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WSKY, a traditional Chinese decoction, rescues cognitive
impairment associated with NMDA receptor antagonism
by enhancing BDNF/ERK/CREB signaling
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Abstract. Warm-supplementing kidney yang (WSKY) is an
herbal prescription that has been used in Traditional Chinese
Medicine for the treatment of psychiatric conditions. A
previous study by our group found that WSKY significantly
improved cognitive function of schizophrenia patients. In the
present study, the effects of WSKY on cognitive function and
their underlying mechanisms were investigated. WSKY was
administered to an MK-801-induced rat model of chronic
schizophrenia for 14 days. Memory performance was assessed
using the Morris water maze (MWM) test. The expression of
brain-derived neurotrophic factor (BDNF), activation of cCAMP
response element binding protein (p.CREB/CREB) and activa-
tion of extracellular signal-regulated kinase (pERK/ERK) in
the hippocampus was detected using western blot analysis. In
the acquisition phase of the MWM test, the escape latency was
significantly increased in the MK-801-treated group compared
with the normal control group (P<0.01). Treatment with
WSKY for 14 days at doses of 100 or 250 mg/kg rescued this
cognitive impairment (P<0.05). In the probe test, 250 mg/kg
WSKY treatment increased the time spent in the target quad-
rant (P<0.05) and number of platform crossings (P<0.01).
Western blot analysis demonstrated that the levels of BDNF
expression in the hippocampus of rats without behavioral tests
were elevated following 14 days of WSKY treatment, and the
effect of WSKY treatment on hippocampal BDNF expression
was presented in an inverted U-shaped dose-response pattern.
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The pERK1/2 in the hippocampus was significantly enhanced
following 100 mg/kg (P<0.01) and 250 mg/kg (P<0.01) WSKY
treatment, while only 250 mg/kg WSKY increased the phos-
phorylation of CREB (P<0.01). The results of the present study
indicated that WSKY enhances cognitive performance via the
upregulation of BDNF/ERK/CREB signaling, and that WSKY
has potential therapeutic implications for cognitive impair-
ment of schizophrenia.

Introduction

Schizophrenia is characterized by positive symptoms,
including delusions and hallucinations, negative symptoms
such as avolation and flat affect, and cognitive impairments (1).
The cognitive symptoms of schizophrenia often precede the
occurrence of psychosis (2), and their treatment is considered
an improved predictor of therapeutic outcome (3), in particular,
cognitive dysfunction often remains resistant to treatment
with current antipsychotics, even following remission of the
psychosis (4). Consequently, developing novel compounds that
demonstrate increased efficacy against cognitive dysfunction
of schizophrenia is urgently required (5).
Warm-supplementing kidney yang (WSKY) is a herbal
prescription that has been used for the treatment in psychiatric
conditions in Traditional Chinese Medicine (TCM). According
to TCM, schizophrenia is a syndrome caused by a yin-yang
imbalance characterized by spleen and stomach weakness and
inadequate kidney yin. Herbal prescriptions, such as WSKY
or strong kidney yin, are considered to improve deficits
associated with schizophrenia. Previously, it was reported
that WSKY capsules in addition to risperidone significantly
enhanced cognitive function, social function (6) and improved
the quality of life (7) compared with the placebo added to
risperidone. The present study focused on the mechanisms
underlying WSKY's effects on cognition enhancement.
Brain-derived neurotrophic factor (BDNF) and its receptors
and downstream cascade have been associated not only with
neurodevelopment and neuroprotection, but also with synapse
regulation, learning and memory (8). BDNF has a critical role
in synaptic plasticity through N-methyl-p-aspartate (NMDA)
receptor activation in the hippocampus (9). Hippocampal long
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term potentiation (LTP), which involves the strengthening
of synapses as the result of binding of BDNF to the tropo-
myosin-related kinase B (TrkB) receptor, is responsible for
learning and memory (10), and impairment as the result of lack
of BDNF was found to be restored by reintroduction of BDNF.
Furthermore, cognitive impairment observed in schizophrenia
suggests that BDNF may be a potential biomarker candidate
as its effect has been implicated in learning and memory (11).

