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Hericium erinaceus Extract Reduces Anxiety and Depressive Behaviors
by Promoting Hippocampal Neurogenesis in the Adult Mouse Brain
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ABSTRACT Versatile biological activities of Hericium erinaceus (HE) have been reported in many brain diseases.
However, roles of HE in major psychiatric disorders such as depression and anxiety remain to be investigated. Therefore, we
evaluated whether HE could reduce anxiety and depressive behaviors in the adult mouse and its underlying mechanisms. Male
C57BL/6 mice were administered HE (20 or 60 mg/kg, p.o.) or saline once a day for 4 weeks. Open field and tail suspension
tests were performed 30 min after the last administration of HE, followed by forced swim test 2 days later. We found that
chronic administration of HE showed anxiolytic and antidepressant-like effects. To elucidate possible mechanisms, prolif-
erative activity of the hippocampal progenitor cells was assessed by immunohistochemistry of proliferating cell nuclear
antigen (PCNA) and Ki67. Moreover, to evaluate neuronal survival in the dentate gyrus, 5-bromo-2'-deoxyuridine (BrdU)
(120 mg/kg, i.p.) was given at the first day of HE administration, followed by isolation of the brains 4 weeks later. HE (60 mg/
kg) increased the number of PCNA- and Ki67-positive cells in the subgranular zone of the hippocampus, indicating increased
proliferation of hippocampal progenitors. In addition, BrdU- and BrdU/NeuN-positive cells in the dentate gyrus were sig-
nificantly increased when treated with HE (60 mg/kg) compared with the saline-treated group, demonstrating enhanced
neurogenesis by HE treatment. Taken together, the results indicate that chronic HE administration can exert anxiolytic and
antidepressant-like effects, possibly by enhancing adult hippocampal neurogenesis.

KEYWORDS: e adult neurogenesis e antidepressant e anxiolysis e Hericium erinaceus e hippocampus e mushroom

INTRODUCTION

EPRESSION AND ANXIETY disorders are serious and

burdensome psychiatric illnesses affecting more than
300 million people worldwide.! Environmental, genetic, and
epigenetic factors can influence symptoms of anxiety and
depression, contributing to the complex pathophysiological
mechanisms of mood disorders.> Moreover, the heteroge-
neous nature of the diseases makes it more complicated to
identify critical factors for treating mood dysregulation.?
Supporting this notion, antidepressants used for the treat-
ment of both depression and anxiety disorders could show
the amelioration of depressive symptoms in only 30-50% of
the patients.® Extensive research efforts have been devoted
to finding the basic mechanisms explaining the pathophysi-
ology of affective mood disorders.> Among them, adult
hippocampal neurogenesis has been associated with emo-
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tional behaviors, memory, and neurodegenerative diseases.
It has been shown that these newborn hippocampal neurons
are functionally integrated into the existing neuroanatomical
circuitry*® and are positively correlated with the manage-
ment of stress and altered mood.®® For example, ablation of
hippocampal neurogenesis increased anxiety and behavioral
despair,” whereas enhanced hippocampal neurogenesis re-
duced anxiety and depression-like behaviors.'® Therefore,
developing drugs or functional foods targeting adult hippo-
campal neurogenesis may provide an improvement for the
treatment of mood disorders.

Hericium erinaceus (HE), a common edible medicinal
mushroom known as Lions mane, has been traditionally
used to treat diverse human diseases in Asian countries. HE
consists of various bioactive compounds including poly-
saccharides, terpenoids, and lectins, which are known to
have neuroprotective, antioxidative, anti-inflammatory, and
anticancer effects.'’"'? In particular, erinacine, one of the
diterpeniods, is reported to facilitate nerve growth factor
(NGF) expression and secretion.'* Given that NGF plays
pleiotropic roles in diverse brain diseases, including Alz-
heimer’s disease,'* HE could alleviate memory deficits in
animal models'>'® as well as in human patients with Alz-
heimer’s disease.!” Moreover, HE administration reduced
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stroke-induced cerebral infarction.!® In vitro studies fur-
ther demonstrated the efficacy of HE against endoplasmic
reticulum stress-induced cell death and excitotoxicity.!**
However, despite beneficial roles of HE in many neu-
rodegenerative diseases,”' there have been few reports
examining the effects of HE on psychiatric disorders. Al-
though one clinical study gives us a hint about the anti-
depressive and anxiolytic effects of HE,?? it still remains to
be elucidated how HE can alter emotional behaviors.
In this study, we demonstrate that chronic administration
of HE in adult C57BL/6 mice shows antianxiety and
antidepressant-like effects and it promotes adult hippocampal
neurogenesis.

