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Abstract:   Cordyceps militaris is a popular medicinal mushroom, and has received extensive attention for medical application because of its 
various physiological activities. However, there is limited information about the function of Cordyceps militaris on dopaminergic 
system. This study has attempted to evaluate the effect of cultured fruiting bodies of Cordyceps militaris extract (CME) on the 
expression of the tyrosine hydroxylase (TH) gene in PC12 cells and rat brain and stomach. Related mRNA levels were determined by 
the RT-PCR. Protein levels were measured by Western blot and immunohistochemistry. Our results demonstrated CME induced TH 
gene expression both in vitro and in vivo. Treatment of 10 μg/ml and 20 mg/kg CME to PC12 cells and rat cells yielded significant 
increases of TH protein levels. Significantly, TH immunoreactive neurons were detected not only in the brain but also in  the stomach. 
TH-immunohistochemical staining was markedly enhanced in animals treated with CME compared to those in the untreated control. 
These results suggest that CME can upregulate the dopaminergic (DArgic) system, and may contribute to neuroprotection in 
neurodegenerative diseases.
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1. Introduction 
Tyrosine hydroxylase (TH) catalyzes the conversion 
of L-tyrosine to L-dopa, which is the initial and rate-
limiting step in biosynthesis of catecholamines (CA); [1] 
i.e., dopamine (DA), norepinephrine, and epinephrine. 
TH plays a central role in the neurotransmission and 
hormonal action of CA [2]. TH is related to several 

neurological disorders such as Parkinson’s disease 
(PD), Alzheimer’s disease, Schizophrenia and dystonia. 
The degeneration of TH-positive dopaminergic neurons 
is a hallmark of PD [3]. PD is a neurodegenerative, 
movement disorder affecting about four million people 
worldwide [4] and is expected to impose an ever 
increasing impact on our society, emotionally, socially, 
and financially. PD is characterized by selective 
degeneration of DArgic neurons in the substantia nigra 
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pars compacta (SNc), and the loss of the catecholamine 
neurotransmitter DA in the striatum.
 Recently, natural bioactive substances have  
received great attention for the treatment of 
neurodegenerative disorders. Examination of 
ethnopharmacologic treatments may be a cost effective 
alternative, since naturally occurring compounds have 
been used in the treatment of neurodegenerative 
diseases such as PD [5-7].
 Cordyceps militaris is popular Chinese medicinal 
mushroom, and an entomogenous fungal species 
important for the bio-control of pine moth populations 
[8]. Cordyceps militaris has received extensive attention 
for medical application due to its various physiological 
activities. Cordycepin (3′-deoxyadenosine), one of 
its major bioactive secondary metabolites, exhibits 
antibacterial, antifungal, antitumor/antileukemic, 
antiviral, immunomodulation and anti-inflammatory 
activities [9-12]. Recently, some studies have shown 
that the extract of fruiting bodies of C. militaris 
have anti-inflammatory [13], antioxidant [14] and 
immunomodulatory [15,16] effects. However, there 
is little information on pharmacological actions of the 
cultured fruiting bodies of C.militaris.  Moreover, despite 
the extensive research on several aspects of C. militaris, 
there is a lack of knowledge about the underlying 
mechanism in the regulation of catecholamines by  
C. militaris. Therefore, this study was designed to 
evaluate the effect of the cultured fruiting bodies of  
C. militaris extract on the expression of TH in PC12 cells 
and rat tissues. 

2. Experimental Procedures
2.1 Materials
RPMI1640, fetal bovine serum (FBS), Dulbecco’s 
Phosphate-Buffer Saline (DPBS), TrizolTM reagent, 
and Trypsine-EDTA solutions were purchased from  
the Invitrogen Corporation (USA). Moloney murine 
leukemia virus ribonuclease (M-MLV), oligo  
dT (deoxythymidine) primer, dNTPs (deoxynucleic 
acid triphosphate), Taq polymerase, specific primers  
(for TH and β-actin) and 100 bp DNA ladder were 
purchased from the BioNEER Co. (Korea). Low  
molecular weight protein marker was purchased from 
the BioRad (USA). Bicinchoninic acid (BCA) protein 
assay kit was purchase from the Pierce Co. (USA). 
Other reagents were special grade and purchased 
commercially.