In the present study, the Morris water maze (MWM) test
was utilized to identify cognition improvement of WSKY in a
rat model of schizophrenia. The expression of BDNF-related
signaling molecules, including, brain-derived neurotrophic
factor (BDNF), phosphorylated extracellular signal-regulated
kinase (pERK) and phosphorylated cAMP response element
binding protein (pCREB) expression in rat hippocampus was
observed using western blotting analysis following admin-
istration of WSKY in a chronic manner. The results of the
present study indicated that WSKY has potential therapeutic
implications for cognitive impairment in schizophrenia and
psychiatric diseases involving abnormal expression of BDNF.

Materials and methods

Animals. Male Sprague-Dawley rats (weighing 300-350 g,
corresponding to ~2 months of age) were purchased from
Wuhan University, Center of Experimental Animal (Wuhan,
China). The rats were housed at four animals per cage and
were provided with food and water ad libitum and maintained
under a 12-h light/dark cycle (light on 07:30-19:30) at constant
temperature (23+1°C) and humidity (60+£10%). A 60-min
habituation period to the experimental room on the first day
and 30 min on the following days preceded the behavioral
experiments. The number of animals used in each group for
behavioral tests is described in Table I. Animal treatment and
maintenance were conducted in accordance with the Principles
of Laboratory Animal Care (NIH publication no. 85-23,
revised 1985) and the Animal Care and the use guidelines
of Wuhan University (Wuhan, China). The present study was
approved by the ethics committee of Wuhan University.

Materials. MK-801 and rabbit polyclonal anti-BDNF anti-
bodies were purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA, USA). The rabbit monoclonal anti-phosphor-
ylated ERK, rabbit monoclonal anti-ERK, rabbit monoclonal
anti-phosphorylated CREB and rabbit monoclonal anti-CREB
antibodies were purchased from Cell Signaling Technology,
Inc., (Danvers, MA, USA). All of the other materials were of
the highest grades available and were obtained from commer-
cial sources.

Preparation of WSKY. WSKY consisted of 13 tradi-
tional Chinese herbs (Table II). All of the ingredients
were purchased from Kang Sheng Pharmaceutical Co.,
Ltd. (Wuhan, China) and carefully authenticated by Dr.
Ben-Hong Zhou (Department of Pharmacy, Renmin
Hospital of Wuhan University, Wuhan, China). The voucher
specimens were deposited at the Herbarium of the Renmin
Hospital of Wuhan University: Aconitum Carmichaeli Debx
WHUOPS2010-12, Herba Epimedii WHUOPS2010-10,
Radix Morinda Officinalis WHUOPS2010-32, Cortex
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Table I. Numbers of animals used in each group.

Test Group and drug dose (mg/kg) n
MWM test Control 6
(with MWM training) Vehicle + MK-801 (0.05) 8

WSKY (25) + MK-801 (0.05) 6
WSKY (100) + MK-801 (0.05) 8
WSKY (250) + MK-801 (0.05) 7
WSKY (500) + MK-801 (0.05) 8

Western blot analysis Control 6
(without MWM training) WSKY (25) 7
WSKY (100) 6

WSKY (250) 6

WSKY (500) 6

WSKY, warm-supplementing kidney yang; n, number of animals;
IHC, immunohistochemistry; MWM, Morris water maze.