MATERIALS AND METHODS
Animals

Male C57BL/6 mice (8 weeks old; Koatech, Kyungki-do,
Korea) were housed at a standard temperature (22°C +2°C)
in a light-controlled environment (light on from 8:00 AM to
8:00 PM) with free access to food and water. Animal ex-
periments were approved by the Ethics Committee of The
Catholic University of Korea (2010-0042-03).

HE administration

HE extracted using 70% ethanol was kindly provided by
Dr. Young-Ock Kim at Rural Development Administration
in South Korea. The experimental schedules are shown in
Figure 1. HE (20 or 60 mg/kg) or saline was orally admin-
istered daily for 28 days, which was freshly dissolved in
saline every day immediately before administration.

Open field test

The open field test was performed to evaluate general
motor activity and anxiety level in mice, as previously de-
scribed with a slight modification.”® Mice were placed in a
40 x40 x 30 cm box with 16 equal squares and were allowed
to explore the arena for 5Smin (day 1). The open field test
was performed 30 min before the first administration of HE
or saline (day 1) and 30 min after the last administration of
HE extracts (day 28). Data were recorded using a video
camera and analyzed by SMART software (PANLAB,
Barcelona, Spain). Total number of crossings to adjacent
squares and total distance explored were scored to analyze
locomotor activity and the time spent in the peripheral area
(12 squares around the border line) was collected for as-
sessing anxiety level.

Tail suspension test

Tail suspension test (TST) was carried out in a dark room
with minimal background noise at 28 days after chronic HE
administration. After completing the open field test, each
mouse was suspended by its tail using an adhesive tape (1-
1.5 cm from the end of the tail) for 6 min with the head 8 cm
from the floor. Experiments were recorded using a digital
video camera system. Immobility was defined as passive
hanging postures and the failure of struggling motion. The
immobility time was measured for the last 4 min of the 6 min
session. After the test, mice were returned to their home cage.

Forced swim test

Forced swim test (FST) was performed at 2 days after TST
in a dark room with minimal background noise. Mice were
placed in a 20 cm diameter X 35 cm height plastic cylinder
filled with ambient temperature water (22°C+2°C) up to
20 cm height of the cylinder. Using a digital video camera
system, immobile behavior was monitored for the last 4 min
out of total of the 6 min session. Immobility was defined as
the absence of all movements except for the motions required
to maintain the animal’s head above the water.

5-Bromo-2'-deoxyuridine administration
and tissue preparation

Mice received five 5-bromo-2'-deoxyuridine (BrdU) in-
jections (120 mg/kg, i.p.) with the interval of 1 h at day 0. At
2 h after the last BrdU injection or the completion of FST,
mice were deeply anesthetized with chloral hydrate (500 mg/
kg, i.p.) and transcardially perfused with saline followed
by 4% paraformaldehyde in 0.1 M sodium phosphate buffer
(PB, pH 7.4). Brains were removed and postfixed in para-
formaldehyde for 24 h and then dehydrated with 30% sucrose
in 0.1 M PB for 3 days. Brains were embedded in Tissue-Tek
(Sakura Finetechnical, Tokyo, Japan) and were rapidly fro-
zen with liquid nitrogen. Using a cryostat, 20-um-thick serial
coronal sections were collected at every fifth section with the
interval of 80 um (total 400 um, between —1.58 and —1.98
from bregma) and were further processed for staining.

Immunohistochemistry

Tissue sections were mounted on the MAS-coated slide
glass and were boiled in 0.01 M citrate buffer (pH 6.0) using a
microwave for 5 min. After cooling, the sections were blocked
with 3% bovine serum albumin and 0.01% Triton X-100 in
0.01 M phosphate-buffered saline (PBS) for 1h and were in-
cubated overnight at 4°C with primary antibodies to prolif-
erating cell nuclear antigen (PCNA; 1:100; Chemicon Int.,

i il T FIG. 1. Schematic diagram for ex-

Vehicle or HE (20 or 60 mg/kg, p.0.) perimental procedures. All experi-

ments were performed on the date

T T indicated. FST, forced swim test; HE,

Open field test TST FST Hericium erinaceus; TST, tail suspen-
BrdU (120 mg/kg, i.p.), 1 h interval, 5 times Open field test sion test.



Downloaded by Catholic University Of Korea Medical College from online.liebertpub.com at 11/14/17. For personal use only.