2.2 Cultivation of C. militaris
For this study, C. militaris was purchased from the 
Korea Agricultural Culture Collection (KACC No-40659), 
Korea. To cultivate a stock culture of C. militaris, PDA 
slant were inoculated with mycelia and incubated at 
25°C for 7 days. This culture was then used for the seed 
culture inoculation. The mycelia were transferred to the 
seed culture medium by punching out approximately 
5 mm2 of the slants with a sterilized cutter. This seed 
was inoculated into 500 ml flask containing 200 ml of 
synthetic medium (40 g/l glucose, 10 g/l yeast extract, 
0.5 g/l KH2PO4, 0.5 g/l  K2HPO4•3H2O, and 0.5 g/l MgSO4) 
and incubated at 25°C on a rotary shaker (110 rpm) for 
5 days. To cultivate C. militaris fruiting bodies, 100 g of 
silk worm larva were packed into culture bottles and 
sealed using polypropylene. The bottles were sterilized 
at 121°C for 90 min, inoculated for 20 days at 25°C. 
Once the hyphae of C. militaris reached the bottom of 
the culture bottles, they were moved to a cold room at 
16°C with 95% relative humidity, and placed under an 
incandescent light of 1,000 Lux to induce primordial 
formation. The incubator containing C. militaris was 
ventilated four times a day to provide fresh air.

2.3 Extract Preparation 
Two hundred grams of fruiting bodies of C. militaris  
were extracted with 70% ethanol at room temperature  
for 7 days. The extracts were then filtered and  
evaporated with a rotary evaporator. Following that 
procedure, the residue was stored at -80°C and freeze 
dried. The yield was 6.6%. The dried extract was  
dissolved in phosphate buffered saline (PBS) and filtered 
through 0.45 μm membrane filter (Millipore, Bedford, 
MA, USA) and then stored at 4oC before treating the 
cell.

2.4 Cell Culture and Treatment
Rat pheochromocytoma PC12 cells, purchased from 
Korean Cell Line Bank, were grown in RPMI-1640 
supplemented with 10% fetal bovine serum (FBS), 
L-glutamine (4 mM/l), penicillin (100 units/ml), and 
streptomycin (100 μg/ml) and incubated at 37°C in 
humidified atmosphere at 5% CO2 and 95% air. Cells 
were treated with saline or 10 μM of Forskolin (Fsk), 
10 μM of Reserpine (Res), and 10 μg/ml of Cordyceps 
militaris extracts (CME) for 4 h. For the time course 
study cells were treated with 10 μg/ml of CME for 2, 4, 
and 8 h respectively. The treated cells were harvested 
by trypsinization.
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2.5 Animals and Treatment
Sprague-Dawley male rats (280~320 g), approximately 
3-months-old, were used in all experiments. Animals 
were housed, four per cage and maintained under 
control environmental conditions (22±2oC, 12 h light/dark 
cycle). Food and tap water were available ad libitum. All 
efforts were made to minimize animal suffering and to 
reduce the number of animals used. All experimental 
procedures were performed in accordance with the NIH 
Guide for Care and Use of Laboratory Animals (NIH 
publication No.80-23 revised in 1996) and the related 
ethical regulations of our university.
 Before treatment, rats were weighed, and CME was 
dissolved in phosphate buffered saline (PBS) to achieve 
the desired dose based on the average weight of the 
animals. Rats were treated by gavage with 20 mg/kg 
of CME and decapitated 2, 4, and 8 h after dosing. An 
untreated group of rat was also included, which were 
decapitated at time zero, the time at which the other 
animals were dosed. Control unstressed rats were 
sacrificed immediately after their removal from their 
home cages. 