Cinnamomoi WHUOPS2010-24, Rhizoma Zingiberis
WHUOPS2010-34, Radix Rehmanniae WHUOPS2010-28,
Radix Glycyrrhizae WHUOPS2010-16, Radix Astragali
WHUOPS2010-8, Pericarpium Citri Reticulatae
WHUOPS2010-15, Fructus Amomi WHUOPS2010-7,
Carapax Et Plastrum Testudinis WHUOPS2010-30, Radix
Codonopsis Pilosulae WHUOPS2010-9 and Rhizoma
Curculigins WHUOPS2010-33 (purchased from Kang Sheng
Pharmaceutical Co. Ltd., Wuhan, China). The procedure of
preparation of WSKY was performed in accordance with the
method used in a previous study by our group (6). The vola-
tile oil of Pericarpium Citri Reticulatae, Cortex Cinnamomoi
and Rhizoma Zingiberis were extracted by steam distillation.
Dregs of these three components were added to the other
components for water extraction and ethanol precipitation
extraction. Icariin [National Institute for the Control of
Pharmaceutical and Biological Products (NICPBP), Beijing,
China] was detected as an indicator of orthogonal test to
determine the optimal conditions (Table III). According to
these optimal conditions, all of the ingredients were firstly
soaked in 11 times their volume of distilled water and boiled
for 1 h. Following filtration, the residue was added to distilled
water ten times its volume again and boiled for 1 h. The two
filtrates were combined and concentrated to a liquid ratio of
1:1, 70% alcohol precipitation extraction, then concentrated
with a rotary evaporator and lyophilized (ALPHA1-4; Martin
Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz,
Germany) to dry powder. The volatile oil was sprayed evenly
onto the dry the extract powder. The final dried extract was
32.4% (w/w) of the weight of the raw herbs. For quality
control of WSKY extraction, icariin, as a standard of quality
control, was purchased from the NICPBP, and a high-perfor-
mance liquid chromatography system (Agilent 1100; Agilent
Technologies, Santa Clara, CA, USA) equipped with a diode
array detector and a Venusil MP-C18 chromatographic
column (4.6x250 mm, 5 ¢m; Bonna-Agela Technologies, Inc.,
Wilmington, DE, USA) was used for standardization of the
herbal extract (Fig. 1).
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Table II. Ingredients and botanical/zoological origins of warm-supplementing kidney yang formula.
Pharmacological name Botanical/zoological source/family Part used Amount (g)
Aconitum carmichaeli Debx Aconitum carmichaeli Debx. Daughter root (processed) 9
Radix Morinda officinalis Morinda officinalis F.C. How Dried root and rhizome 3
Herba Epimedii Epimedium brevicornu Maxim. Dried body 9
Rhizoma Curculigins Curculigo orchioides Gaertn. Dried root and rhizome 9
Cortex Cinnamomoi Cinnamomum cassia (Nees & T. Nees) J. Pres]l Dried tender branch 6
Rhizoma Zingiberis Zingiber officinale Rosc Dried root and rhizome 6
Radix Codonopsis Pilosulae Codonopsis pilosula (Franch.) Nannf Dried root and rhizome 6
Radix Astragali Astragalus abbreviatus Kar. & Kir. Dried root and rhizome 9
Radix Rehmanniae Rehmannia glutinosa (Gaertn.) DC Root (processed) 15
Pericarpium Citri Reticulatae Citrus reticulata Blanco Dried mature peel 9
Fructus Amomi Amomum villosum Lour Dried fruit 3
Radix Glycyrrhizae Glycyrrhiza uralensis Fisch Dried root and rhizome 3
Carapax Et Plastrum Testudinis Chinemys reevesii (Gray) Carapace (processed) 15
Table III. Results of orthogonal test.
Experiment ~ Water volume Ethanol Ethanol Icariin Extraction
number (fold) Heat-extraction (h)  precipitation (%)  precipitation (h) content (mg/g) rate (%)
1 1 60 12 0.22 18.64
2 8 1.5 70 24 0.20 18.99
3 8 2 80 48 0.19 15.28
4 10 1 70 48 0.26 21.87
5 10 1.5 80 12 0.19 1691
6 10 2 60 24 0.15 21.36
7 12 1 80 24 0.27 14.77
8 12 1.5 60 48 0.13 19.39
9 12 2 70 12 0.22 22.39

Fold, water volume/ingredients volume.

