pCREB-
positive cells in the dentate gyrus. This result suggests 
that 10 mg/kg entacapone significantly increase BDNF and 
phosphorylated TrkB expression in the hippocampus because 
BDNF, an effector of immediately early gene, is rapidly induced 
without intervening protein synthesis (Paolantoni et al., 2018).

The BDNF-TrkB signaling induces the phosphorylation of CREB, 
which regulates synaptic plasticity and memory formation 
(Silva et al., 1998; Foltran and Diaz, 2016; Zagrebelsky et al., 
2020), and the phosphorylation of CREB was prevented by an 
anti-BDNF antibody treatment (Simonetti et al., 2008). In the 
present study, the treatment with ANA-12, a TrkB receptor 
antagonist, significantly decreased the NOR memory and 
BDNF and TrkB expression in the hippocampus. Treatment 
with entacapone significantly ameliorates the reduction of 
NOR memory and decreases in BDNF and TrkB expression 
in the hippocampus. Previous studies have demonstrated 
that treatment with ANA-12 shows significant impairment 
in memory retention in rats (Blank et al., 2016) and blocked 
the enhanced synaptic plasticity and memory improvement 
induced by environmental enrichment in nerve-injured mice 
(Wang et al., 2019).

It has been reported that dopaminergic transmission from 
the midbrain enhances long-term potentiation (LTP) in 
the hippocampus by activating the D1-like receptors (Li et 
al., 2003; Lisman and Grace, 2005; Lemon and Manahan-
Vaughan, 2006). LTP induced in the dentate gyrus increases 
cell proliferation and neuronal survival of the newly generated 
cells (Bruel-Jungerman et al., 2006). In addition, the CREB-

Figure 5 ｜ Western blot analysis of the BDNF and pTrkB in the hippocampi 
of the vehicle-treated (control) and 10, 50, and 200 mg/kg entacapone-
treated (E10, E50, and E200) mice. 
All experiments were triplicated and relative optical density (ROD) in 
entacapone-treated groups versus that in the control group is presented in 
percentages (n = 5 per group). #P < 0.05, vs. control group (one-way analysis 
of variance test followed by Tukey’s multi-range test). The bars indicate 
the standard deviation. BDNF: Brain-derived neurotrophic factor; pTrkB: 
phosphorylated tyrosine kinase receptor B.

Figure 6 ｜ Object exploring time in training and testing trials and the 
discrimination index in the testing trial in the vehicle-treated (control) 
group, 2.5 μL TrkB receptor antagonist ANA-12-treated (ANA-12 alone)
group, 50 mg/kg entacapone-treated (E50 alone) group, and E50 + ANA-12 
treatment (E50 + ANA-12) group. 
n = 5 per group. *P < 0.05, vs. the familiar object; #P < 0.05, vs. control group; 
$P < 0.05, vs. ANA-12 alone group; ‡P < 0.05, vs. E50 alone group (one-way 
analysis of variance test followed by Tukey’s multi-range test). The bars 
indicate the standard deviation. ANA-12: N-[2-[[(Hexahydro-2-oxo-1H-azepin-
3-yl)amino]carbonyl]phenyl]benzo[b]thiophene-2-carboxamide.  
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Figure 7 ｜ Western blot analysis of the mature form of BDNF and pTrkB 
in the vehicle-treated (control) group, 2.5 μL TrkB receptor antagonist 
ANA-12-treated (ANA-12 alone) group, 50 mg/kg entacapone-treated (E50 
alone) group, and E50 + ANA-12 (E50 + ANA-12) group. 
All experiments are triplicated and ROD in all groups are demonstrated as 
a percentile value vs. control group (n = 5 per group). #P < 0.05, vs. control 
group; $P < 0.05, vs. ANA-12 group (one-way analysis of variance followed 
by Tukey’s multi-range test). The bars indicate the standard deviation. BDNF: 
Brain-derived neurotrophic factor; ROD: relative optical density; pTrkB: 
phosphorylated tyrosine kinase receptor B.
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dependent transcription enhances hippocampal late-
phase LTP (Gruart et al., 2012), and we confirmed that the 
modulation of dopamine signaling by entacapone increased 
pCREB expression in the mouse hippocampus. Activation 
of the dopaminergic inputs enhances the hippocampal 
synaptic plasticity by promoting an LTP formation, and thus a 
hippocampus-dependent memory (Lisman and Grace, 2005). 
Furthermore, the dopaminergic loop in the ventral tegmental 
area and hippocampus is crucial for the formation of long-
term memory traces (Lemon and Manahan-Vaughan, 2006).