HERICIUM ERINACEUS PROMOTES ADULT NEUROGENESIS 3

Temecuala, CA, USA) or Ki67 (1:100; Novocastra Labora-
tories Ltd., New castle, United Kingdom). The next day, the
sections were incubated with secondary antibodies, cy-3-
conjugated IgG for Ki67 and Alexa Fluor 488 (Invitrogen,
Eugene, OR, USA)-conjugated rat IgG for PCNA, for 2h at
room temperature. Then the sections were cover slipped with
Prolong Gold mounting medium (Invitrogen) and were ob-
served using fluorescent microscopy (Axioimager M1; Carl
Zeiss Co., Ltd., Jena, Germany). For double immunofluo-
rescence, free floating sections were incubated in 50%
formamide/2 x saline sodium citrate (0.3 M NaCl, 0.03M
sodium citrate) for 2 h at 65°C and further treated with 2N
HCl for 1 h, then with 0.1 M boric acid (pH 8.5) for 10 min at
37°C. After blocking with 10% normal goat serum, the sec-
tions were incubated with a primary antibody to BrdU (1:100;
DAKO, Glostrup, Denmark) overnight at 4°C. The next day
the sections were incubated with cy-3-conjugated mouse
monoclonal antibody for 2h at room temperature. After
rinsing with PBS three times, the sections were incubated with
the primary antibody to NeuN (1:200; Millipore, Boston, MA,
USA) overnight, followed by Alexa Fluor 488-conjugated
rabbit IgG for 2h. Then the sections were mounted and ob-
served using a confocal microscopy (LSM 510 Meta; Carl
Zeiss Co., Ltd.).

Cell counting

The number of immunoreactive cells to PCNA, Ki67,
BrdU, and BrdU/NeuN was counted in a double-blind
manner. The total number of positive cells in the sub-
granular zone of the dentate gyrus (defined as a 2-cell body
width zone along the lower border region of the granule cell
layer) on each slide in all animals was counted. When the
cells were clustered, each immunoreactive cell was identi-
fied by adjusting the focus of the field. The number of im-
munoreactive cells from each section was all added and used
in the statistical analysis.

Statistical analysis

Data were expressed as mean* SEM and statistical sig-
nificance was assessed using GraphPad Prism 7 software.
Total number of crossings in open field test and TST was
analyzed by Kruskal-Wallis nonparametric test followed by
Dunn’s multiple comparisons test because Gaussian distri-
bution was not assumed. For the rest of the data, one-way
analysis of variance (ANOVA) and Dunnett’s post hoc test
were performed. P <.05 was considered to be significant.

RESULTS

Effect of chronic HE administration on anxiety

The level of anxiety was evaluated by measuring the time
spent in the peripheral zone of the open field box. On the last
day of chronic HE administration for 28 days (Fig. 1), vehicle
group explored the peripheral zone for 274.10+ 3.15 s during
5 min of test (Fig. 2A). The HE-treated group with 20 mg/kg
stayed in the peripheral zone for 261.10 % 8.00 s, which was not
different from that of the vehicle group. However, the HE-
treated group with 60 mg/kg showed a significant reduction in
the time spent in the peripheral zone of the open field arena
(230.00+15.12 s) compared with vehicle group, suggesting
anxiolytic effects of chronic high-dose HE administration.

Effect of chronic HE administration
on general locomotion

To rule out a possibility that chronic HE administration
could affect general locomotor activity and thereby acting as a
confounding bias, the open field test was performed before the
initial and the last HE administration (day 0, day 28, respec-
tively). Total number of crossings to the adjacent squares and
the total exploratory distance showed no significant differ-
ences among the three groups (Fig. 2B, C). These data indicate
that chronic HE treatment did not affect general locomotor

A B C
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5 3 80+ 3
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= 200 - 5 =]
a 1 60 = E
@
= g 8 50-
S @ 40 - 8
2 100 4 S ®
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Vehicle 20 60
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Vehicle 20 60
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FIG. 2. Effects of chronic HE treatment on anxiety-like behavior in the open field test. A graph showing exploratory time in the peripheral zone
of the open field arena (A). The number of crossings to adjacent squares (B) and the distance moved (C) after chronic HE treatment were divided
by the values tested before the initial HE treatment. HE treatment did not affect locomotion in the open field test. Data are expressed as

mean + SEM. *P <.05 vs. vehicle.
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function in mice, suggesting that the effect was attributable to
psychiatric beneficial effects after HE administration.