2.6 Total RNA Isolation
Total RNA was extracted from the frozen tissues and 
cultures using TRIzol (Life Technologies) according to 
the manufacturer’s instructions. 1ml of TRIzol reagent 
was added to the cells harvested from each culture 
flask or 50 mg of rat brain tissue. A total of 200 μl of 
chloroform was then added to extract the RNA into the 
aqueous phase following centrifugation (12 000×g at 
4°C for 15 min). The aqueous phase was removed, the 
RNA was collected by the addition of isopropanol and 
incubated at -20°C for 60 min, followed by centrifugation 
at 12,000×g at 4°C for 15 min. The RNA pellet was 
then washed in 70% ethanol and resuspended in  
20 μl of diethyl pyrocarbonate-treated H2O (DEPC H2O). 
Total RNA was quantified by spectrophotometer, and  
its integrity was established by formaldehyde agarose 
gel electrophoresis.

2.7 Reverse Transcription-Polymerase Chain 
Reaction (RT-PCR)

For the cDNA synthesis, 2 μg of isolated total RNA was 
used as the template in RT-PCR. A 40 μl of RT reaction 
was set up as follows: 2 μg of total RNA was incubated 
with 4 μl of 10 pmol oligo dT primers heated at 65°C for 
10 min, and then immediately stored on ice. The following 
amounts were added to each tube: 0.6 μl of 200 unit 
reverse transcriptase (moloney marine leukemia virus), 
5 μl of 5X reaction buffer, 4 μl of 100 mM DTT, 4 μl of 
2.5 mM dNTPs, 10 μl of cDNA template, and 0.2 μl of 

40 units RNase. Synthesis occurred for 60 min at 42°C, 
followed by treatment at 70°C for 5 min to inactivate the 
RT enzyme. The quality of cDNA was verified by PCR 
amplification of β-actin.

2.8 Polymerase Chain Reaction (PCR) and the 
analysis of PCR products

TH specific primers were designed based on NCBI 
Access No. L22651 (rat tyrosine hydroxylase mRNA); 
forward, 5′-GCTGTCACGTCCCCAAGGTT-3’ and 
reverse 5′- AAGCGCACAAAATACTCCAGG-3’  
for 323 bp of the PCR product. For 
normalization,  β-actin primer was used; forward:  
5’-CCTCTATGCCAACACAGT-3’ and reverse  
5’-AGCCACCAATCCACACAG-3’ for 155 bp of the  
PCR product). The cDNA in the RT product was 
amplified using Taq DNA polymerase. A PCR reaction 
was performed in 20 μl of the total volume, using 10 pmol 
of the corresponding primers. The cDNA was amplified 
under the following reaction conditions: denaturation at 
94°C for 30 s, annealing at 63°C for 45 s for TH, and at 
56°C for β-actin, and polymerization at 72°C for 30 s. 
The cyclic process was performed 35 times for TH, and 
30 times for β-actin. The PCR products were analyzed 
on 1.2% agarose gel and visualized by using ethidium 
bromide. The stained intensity of individual bands was 
evaluated by Gel Quant software (DNR Bio-Imaging 
Systems, USA).