In the present study, we demonstrated the possible 
mechanisms of entacapone on the NOR memory, proliferating 
cells and neuroblasts in the dentate gyrus. However, we did 
not observe entacapone-enhanced integration of neuroblasts 
into fully mature neurons in the dentate gyrus. In addition, 
proteomics or microassay studies are needed to investigate 
the effects of entacapone on hippocampal function. 

In conclusion, administration of entacapone influences NOR 
memory and hippocampal neurogenesis by changing the 
BDNF-TrkB-pCREB pathway in the mouse hippocampus.

Author contributions: All authors conceived the study and manuscript. DYY 
and IKH designed the experiment. DYY wrote the manuscript and IKH supervised 
all experiments. DYY, HYJ, WK, and KRH conducted the immunohistochemistry 
and analyzed the data. HJK and DWK did the western blot study. SMN, JYC, 
and YSY advised the design of the study and edited the manuscript. All authors 
approved the final version of this paper.
Conflicts of interest: None declared.
Financial support: This study was supported by the National Research 
Foundation of Korea (NRF) grant funded by the Korea Government (MSIP) 
(NRF-2016R1A2B4009156), the Promising-Pioneering Researcher Program 
through Seoul National University (SNU) in 2015 and by the Research Institute 
for Veterinary Science, Seoul National University.
Institutional review board statement: The study was approved by the 
Institutional Animal Care and Use Committee of Seoul National University 
(approval No. SNU-130730-1) on February 24, 2014.
Copyright license agreement: The Copyright License Agreement has been 
signed by all authors before publication.
Data sharing statement: Datasets analyzed during the current study are 
available from the corresponding author on reasonable request.
Plagiarism check: Checked twice by iThenticate. 
Peer review: Externally peer reviewed. 
Open access statement: This is an open access journal, and articles 
are distributed under the terms of the Creative Commons Attribution-
NonCommercial-ShareAlike 4.0 License, which allows others to remix, tweak, 
and build upon the work non-commercially, as long as appropriate credit is 
given and the new creations are licensed under the identical terms.

References
Beason-Held LL, Shafer AT, Goh JO, Landman BA, Davatzikos C, Viscomi B, Ash J, Kitner-Triolo M, Ferrucci L, 

Resnick SM (2020) Hippocampal activation and connectivity in the aging brain. Brain Imaging Behav 
doi: 10.1007/s11682-020-00279-6.

Blank M, Petry FS, Lichtenfels M, Valiati FE, Dornelles AS, Roesler R (2016) TrkB blockade in the 
hippocampus after training or retrieval impairs memory: protection from consolidation impairment 
by histone deacetylase inhibition. J Neural Transm (Vienna) 123:159-165.

Brown JP, Couillard-Després S, Cooper-Kuhn CM, Winkler J, Aigner L, Kuhn HG (2003) Transient 
expression of doublecortin during adult neurogenesis. J Comp Neurol 467:1-10.

Bruel-Jungerman E, Davis S, Rampon C, Laroche S (2006) Long-term potentiation enhances neurogenesis 
in the adult dentate gyrus. J Neurosci 26:5888-5893.

Burgess NE, Jeffery KJ, O’Keefe JE (1999) The hippocampal and parietal foundations of spatial cognition. 
Oxford: Oxford University Press.

Chancey JH, Adlaf EW, Sapp MC, Pugh PC, Wadiche JI, Overstreet-Wadiche LS (2013) GABA 
depolarization is required for experience-dependent synapse unsilencing in adult-born neurons. J 
Neurosci 33:6614-6622.

Couillard-Despres S, Winner B, Schaubeck S, Aigner R, Vroemen M, Weidner N, Bogdahn U, Winkler J, 
Kuhn HG, Aigner L (2005) Doublecortin expression levels in adult brain reflect neurogenesis. Eur J 
Neurosci 21:1-14.