Effect of chronic HE administration
on depression-like behavior

TST and FST were chosen to assess the effects of HE treat-
ment on depression. For sham mice, the time spent immobile in
TST was 114.00£4.47 s during 4min of test. However, the
immobility time was significantly decreased in the group with

PCNA Ki67

(9}
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HE 20

HE 20

HE 60
HE 60
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2 w
3 -
:t 100 ? 100
2 £ =
a L x
2 50 E 50
e - ] -
g £
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= =
0 T 0 T
Vehicle 20 60 Vehicle 20 60
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60 mg/kg of HE administration, at 62.40+3.25s (Fig. 3A). In
FST, the immobility time for the HE-treated group (60 mg/kg)
was also significantly reduced to 31.12+4.29 s compared with
the sham group wherein the immobile duration was 60.07 +
4.53 s (Fig. 3B). Interestingly, the immobility time for the group
with 20 mg/kg of HE administration was 73.16+6.37 s in TST
and 33.45+3.65s in FST, which were significantly decreased
compared with those in vehicle group (Fig. 3). These data
demonstrate antidepressant-like effects by chronic HE admin-
istration in adult mice.

FIG. 4. Effects of chronic HE treatment on the pro-
liferative activity of the hippocampus. Representative
images of cells expressing PCNA (A) and Ki67 (C) in
the dentate gyrus. The number of cells expressing PCNA
(B) and Ki67 (D) in the subgranular zone was significantly
increased in 60 mg/kg of HE group compared with vehicle
group. Data are expressed as mean+ SEM. *P <.05 vs.
vehicle. A scale bar in (A) and (C) is 100 um. PCNA,
proliferating cell nuclear antigen.
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Proliferative activity in the hippocampus
by chronic HE administration

To determine the mechanisms of anxiolytic and
antidepressant-like effects of chronic HE administration, pro-
liferative activity of the hippocampal stem/progenitor cells was
assessed. As shown in Figure 4A, B, the number of PCNA-
immunoreactive cells in the subgranular zone was significantly
increased in the HE group with 60 mg/kg (113.80%1.38)
compared with sham mice (75.60%7.08). In addition, the
number of Ki67-expressing cells in the subgranular zone was
increased in the HE group with 60mg/kg (131.3019.48)
compared with vehicle group (89.40 £ 4.03), consistent with the
PCNA results (Fig. 4C, D). These results demonstrate that
chronic administration of high-dose HE significantly enhances
proliferative activity of the hippocampal stem/progenitor cells.

Effect of chronic HE administration
on hippocampal neurogenesis

To further elucidate the role of HE administration in hip-
pocampal neurogenesis, survival of both the newborn cells
and the newly generated neurons was assessed by BrdU and

A

Vehicle

HE 20

5

BrdU/NeuN immunofluorescence, respectively. As shown in
Figure 5, BrdU-positive cells in the granule cell layer of the
dentate gyrus were significantly increased after chronic ad-
ministration of 60 mg/kg of HE (51.56 +3.64) compared with
those in the sham group (31.83+1.86). Moreover, BrdU/
NeuN-double positive cells, which indicate newly born cells
that were present right before the first HE administration and
were differentiated to mature neurons during HE treatment,
were significantly increased after chronic high-dose adminis-
tration of HE (48.78 £3.55 in 60 mg/kg, 28.50+ 1.26 in vehi-
cle). To estimate the number of newly born cells before the first
HE administration, we injected BrdU five times at day 0 and
perfused the mice at 2h after the last BrdU injection. Ap-
proximately 26.19% + 1.16% of BrdU-labeled cells at day O
were able to survive and become hippocampal neurons, which
was also increased by chronic 60 mg/kg of HE treatment
(44.83% +3.26%). Interestingly, the ratio of BrdU/NeuN-—
double positive cells based on total BrdU-positive cells at day
30 was similar in all groups (89.5% for vehicle group, 89.9%
for 20 mg/kg of HE group, and 94.6% for 60 mg/kg of HE
group, respectively), suggesting that neuronal differentia-
tion from hippocampal stem cells was not altered by HE
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FIG. 5. Effects of chronic HE treatment on hippocampal neurogenesis. Representative images showing immunostaining for BrdU (red), NeuN
(green), BrdU/NeuN double-positive cells in the dentate gyrus of HE- and vehicle-treated mice (A). Magnified images indicate exemplary
immunoreactive cells in the dentate gyrus. Cells expressing BrdU (B) and BrdU/NeuN (C) in the dentate gyrus were significantly increased after
chronic administration of 60 mg/kg of HE compared with vehicle group. Data are expressed as mean £ SEM. *P <.05 vs. vehicle. Scale bars in (A)
represent 200 um (low magnification) and 20 um (high magnification). Color images available online at www.liebertpub.com/jmf
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administration. Taken together, these data demonstrate that
chronic high-dose treatment of HE markedly increased the
survival of newborn neurons in the dentate gyrus.