Drug administration. WSKY or MK-801 was dissolved in 0.9%
saline solution. In a pilot study, it was observed that a 14-day
consecutive injection of MK-801 at 0.05 mg/kg induced impair-
ment of the spatial memory in rats, as was observed in other
studies (12). Based on these results, the effective dose of MK-801
(0.05 mg/kg) was adopted for further experiments. In addition,
the effective dose of WSKY (25, 100, 250 or 500 mg/kg, W/W)
that was selected was roughly translated from the dosage of
the WSKY capsule, according to a previous study based on the
human-animal dose translation equation (13). The rats were
orally administered WSKY for 14 days (Fig. 2B). During the
behavioral sessions, the rats were subjected to WSKY treatment
2 h prior to the behavioral tests, and MK-801 (0.05 mg/kg, i.p.)
was administered 30 min prior to the behavioral tests. The
control group was orally administered 0.9% saline solution 2 h
prior to the behavioral tests.

MWM test. The MWM test was conducted as previously
described (12). The water maze consisted of a circular, 180 cm

diameter and 45 cm deep, black tank filled with water at 22°C
to a depth of 28 cm. The testing room was maintained at 22°C
and contained fixed extra-visual cues. A circular, 15 cm diam-
eter escape platform composed of black plexiglas was placed
in the pool 1 cm below the water surface.

The pool was divided into four equally sized quadrants
(northeast, southeast, southeast and southwest). The platform
was constantly placed in the ‘Northeast’ (Fig. 2A) halfway
between the center and edge for all hidden platform testing.
The animals were always examined in the same order at
approximately the same time each day. On day one, the first
trial was started from the starting point ‘South’. The starting
points varied over the days of training, and they were rotated
clockwise, one-quarter of a turn per trial.

Assessment of behavioral performance was conducted with
the assistance of EthoVision™ (Noldus Information Technology,
Wageningen, The Netherlands) The rats received the first trial,
four trials per day, over 14 consecutive days (Fig. 2B). For each
trial, the rats were placed into the water gently facing the wall.
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Figure 1. Analytical high-performance liquid chromatography of the warm-supplementing kidney yang extract. Icariin was used as a standard of quality
control, the mobile phase consisted of acetonitrile - water (30:70), the flow rate was 1.0 ml/min, the detection wavelength 279 nm and column temperature
25°C. The retention time of icariin was 11 min and the relative standard deviation was 0.45% in the precision test.

The rats were then permitted to swim until they reached
the escape platform in a maximum of 60 sec. Once on the
platform, the rats remained there for 30 sec prior to being
removed for an inter-trial interval of 15 min. Probe trials were
conducted 24 h following the last hidden platform training.
Each animal was allowed to swim for 30 sec starting from
the Southwest position.

Western blot analysis. For the preparation of western blot
samples, the rats without behavioral training were sacri-
ficed 1 h following the last administration of WSKY, and
their isolated hippocampal tissues were analyzed by 4-10%
SDS-PAGE (Beyotime Institute of Biotechnology, Haimen,
China) and blotted onto polyvinylidene fluoride membranes.
The western blots were incubated for 1 h with 5% skimmed
milk, and then with rabbit anti-pERK1/2 (1:2,500 dilution),
rabbit anti-ERK1/2 (1:5,000 dilution), rabbit anti-pCREB
(1:2,500 dilution), rabbit anti-CREB (1:5,000 dilution) or
rabbit anti-BDNF (1:1,000 dilution) antibodies overnight at
4°C with gentle agitation. The secondary antibodies were
added and incubated with gentle rocking for 45 min at room
temperature prior to washing of the membranes as described
above. To analyze the relative protein quantity, ff-actin was
used as a loading control.

Statistical analysis. Values are expressed as the mean + stan-
dard error of the mean. P<0.05 was considered to indicate
a statistically significant difference between values. For the
data from the MWM task, the treatment differences in the
escape latency or average swim speed were analyzed using
repeated measures analysis of variance (ANOVA) with
a least significant difference (LSD) test as a post-hoc test.
The time spent in the target quadrant (%) and the number
of platform crossings during the probe test was analyzed by
one-way ANOVA with LSD test as a post-hoc test for each
group. The data obtained from the western blot analysis of
hippocampal tissues from rats were analyzed by one-way
ANOVA with LSD test as a post-hoc test. Statistical analysis
was performed using SPSS 17.0 for Windows (IBM, Armonk,
NY, USA).