2.9 Immunoblot Assay
Protein was isolated by TRIZOL according to the 
manufacturer’s protocol. Subsequently, the protein 
concentration was determined using a BCA protein 
assay kit (Pierce Co.). 20 μg of the protein extracts were 
separated by SDS-polyacryamide gel electrophoresis 
and then transferred to a PVDF membrane. The 
blots were pretreated with 5% horse serum and then  
incubated with mouse monoclonal antibody (anti-TH, 
0MA-04051, Affinity BioReagents, 1:1000), serving as 
a primary antibody at room temperature for 2 h. The 
blots were washed and incubated with biotinylated 
goat anti-mouse IgG serving as a secondary antibody 
for 2 h. Enzyme productivity was visualized by using 
the Vectastain Avidin-biotin conjugate (ABC) kit 
(Vector, Burlingame, CA), according to manufacturer’s 
instructions. PBS containing 0.05% Tween 20 was used 
as a washing buffer throughout the experiment. A digital 
image system was used to determine the density of the 
bands (Gel Quant, DNR Bio-Imaging Systems, USA).
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2.10 Immunohistochemical Analysis
For immunohistochemical analysis, experimental 
animals were anesthetized with ketamine and perfused 
with saline, followed by 4% paraformaldehyde in 
phosphate buffer (0.1 M, pH 7.4). Brain and stomachs 
were removed, post-fixed in 4% paraformaldehyde for 
24 h, and then transferred to 30% sucrose in 0.1 M 
phosphate buffered saline (PBS) for at least 24 h in 
order to obtain cryoprotection. Coronal 35μm-thick 
sections were cut with a cryostat (Reichert-Jung). 
Endogenous peroxidase activity was blocked with 
0.5% H2O2 in methanol. Non-specific binding sites were 
blocked by incubating the sections in PBS containing 
1.5% normal goat serum (NGS), 0.5% BSA and 0.1% 
Triton X-100. These sections were then incubated for 
24 h in primary antibody (anti-TH, Affinity BioReagents, 
1:500). After removing the primary antibody, sections 
were washed three times with PBS, and incubated in 
peroxidase linked secondary antibody (1:200) for 2 h at 
room temperature followed by three washes with PBS. 
Colour for peroxidase linked antibody was developed 
with DAB as chromogen. Sections were transferred 
on to gelatinized glass slides, dehydrated, cleared, 
mounted in DPX and then cover slips were placed 
on the slides. Finally, sections were viewed under an 
inverted fluorescence microscope (Nikon TE2000), and 
photographs were taken.

3. Results

3.1 Induction of TH mRNA and Protein
To evaluate the in vitro induction of TH mRNA by CME, 
PC12 cells were treated with 10 μg/ml CME, 10 μM 
of Forskolin and 10 μM of Reserpine for 4 h. Related 
induction of TH mRNA was determined by RT-PCR. As 
shown in Figure 1, CME significantly increased the TH 
mRNA levels by 3.7 fold greater than the control, and 
this induction was much greater than in the Forskolin 
and Reserpine treatment. This result suggests that TH 
gene expression was significantly increased with the 
treatment of CME.
 The next object was to examine the time course 
effect of CME on the TH mRNA levels in PC12 cells 
and rat brains. As shown in Figure 2A, maximum level 
of induction (2-2.2 fold) was observed with 10 μg/ml 
of CME at 2 and 4 h respectively. However, 8 h after 
treatment, level of TH mRNA was decreased more than 
the control. 
 To assess the in vivo induction of TH mRNA, rats 
with 20 mg/kg body weight of CME were gavaged and 
euthanized 2, 4, and 8 h after dosing. Related levels 
of TH mRNA were determined by RT-PCR. As shown 
in Figure 2B, maximum induction of TH mRNA was 
observed at 2 h. 

Figure 1. Comparative effect of Forskolin, Reserpine and CME on TH mRNA expression in PC12 cells. Cells were treated with 10 µM of forskolin,  
10 µM of reserpine and 10 µg/ml of CME as described in Experimental Procedures. RNA from each treated cells were analyzed 
separately by RT-PCR. Representative RT-PCR and quantification of relative intensity data are shown for TH mRNA levels. The values 
were normalized to β-actin and expressed as mean ±SD (n=3) with levels of TH mRNA in the saline treated control group taken as 
100%. Con, control treated with saline; Fsk, Forskolin; Res, Reserpine. 

217



Enhancement of tyrosine hydroxylase  
expression by Cordyceps militaris

 Further, the in vitro and in vivo induction of TH at 
protein levels was assessed by employing the Western 
blot method, with the monoclonal anti-TH antibody 
(Affinity BioReagents, Figure 3). As indicated, treatment 
of 10 μg/ml CME to PC12 cells (Figure 3A), and  
20 mg/kg CME to rat (Figure 3B) yielded significant 
increases of TH protein levels of about 1.2-folds above 
the saline treated control.