DISCUSSION

This study demonstrates that HE treatment for 28 days
significantly reduced anxious and depressive behaviors with
no difference in general locomotor activity. Moreover, we
showed that chronic high-dose HE treatment significantly
increased proliferation and survival of hippocampal pro-
genitor cells without altering the ratio of neuronal differ-
entiation, providing a mechanistic link of HE treatment to
antianxiety and antidepression.

The edible mushroom HE has been traditionally used as a
culinary food and herbal medicine in Asia. Herbal medicines
can be attractive alternatives for treating psychiatric disorders
as they can provide efficacy similar to conventional drugs such
as benzodiazepines or selective serotonin reuptake inhibitors,
but they can have less toxic side effects.!? Indeed, we found
chronic HE treatment significantly decreased immobile time
when the mice were tested by TST and FST, the two most
frequently used behavioral paradigms for evaluating depres-
sion in rodents.?*?*> We also showed that 60 mg/kg of HE
reduced the time staying at the peripheral zone of the open field
arena, indicating anxiolytic effect of HE. Importantly, our
chronic HE administration did not affect animals’ natural body
weight gain (data not shown), suggesting no severe oral
gavage-associated stress nor serious toxicity by chronic HE
treatment. It is noteworthy that our dosage regimen for HE was
in the clinically applicable range as a human study provided
0.5 g of HE powder four times a day to middle-aged females
with a body mass index of 20.9+20.6kg/m?, resulting in
~40mg/kg of HE if the average height of the participants was
estimated to be 160 cm.??

Hippocampal neurogenesis and its perturbation have been
implicated as one of the major players in mood dysregulation
such as depression and anxiety.>'%26-3% In this study, we
identified a novel candidate targeting adult hippocampal
neurogenesis. Specifically, chronic oral administration of HE
(60 mg/kg) for 4 weeks increased the number of proliferating
cells in the subgranular zone of the dentate gyrus where neural
stem cells reside. Increased production of newborn cells sub-
sequently led to a higher increment of newborn neurons
showing increased survival rates, when assessed by BrdU/
NeuN immunostaining. Molecular mechanisms underlying
HE-enhanced hippocampal neurogenesis may be associated
with NGF production, a well-known regulator of the prolif-
eration and the differentiation of neural stem cells.?!=>
Moreover, an in vitro study demonstrated that crude HE ex-
tracts promoted synthesis and secretion of NGF in astrocytoma
cell lines, supporting HE-induced NGF production.*® In ad-
dition, chronic in vivo administration of HE extracts increased
the level of both NGF mRNA and proteins in the hippocampus,
suggesting successful transfer of HE across the blood—brain
barrier.'®3 When narrowed down to active ingredients of HE
in relation to NGF, the majority of studies focused on erina-
cines and hericenones, showing improved neurite out-

growth.!1=13:13.20 Taken together, NGF, possibly stimulated by
crude HE extracts that contain erinacines and hericenones, can
boost adult hippocampal neurogenesis. However, as many
new bioactive compounds comprising HE are actively being
identified,*3’ it will be interesting to find out whether novel
molecules are present in the extract that mediates adult hip-
pocampal neurogenesis after chronic HE administration.

Antidepressants often show their efficacy after chronic
treatment.>*° This observation supported the neurogenic
theory of mood disorders, which states that symptoms of de-
pression and anxiety are adult neurogenesis dependent.>® Here
we demonstrate that HE has neurogenic and antidepressant-
like effects after chronic treatment for 28 days. Given that
hippocampal progenitors take at least 1 month before they
become mature neurons and single HE treatment does not af-
fect NGF production that is frequently reduced in stress, 873"
antianxiety and antidepressant-like effects by HE adminis-
tration may need a chronic time frame for allowing the
maturation of neurons born during the HE treatment. A
clinical study showing reduced depression and anxiety after
4 weeks of HE treatment nicely supports the requirement of
chronic HE treatment for mood alteration.”> However, since
we administered crude extracts of HE, there can be other
mechanisms for mood-stabilizing effects of HE in addition
to the enhancement of hippocampal neurogenesis.

In conclusion, this study is the first to demonstrate that
chronic HE administration can promote hippocampal neuro-
genesis accompanied by mood-modifying effects. Behavioral
improvement observed after chronic HE administration in our
study endorses the neurogenic theory of mood disorders, as
this time frame corresponds to the maturation and functional
integration of newborn neurons into the hippocampal circuitry
after HE-boosted proliferation of progenitor cells. These re-
sults also highlight the potential for the modulation of the brain
plasticity and behavior by HE administration.
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