Results

Effect of WSKY on spatial learning and memory in the
MWM test. MWM is a test for assessing spatial learning and
memory (SLM) to locate a submerged escape platform (14).
The present study examined whether WSKY ameliorated the
MK-801-induced SLM impairment by using the MWM test
(Fig. 2). Spatial learning was assessed by measuring the time
taken to escape from the water to a hidden platform (escape
latency).

The experimental schedule is demonstrated in Fig. 2B.
Repeated-measure ANOVA revealed a significant delay effect
on escape latency (F, 5,=600.837; P<0.01), indicating that,
across the groups, the rats improved their spatial learning
effectively with increased training. The MK-801-injected
rats demonstrated significant spatial reference memory func-
tion impairment during the training days compared with
the control group (F, ,;=502.759, P<0.001), while the perfor-
mance of MK-801-treated rats was significantly improved by
consecutive training (F,;;5=37.14, P<0.01). There was also a
significant treatment effect on the escape latency; WSKY
treatment of schizophrenic animals at doses of 25, 100 and
250 mg/kg demonstrated significant SLM performance
improvement compared with the MK-801-treated group
(WSKY 25 mg/kg group, F,,,=10.248, P<0.05; WSKY
100 mg/kg group, F,,,=206.159, P<0.01; WSKY 250 mg/kg
group, F,,,=273.908, P<0.01, respectively, compared with
the MK-801 group), which indicated that WSKY ameliorated
the SLM impairment induced by MK-801 injection. Notably,
WSKY at a dose of 500 mg/kg demonstrated no significant
difference in training compared with that in the MK-801
group (F,,;,=0.622, P>0.05; Fig. 2C). However, there was
no significant difference in the swimming speed between
the groups (Fig. 2D). This result was different from that of
a previous study (12), which is possibly associated with the
different visual cues settings of the MWM test used in the
present study.

Furthermore, the effects of WSKY on spatial memory
formation were investigated. The probe trials were conducted
to assess the spatial memory at 24 h following the final



| SPANDIDOS
PUBLICATIONS

- |

A ®

A B @ visualcues

Vehicke
WSKYZ5+MEK-801
WSKYL00+ME-801
WSKYZ30+MK-801
WSKYS00+MK-801
Vehicle+ MK-801

28 NER

Latency (sec)
£

1 2 3 4 5
E .-
—_ e =
= * #
b= &
= 304
3
=
s
< 204
]
=
=
8 104
g
3
0
T T T T T T
Vehicle Vehiele 25 100 250 500

WSKY (mgfkg p.o.)

+saline +MK-801

MOLECULAR MEDICINE REPORTS 11: 2927-2934, 2015

2931

B
Administration of MEK-801
o l‘) 'lfw l[ vlru vlrl 14
i A A A A
[ | | | | | |
Training Sessions
Administration of WSKY
D

Vehicle
WSKY25+ME-801
WSEY100+ME-801
WEK Y250+ MEK-801
WEE Y500+ ME-801
Vehicle+MEK-801

$ttid

Speed (em/sec)