3.2 Immunohistochemical Analysis of TH gene 
Expression by CME

The expression of TH enzyme in rat brain and stomach 
was evaluated by immunohistochemistry. The results 
showed that TH immunoreactive neurons were located 
in the VTA and SNc portions of the brain (Figure 4). 
TH immunohistochemical staining was significantly 
different in the CME treated groups as compared to 
saline treated animals. Moreover, TH immunoreactive 
neurons have been identified in stomach (Figure 5). TH-
immunohistochemical staining was markedly enhanced 
in the animals treated with CME compared to those in 
the untreated control.

4. Discussion
Cordyceps militaris is one of the well-known medicinal 
entomogenous fungi, and has multiple therapeutic 
functions including antioxidant activity. However, much 
less is known about its effect on the regulation of TH-
gene expression in dopaminergic neurons. The present 
study has clearly demonstrated for the first time that 
CME can induce the expression of the TH gene, both 
in vitro and in vivo at the mRNA and protein levels. 
The expression of TH plays a crucial role in regulating 
the level of catecholamines in the brain and peripheral 
nervous system. It is well known that the generation 
of DA neurons is the most important in PD. Growth 
factors, neurotrophic factors, and bioactive peptides, 
have been shown to increase TH expression in cultured 
cells and tissues as well as supported the survival and 
differentiation of midbrain DA neurons [17-19].
 This study also examined the transcriptional and 
translational changes of the TH gene in response to the 
treatment of CME. The results indicate that there was an 
alteration in TH gene expression in response to the CME 
in a time-dependent manner. Although the mechanism 
for these changes of the TH gene have yet to be 
determined, reports in the literature suggest the activator 
protein 1 (AP1) regulatory element and cAMP response 

Figure 2. Time course effect of CME on TH mRNA levels in PC12 cells (A), and rat brain (B). Cells were treated with 10 µg/ml of CME and rats were 
treated with 20 mg/kg of CME for 2, 4, 8 h as described in Experimental Procedures. Each treatment group was analyzed separately by 
RT-PCR. Representative RT-PCR and quantification of relative intensity data are shown for TH mRNA levels. The values were normalized 
to β-actin and expressed as mean ±SD (n=3) with levels of TH mRNA in the saline treated control group taken as 100%. 0, untreated 
control. 
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element (CRE) possibly are responsible [20-22]. The 
AP1 regulatory element is crucial for PKC-mediated 
induction of TH [23], whereas CRE is necessary, not 
only for basal expression, but also for cAMP-mediated 
up-regulation of TH expression [24]. Significantly, AP1 
and CRE are two of the most important transcriptional 
regulatory elements identified in the promoter region of 
the TH gene. Moreover, Reserpine and forskolin induce 
rapid increases in the TH levels in adrenal glands and 
PC12 cells respectively [25]. In agreement with this 
report, the data once again demonstrated that both 
reserpine and forskolin increases in the TH levels in 
PC12 cells and further increments were observed with 
the use of CME. Abundant data supports a direct role 
for cAMP, PKA, and the TH-CRE, as primary mediators 
of forskolin- and reserpine induced increases in TH 
expression [25].
 The known bioactive compounds in Cordyceps 
species include cordycepin (30-deoxyadenosine) and its 
derivatives, ergosterol, polysaccharides, a glycoprotein 
and peptides containing α-aminoisobutyric acid [26]. 

Recently, it has been demonstrated that cordycepin, a 
major component of C. militaris, can penetrate the blood 
brain barrier (BBB) and kill the Trypanosoma brucei in 
the brain parenchyma of rodents [27]. Investigations 
have reported that cordycepin has a variety of 
pharmacological effects including the stimulation of cAMP 
and cGMP production in platelets [28]. Polysaccharides 
are another active component of C. militaris. Some 
of the polysaccharides isolated from C. militaris, are 
composed of D-glucose, with a major linkage form of  
α-D-glucose [29]. The water-soluble, crude 
polysaccharides obtained from the fruiting bodies of 
cultured C. militaris, possessed strong antioxidant 
activities [14], and showed anti-inflammatory activities 
in mice [29]. It has been reported that CME treatment 
significantly induced the level of IL-18 in mouse 
brains [30], and treatment with C. militaris extract and  
cordycepin, protected hippocampal neurons from 
ischemic injury in gerbils [31]. Recent studies 
have shown that polysaccharides can promote 
neuroprotection [32,33]. It has been documented that 