Cruz Y, García EE, Gálvez JV, Arias-Santiago SV, Carvajal HG, Silva-García R, Bonilla-Jaime H, Rojas-
Castañeda J, Ibarra A (2018) Release of interleukin-10 and neurotrophic factors in the choroid plexus: 
possible inductors of neurogenesis following copolymer-1 immunization after cerebral ischemia. 
Neural Regen Res 13:1743-1752.

Deng W, Aimone JB, Gage FH (2010) New neurons and new memories: how does adult hippocampal 
neurogenesis affect learning and memory? Nat Rev Neurosci 11:339-350.

Deshpande A, Bergami M, Ghanem A, Conzelmann KK, Lepier A, Gotz M, Berninger B (2013) Retrograde 
monosynaptic tracing reveals the temporal evolution of inputs onto new neurons in the adult 
dentate gyrus and olfactory bulb. Proc Natl Acad Sci U S A 110:E1152-1161.

Detrait ER, Carr GV, Weinberger DR, Lamberty Y (2016) Brain catechol-O-methyltransferase 
(COMT) inhibition by tolcapone counteracts recognition memory deficits in normal and chronic 
phencyclidine-treated rats and in COMT-Val transgenic mice. Behav Pharmacol 27:415-421.

Eriksson PS, Perfilieva E, Björk-Eriksson T, Alborn A-M, Nordborg C, Peterson DA, Gage FH (1998) 
Neurogenesis in the adult human hippocampus. Nat Med 4:1313-1317.

Ermine CM, Wright JL, Frausin S, Kauhausen JA, Parish CL, Stanic D, Thompson LH (2018) Modelling 
the dopamine and noradrenergic cell loss that occurs in Parkinson’s disease and the impact on 
hippocampal neurogenesis. Hippocampus 28:327-337.

Fares J, Bou Diab Z, Nabha S, Fares Y (2019) Neurogenesis in the adult hippocampus: history, regulation, 
and prospective roles. Int J Neurosci 129:598-611.

Foltran RB, Diaz SL (2016) BDNF isoforms: a round trip ticket between neurogenesis and serotonin? J 
Neurochem 138:204-221.

Ge S, Goh EL, Sailor KA, Kitabatake Y, Ming GL, Song H (2006) GABA regulates synaptic integration of 
newly generated neurons in the adult brain. Nature 439:589-593.

Gruart A, Benito E, Delgado-García JM, Barco A (2012) Enhanced cAMP response element-binding 
protein activity increases neuronal excitability, hippocampal long-term potentiation, and classical 
eyeblink conditioning in alert behaving mice. J Neurosci 32:17431-17441.

Guillin O, Diaz J, Carroll P, Griffon N, Schwartz JC, Sokoloff P (2001) BDNF controls dopamine D3 receptor 
expression and triggers behavioural sensitization. Nature 411:86-89.

Gustafsson E, Lindvall O, Kokaia Z (2003) Intraventricular infusion of TrkB-Fc fusion protein promotes 
ischemia-induced neurogenesis in adult rat dentate gyrus. Stroke 34:2710-2715.

Hedlund E, Belnoue L, Theofilopoulos S, Salto C, Bye C, Parish C, Deng Q, Kadkhodaei B, Ericson J, 
Arenas E, Perlmann T, Simon A (2016) Dopamine receptor antagonists enhance proliferation and 
neurogenesis of midbrain Lmx1a-expressing progenitors. Sci Rep 6:26448.

Imperato A, Obinu MC, Gessa GL (1993) Stimulation of both dopamine D1 and D2 receptors facilitates in 
vivo acetylcholine release in the hippocampus. Brain Res 618:341-345.

Jung HY, Kim DW, Nam SM, Kim JW, Chung JY, Won MH, Seong JK, Yoon YS, Yoo DY, Hwang IK (2017) 
Pyridoxine improves hippocampal cognitive function via increases of serotonin turnover and tyrosine 
hydroxylase, and its association with CB1 cannabinoid receptor-interacting protein and the CB1 
cannabinoid receptor pathway. Biochim Biophys Acta Gen Subj 1861:3142-3153.

Jung HY, Kim W, Hahn KR, Kwon HJ, Nam SM, Chung JY, Yoon YS, Kim DW, Yoo DY, Hwang IK (2020) Effects 
of pyridoxine deficiency on hippocampal function and its possible association with V-type proton 
ATPase subunit B2 and heat shock cognate protein 70. Cells 9:1067.