1 2 3 4 5
F s
#

= 4
E
2:= 34 * * w
&0
§ 24
L 14

Vehicle Vehiele 25 100 250 500

WSKY(mg/kg p-o.)
+zaline +MK-801

Figure 2. Effect of WSKY on the SLM of MK-801-treated rats in the MWM test. (A) The apparatus of the MWM test included a 180 cm diameter pool,a 15 cm
diameter hidden platform and extra visual cues. (B) Four training trails of the MWM test per day were conducted for five consecutive sessions, probe trail
was performed 24 h following the last training session. (C) The mean escape latency of each group to locate the hidden platform was recorded and analyzed
during the MWM test. MK-801-injected rats demonstrated significant spatial reference memory function impairment during training days compared with the
control group, while WSKY treatment at dose of 25, 100 and 250 mg/kg ameliorated the SLM impairment induced by MK-801 injection; however, WSKY
treatment at dose of 500 mg/kg did not. (D) There was no significant difference in the swimming speed in each group. (E) WSKY improved the SLM of
MK-801-treated rats in the probe trail. WSKY treatment at doses of 100 and 250 mg/kg led to a significant increase in the time spent in the target quadrant
and (F) 250 mg/kg treatment led to a significant increase in the number of platform crossings when compared with the MK-801 treated group. Values
are presented as the mean + standard error of the mean. "P<0.05, “P<0.01 vs. the control group; “P<0.05, #P<0.01 vs. the MK-801-treated group. WSKY,
warm-supplementing kidney yang; SLM, spatial learning and memory; MWM, Morris water maze.

training. As demonstrated in Fig. 2E, the 100 and 250 mg/kg
WSKY-treated groups spent more time in the target quadrant
of the pool in which the hidden platform was previously
located than the MK-801 group (WSKY 100 mg/kg: 29.1+4.9
vs. MK-801: 21.5+2.5, P=0.039, P<0.01; WSKY 250 mg/kg:
32.31£3.65 vs. MK-801: 21.5+2.5, P=0.002, P<0.01). In addi-
tion, the 250 mg/kg WSKY treatment group demonstrated a
significantly increased number of platform crossings when
compared with the MK-801 treated group (WSKY 250 mg/kg,
2.33+0.58 vs. MK-801, 0.67+0.58; P<0.01; Fig. 2F). This
indicated that WSKY improved the SLM of rats treated with
MK-801.

Effect of WSKY on BDNF expression in the hippocampus.
BDNF has a key role in participating in the processes of

synaptic plasticity and learning by enhancing long-term
potentiation (LTP) (8), which is regarded as the cellular basis
of learning and memory in the hippocampus. BDNF levels
have previously been positively associated with cognitive
impairment of schizophrenia patients (15,16). To determine
whether BDNF was involved in the cognitive enhancement by
WSKY, the expression of BDNF in the hippocampal region
of rats without MWM test was detected by western blot
analysis. It was identified that treatment of rats with 100, 250
or 500 mg/kg WSKY for 14 days resulted in an increase in
BDNF expression levels (WSKY 100 mg/kg, P<0.001; WSKY
250 mg/kg, P<0.001; WSKY 500 mg/kg, P<0.05; respectively,
compared with the vehicle-treated group), while the 25 mg/kg
WSKY treatment group revealed no significant difference with
the vehicle-treated group (P=0.915, P>0.05). The of BDNF
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Figure 3. Effect of WSKY on BDNF protein expression in rat hippocampus
without training. Treatment of rats with 100, 250 or 500 mg/kg WSKY for
14 days resulted in an increase in BDNF expression. Western blotting (30 ug
protein/lane) with anti-BDNF antibody revealed that BDNF protein expres-
sion in the hippocampus demonstrated an inverted U-shaped dose-response
pattern. The blot represents typical results from three independent experi-
ments. Densitometric data are presented as the mean + standard error of the
mean. "P<0.05, “P<0.01 vs. the control group. WSKYY, warm-supplementing
kidney yang; BDNF, brain-derived neurotrophic factor.

protein expression levels in the hippocampus demonstrated an
inverted U-shaped dose-response pattern (Fig. 3).