Figure 3. The expression of TH protein by Western blotting in PC12 cells (A), and rat brain (B). Cells were treated with 10 µg/ml of CME and rats 
were treated with 20 mg/kg of CME. Equal amount (20 µg) of protein was subjected to 12% SDS-PAGE electrophoresis and Western 
blot analysis was carried out using anti-TH (60 kDa) antibody. The values were expressed as mean ±SD (n=3) with levels of TH protein 
in the saline treated control group treated as 100%. 
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Figure 4. Photomicrographs of TH immunostained sections through the substantia nigra in controls (A, C, E) and CME (B, D, F) treated animals. 
Photographs were captured by the inverted fluorescence microscope (Nikon, Eclipse TE 2000-U, Japan) at a magnification of 40 ×, 
200 ×, and 400 ×. Note the increased TH immunoreactivity found in the animals treated with 20 mg/kg CME. SNC, substantia nigra 
compacta; SNR, substantia nigra reticulata; VTA, ventral tegmental area. 

Figure 5. Photomicrographs of TH immunostained sections through the stomach in controls (A, C) and CME (B, D) treated animals and 
Relative counting of Tyrosine hydroxylase-immuno reactive (TH-IR) cells in rat stomach (E). Photographs were captured by the 
inverted fluorescence microscope (Nikon, Eclipse TE 2000-U, Japan) at a magnification of 100 ×, and 400 ×. Note the increased TH 
immunoreactivity found in the animals treated with 20 mg/kg CME. 
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some polysaccharides are indeed able to pass through 
the BBB and protect the brain from various pathological 
factors [34-36]. Since heparin has a polysaccharide 
backbone and has the potential to pass through BBB 
to elicit its protective effects, it shows the possibility 
that other neuroprotective polysaccharides might also 
possess similar properties. Currently it is unknown 
whether CME could pass through BBB. Further 
investigation is needed to confirm this issue.
 Importantly, in the present study, TH immunoreactive 
neurons have been identified in the stomach. Previously, 
TH immunoreactive neurons have been identified in the 
stomach of adult ferrets [37], guinea pigs [38], the entire 
digestive tracts of adult mice [39], and in the dorsal 
motor nuclei of the vagus nerve (DMV) of rats [40] as 
well as in the enteric nervous systems (ENS) derived 
from rat embryonic intestine [41]. Gastrointestinal (GI) 
tracts are able to produce substantial amounts of DA 
from enteric dopaminergic system. It is well known 
that GI function is under the control and regulation of 
the central nervous system (CNS), autonomic and 
ENS. The ENS, also known as ‘brain of the gut,’ is an 
independent integrative nervous system with most of the 
neurophysiological complexities found in the CNS, as it 
regulates GI function [42]. Recently, it has been reported 

that dopamine is an enteric neurotransmitter in humans 
[43] as well as in the mouse ENS [44]. Furthermore, 
Hayakawa et al. [45] and Tsukamoto et al. [40] recently 
suggested that dopaminergic neurons in the DMV might 
be involved in the regulation of activities of stomach.
 TH is often used as specific markers for  
noradrenergic innervation in various tissues [46]. 
Another important finding in our present study is the 
existence of enteric dopaminergic marker. In this study, 
we found TH immunoreactivity not only in the brain but 
also in stomach.
 In conclusion, the present study demonstrates that 
CME increases the expression of TH in PC12 cells, 
rodent brain as well as stomach. This finding may have 
profound implications, and Cordyceps militaris may be a 
potential agent for the treatment of neurodegenerative 
disorders such as PD. 
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