Kempadoo KA, Mosharov EV, Choi SJ, Sulzer D, Kandel ER (2016) Dopamine release from the locus 
coeruleus to the dorsal hippocampus promotes spatial learning and memory. Proc Natl Acad Sci U S 
A 113:14835-14840.

Kempermann G, Gage FH (2000) Neurogenesis in the adult hippocampus. In: Neural transplantation 
in neurodegenerative disease: Current status and new directions (Chadwick DJ, Goode JA, eds). 
London: Novartis Foundation.

Khromova I, Voronina T, Kraineva VA, Zolotov N, Mannisto PT (1997) Effects of selective catechol-O-
methyltransferase inhibitors on single-trial passive avoidance retention in male rats. Behav Brain Res 
86:49-57.

Küppers E, Beyer C (2001) Dopamine regulates brain-derived neurotrophic factor (BDNF) expression in 
cultured embryonic mouse striatal cells. Neuroreport 12:1175-1179.

Lemon N, Manahan-Vaughan D (2006) Dopamine D1/D5 receptors gate the acquisition of novel 
information through hippocampal long-term potentiation and long-term depression. J Neurosci 
26:7723-7729.

Li S, Cullen WK, Anwyl R, Rowan MJ (2003) Dopamine-dependent facilitation of LTP induction in 
hippocampal CA1 by exposure to spatial novelty. Nat Neurosci 6:526-531.

Liao X, Wu N, Liu D, Shuai B, Li S, Li K (2020) Levodopa/carbidopa/entacapone for the treatment of early 
Parkinson’s disease: a meta-analysis. Neurol Sci 41:2045-2054.

Lisman JE, Grace AA (2005) The hippocampal-VTA loop: controlling the entry of information into long-
term memory. Neuron 46:703-713.

Mishra A, Singh S, Tiwari V, Chaturvedi S, Wahajuddin M, Shukla S (2019a) Dopamine receptor activation 
mitigates mitochondrial dysfunction and oxidative stress to enhance dopaminergic neurogenesis in 
6-OHDA lesioned rats: A role of Wnt signalling. Neurochem Int 129:104463.

Mishra A, Singh S, Tiwari V, Parul, Shukla S (2019b) Dopamine D1 receptor activation improves adult 
hippocampal neurogenesis and exerts anxiolytic and antidepressant-like effect via activation of Wnt/
β-catenin pathways in rat model of Parkinson’s disease. Neurochem Int 122:170-186.

Niklison-Chirou MV, Agostini M, Amelio I, Melino G (2020) Regulation of adult neurogenesis in 
mammalian brain. Int J Mol Sci 21:E4869.

O’Keeffe GC, Barker RA, Caldwell MA (2009) Dopaminergic modulation of neurogenesis in the 
subventricular zone of the adult brain. Cell Cycle 8:2888-2894.

Ohira K (2020) Dopamine as a growth differentiation factor in the mammalian brain. Neural Regen Res 
15:390-393.

Paolantoni C, Ricciardi S, De Paolis V, Okenwa C, Catalanotto C, Ciotti MT, Cattaneo A, Cogoni C, Giorgi C. 
(2018) Arc 3’ UTR splicing leads to dual and antagonistic effects in fine-tuning Arc expression upon 
BDNF signaling. Front Mol Neurosci 11:145. 

Park JH, Enikolopov G (2010) Transient elevation of adult hippocampal neurogenesis after dopamine 
depletion. Exp Neurol 222:267-276.

Park SC (2019) Neurogenesis and antidepressant action. Cell Tissue Res 377:95-106.
Paxinos G, Franklin KBJ (2001) The mouse brain in stereotaxic coordinates. San Diego: Academic Press.
Pencea V, Bingaman KD, Wiegand SJ, Luskin MB (2001) Infusion of brain-derived neurotrophic factor 

into the lateral ventricle of the adult rat leads to new neurons in the parenchyma of the striatum, 
septum, thalamus, and hypothalamus. J Neurosci 21:6706-6717.

Rinne U, Larsen J, Siden Å, Worm-Petersen J (1998) Entacapone enhances the response to levodopa in 
parkinsonian patients with motor fluctuations. Neurology 51:1309-1314.