Effect of WSKY on pERK/ERK and pCREB/CREB in the
hippocampus. To investigate whether the hippocampal
BDNF/TrkB downstream cascade, including activation of
ERK (ERK1 and ERK2) and CREB, was involved with
WSKY-induced SLM changes in rats, western blot analysis
was used to measure the phosphorylation levels of ERK1/2
and CREB in the hippocampi of rats that were not subjected
to behavioral tests. The rats receiving WSKY treatment
at doses of 100 or 250 mg/kg for 14 days demonstrated
significantly increased levels of BDNF in the hippocampus
(WSKY 100 mg/kg, P<0.001; WSKY 250 mg/kg, P<0.001,
compared with the control group, respectively; Fig. 4). The
levels of phosphorylation of extracellular signal-regulated
kinase (ERK1/2), which is an important component of the
mitogen-activated protein kinase (MAPK)/ERK pathway, were
significantly higher in the hippocampus (WSKY 100 mg/kg,
pERKI1 P<0.001, pERK?2 P<0.001; WSKY 250 mg/kg, pERK1
P<0.001, pPERK?2 P<0.001, compared with the control group,
respectively). In addition, the activation of CREB was analyzed,
which is phosphorylated at Ser-133 by ERK following ERK
phosphorylation, and has a critical role in LTP and memory
formation. The 14-day 250 mg/kg WSKY treatment produced
increased levels of pCREB in the hippocampus (WSKY
100 mg/kg, pCREB P<0.05; WSKY 100 mg/kg, pCREB
P>0.05, compared with the control group, respectively; Fig. 4).
These results suggested that WSKY improved the cognitive
performance in the MWM test and may therefore be involved
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Figure 4. Effect of WSKY on hippocampal BDNF and BDNF downstream
signaling components of rats without MWM test. Western blot analysis of
BDNF, pERK, ERK, pCREB and CREB levels. Following treatment with
WSKY, BDNF was significantly increased in the hippocampus compared
with the control group. In addition, WSKY treatment increased levels of
hippocampal pERK1/2, and its downstream signaling molecule pCREB.
Quantification of BDNF data was normalized against [3-actin, whereas
pERK and pCREB were normalized against each unphosphorylated form
and expressed as a percentage of the control (baseline). The blots represent
typical results from three independent experiments. Densitometric data
are presented as the mean = standard error of the mean. "P<0.05, “P<0.01
vs. the control group; #P<0.05, "P<0.01 vs. the WSKY 100 mg/kg group
(each group, n=6). WSKY, warm-supplementing kidney yang; BDNF, brain
derived neurotrophic factor; MWM, Morris water maze; pCREB, phos-
phorylated cAMP response element binding protein; ERK, extracellular
signal-regulated kinase.

in the upregulation of BDNF expression and activation of its
downstream cascade.

Discussion

The cognitive deficits of schizophrenia, which are consid-
ered a core manifestation and an important predictor of the
functional outcome, may be understood in the context of the
molecular and cellular mechanisms of learning and memory, in
which BDNF has a key role through the regulation of synaptic
plasticity (17). Therefore, BDNF may be assumed to be a
potential biomarker candidate, as it is implicated in cognitive
impairment in schizophrenia. In the present study, the distinct
effects of different doses of WKSY on cognitive performance
in a chronic MK-801-induced rat model of schizophrenia
were investigated. Numerous studies have demonstrated that
acute or chronic treatment with NMDA antagonists, including
phencyclidine (PCP) and MK-801, induced NMDA receptor
(NMDAR) hypofunction and produced behavior in healthy
patients which resembled psychotic symptoms, cognitive
deficits and negative symptoms of schizophrenia (18). In the
present study, rats received a total of 14 consecutive MK-801
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injections, as repeated treatment with MK-801 has been
suggested as a better animal model of schizophrenia than
a single dose (19,20). Chronic MK-801 treatment impairs
diverse factors in the working memory of rats, including atten-
tion, speed of processing, visual learning, long-term memory,
reasoning and problem solving skills (21). In the acquisition
phase, it was identified that MK-801 treatment increased the
escape latency compared with that of the control group, and
this impairment was rescued by a 14-day administration of
WSKY doses of 25, 100 and 250 mg/kg; however, without
changing the swimming speed of the animals. In the probe
test, 250 mg/kg WSKY treatment increased the time spent
in the target quadrant and the number of platform crossings.
This indicated that 250 mg/kg WSKY treatment ameliorated
the MK-801-induced SLM impairment in the MWM test by
improving murine ability of learning and enhancing consoli-
dation of recognition memory.

The present study also investigated effects of WSKY on
BDNF expression in the hippocampus of rat without training.
NMDA antagonists, including PCP and MK-801, have been
shown to induce cognitive impairment via inhibition of BDNF
secretion and activation (22,23). Therefore, the present study
examined whether the underlying mechanism of the enhance-
ment of SLM by WSKY was associated with the upregulation
of BDNF in the hippocampal region. Hippocampal tissues
were collected immediately following the last administra-
tion of WSKY. It was identified that a 14-day administration
of WSKY at doses of 100, 250 or 500 mg/kg significantly
stimulated endogenous BDNF expression in the hippocampal
region when compared with the MK-801-treated group. It is
known that activation of TrkB by BDNF stimulates intracel-
lular signaling cascades involved in plasticity, including
the ERK/MAPK pathway and the PI3K/Akt pathway (24).
Callaghan and Kelly (25) reported that the consolidation of
recognition memory was associated with increased release
of BDNF in the dendate gyrus (DG) and perirhinal cortex,
which was associated with significant increases in ERK acti-
vation and c-fos expression in the hippocampal DG, and PI3K
activation and c-fos expression in the perirhinal cortex in rats.
Therefore, the present study aimed to confirm whether WKSY
induced increases in levels of hippocampal BDNF expression,
to clarify whether it activates the TrkB downstream signaling
cascade. The expression levels of pERK and pCREB, which
are important molecules involved in the BDNF/TrkB signaling
pathway, were assessed by western blot analysis. It was identi-
fied that 250 mg/kg WSKY treatment significantly upregulated
the phosphorylation of ERK1/2 as well as the phosphoryla-
tion of CREB in the hippocampus when compared with the
vehicle-treated group. The ERK signaling pathway is involved
in neuroplasticity and memory formation (26,27), and the
activation of the CREB signaling pathway in the hippocampus
has an important role in spatial memory formation (28). The
results suggested that WSK'Y may improve cognition via acti-
vation of the BDNF/TrkB downstream signaling cascade.

Of note, in the WSKY-treated groups, the effect of memory
enhancement in the MWM test and the hippocampal BDNF
protein expression levels both demonstrated an inverted
U-shaped dose-response curve fashion. It has been suggested
that aconitum alkaloids, including aconitine, lappaconitine
and 6-benzoylheteratisine, three chemical components of
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Radix Aconiti Lateralis, an ingredient of the WSKY formula,
which is associated with Na* channels, have been shown to
exert inhibitory effects on neuronal activity in rat hippo-
campal slices in vitro at specific doses (29,30). It is therefore
hypothesized that the inverted U-shaped dose-response curve
of WSKY may be due to the inhibitory effect of aconitum
alkaloids at high doses of WSKY. Further studies are required
to clarify these issues.

In the present study, the effect of WSKY on schizo-
phrenia-associated cognitive impairment by modulating
BDNF expression and the BDNF/ERK/CREB pathway
in hippocampus were elucidated, and it was identified that
WSKY may be a potential cognitive enhancer for a number
of psychiatric diseases, including schizophrenia. However,
as BDNF has an important and unique role in regulating a
wide range of functions at different neural development
stages, and human epidemiology provides compelling
evidence that exposure of the neonate, from the gestation or
the perinatal period, to environmental adversities, including
abnormal BDNF expression increase the risk of developing
schizophrenia (31,32). Considering the neurodevelopmental
hypothesis of schizophrenia, BDNF has been proposed to be
involved, at least in part, in the pathogenesis of this disease.
Therefore, further studies are required to clarify the effect
of WSKY on BDNF expression using neurodevelopmental
schizophrenic animal models, including the disruption of
neurogenesis during a critical gestational period, neonatal
ventral hippocampal lesions and post-weaning social isola-
tion. In addition, it is necessary to specify the effective
components in WSKY to clear its mechanisms of action and
develop more effective cognitive remediation for psychiatric
diseases.

In conclusion, the results of the present study indicated
that WSKY enhanced cognitive performance in schizophrenia
by upregulating BDNF/ERK/CREB signaling in the hippo-
campus, and WSKY has potential therapeutic implications for
cognitive impairment of schizophrenia.
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