Rossi C, Angelucci A, Costantin L, Braschi C, Mazzantini M, Babbini F, Fabbri ME, Tessarollo L, Maffei 
L, Berardi N (2006) Brain-derived neurotrophic factor (BDNF) is required for the enhancement of 
hippocampal neurogenesis following environmental enrichment. Eur J Neurosci 24:1850-1856.

Schlachetzki JC, Grimm T, Schlachetzki Z, Ben Abdallah NM, Ettle B, Vöhringer P, Ferger B, Winner B, 
Nuber S, Winkler J (2016) Dopaminergic lesioning impairs adult hippocampal neurogenesis by 
distinct modification of α-synuclein. J Neurosci Res 94:62-73.

Shuto T, Kuroiwa M, Sotogaku N, Kawahara Y, Oh YS, Jang JH, Shin CH, Ohnishi YN, Hanada Y, Miyakawa 
T, Kim Y, Greengard P, Nishi A (2020) Obligatory roles of dopamine D1 receptors in the dentate gyrus 
in antidepressant actions of a selective serotonin reuptake inhibitor, fluoxetine. Mol Psychiatry 
25:1229-1244.

Silva AJ, Kogan JH, Frankland PW, Kida S (1998) CREB and memory. Annu Rev Neurosci 21:127-148.
Simonetti M, Giniatullin R, Fabbretti E (2008) Mechanisms mediating the enhanced gene transcription 

of P2X3 receptor by calcitonin gene-related peptide in trigeminal sensory neurons. J Biol Chem 
283:18743-18752.

Spalding KL, Bergmann O, Alkass K, Bernard S, Salehpour M, Huttner HB, Bostrom E, Westerlund I, Vial C, 
Buchholz BA, Possnert G, Mash DC, Druid H, Frisen J (2013) Dynamics of hippocampal neurogenesis 
in adult humans. Cell 153:1219-1227.

Tapia-Bustos A, Perez-Lobos R, Vío V, Lespay-Rebolledo C, Palacios E, Chiti-Morales A, Bustamante D, 
Herrera-Marschitz M, Morales P (2017) Modulation of postnatal neurogenesis by perinatal asphyxia: 
Effect of D1 and D2 dopamine receptor agonists. Neurotox Res 31:109-121. 

van Praag H, Schinder AF, Christie BR, Toni N, Palmer TD, Gage FH (2002) Functional neurogenesis in the 
adult hippocampus. Nature 415:1030-1034.

Vargas-Saturno L, Ayala-Grosso C (2018) Adaptive neurogenesis in the cerebral cortex and contralateral 
subventricular zone induced by unilateral cortical devascularization: Possible modulation by 
dopamine neurotransmission. Eur J Neurosci 48:3514-3533.

Wang XM, Pan W, Xu N, Zhou ZQ, Zhang GF, Shen JC (2019) Environmental enrichment improves long-
term memory impairment and aberrant synaptic plasticity by BDNF/TrkB signaling in nerve-injured 
mice. Neurosci Lett 694:93-98.

Winner B, Geyer M, Couillard-Despres S, Aigner R, Bogdahn U, Aigner L, Kuhn G, Winkler J (2006) 
Striatal deafferentation increases dopaminergic neurogenesis in the adult olfactory bulb. Exp Neurol 
197:113-121.

Yamasaki M, Takeuchi T (2017) Locus coeruleus and dopamine-dependent memory consolidation. 
Neural Plast 2017:8602690.

Yoo DY, Cho SB, Jung HY, Kim W, Lee KY, Kim JW, Moon SM, Won MH, Choi JH, Yoon YS, Kim DW, Choi SY, 
Hwang IK (2019) Protein disulfide-isomerase A3 significantly reduces ischemia-induced damage by 
reducing oxidative and endoplasmic reticulum stress. Neurochem Int 122:19-30.

Zagrebelsky M, Tacke C, Korte M (2020) BDNF signaling during the lifetime of dendritic spines. Cell 
Tissue Res doi: 10.1007/s00441-020-03226-5.

C-Editor: Zhao M; S-Editor: Li CH; L-Editor: Song LP; T-Editor: Jia Y

Research Article




