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Introduction

SUMMARY

Aims: Cordycepin plays an important role in modulating the function of central nervous
system (CNS). However, the modulating mechanism is poorly understood. Excitatory syn-
aptic transmission, the essential process in brain physiology and pathology, is critical in the
signal integration activities of the CNS. To further understand the effects of cordycepin on
CNS, we investigated the effects of cordycepin on excitatory synaptic transmission in the
CA1 region of rat hippocampal slices. Methods: The effects of cordycepin on excitatory
synaptic transmission were investigated by using in vitro field potential electrophysiology
and whole-cell patch clamp techniques. Results: Cordycepin significantly decreased the
amplitudes of field excitatory postsynaptic potentials (fEPSPs) elicited in the CA1 by stimu-
lation of the Schaffer-commissural fibers. And the reduction in fEPSPs amplitude was asso-
ciated with an increase in the paired-pulse facilitation. Cordycepin also suppressed o-
amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid (AMPA) and N-methyl-p-aspartic
acid (NMDA) receptor-mediated responses but did not directly affect AMPA receptors and
NMDA receptors. Furthermore, quantal analysis revealed that cordycepin decreased the fre-
quency but not amplitude of miniature spontaneous excitatory postsynaptic currents. Con-
clusions: These results demonstrate that cordycepin suppresses excitatory synaptic
transmission by decreasing the excitatory neurotransmitter release presynaptically, which
provides an evidence for the novel potential mechanism of cordycepin in modulating the
function of CNS.

ischemia/reperfusion insult through its free radical scavenging
activity [11,12]. These results indicate that cordycepin is an

Cordyceps militaris is a rare fungus in traditional Chinese medi-
cine. It has been widely used in China for anti-aging and
nourishing [1] and for the prevention and treatment of a
variety of diseases in the circulatory, immune, respiratory,
and glandular systems [2-4]. Cordycepin (3-deoxyadenosine),
a major functional component of Cordyceps millitaris [5], has
been shown to have antitumor [6], anti-inflammatory [7], an-
tidiabetic [8], and renoprotective effects [9]. Besides, increas-
ing evidences also indicated that cordycepin may play an
important role in modulating the function of central nervous
system (CNS). It was reported that the extract of C. millitaris
prevented neuronal death and ameliorated f-amyloid peptide-
induced memory deficits in rats [10]. Cordycepin has signifi-
cant neuro-protective effects against damage resulting from
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important mediator in the neuroinflammatory responses in
brain trauma, ischemic brain injury, and some neurodegenera-
tive disorders including f-amyloid peptide-induced-Alzheimer’s
disease.

Our previous study has shown that cordycepin can decrease
the neuron activity through membrane hyperpolarization [13],
which indicated a novel potential mechanism of cordycepin in
modulating the responses of CNS by adjusting its electrophysi-
ologic properties. To better understand the modulating func-
tion of cordycepin on the CNS, we examined the effects of
cordycepin on excitatory synaptic transmission in the CAl
region of rat hippocampal brain slices by using in vitro field
potential electrophysiology and whole-cell patch clamp tech-
niques.
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Material and Methods
Chemicals and Regents

Chemicals used for making artificial cerebrospinal fluid (ACSF),
tetrodotoxin (TTX), ATP-Na, 6-cyano-7-nitroquinoxaline-2,3-di-
one (CNQX), DL-2-Amino-5-phosphonovaleric acid (APV), and
bicuculline were purchased from Sigma Co. (St. Louis, MO, USA).
Cordycepin with a purity of more than 98% was provided from
our university [14]. Cordycepin was dissolved in ACSF at concen-
tration of 10, 20, 50, and 100 mg/L, and its effects were tested by
bath perfusion (solution exchange was completed in about 30 sec-
onds).

Preparation of Hippocampal Brain Slices

The care and use of animals and the experimental protocol of
this study were approved by the Institutional Care and Use
Committee of our university. All experiments were performed
on the CAl region of hippocampal brain slices prepared from
15 to 30 days old Sprague-Dawley rats as described previously
[15]. Briefly, animals were anesthetized with isoflurane and
decapitated. The brains were quickly removed from cranial cav-
ity and placed into an ice-cold (~4°C) oxygenated ACSF con-
taining (mM): NaCl 117, KCl 4.7, MgCl, 1.2, NaH,PO, 1.2,
NaHCO; 25, CaCl, 2.5, p-glucose 10, and saturated with 95%
0,/5% CO,, pH 7.4. The hippocampus was dissected free, and
transverse hippocampal slices (400 um in thickness) were cut
using a tissue chopper. Slices were allowed to recover for at
least 1 h prior to experiments. Individual slices were transferred
to a recording chamber, which was continually perfused with
ACSF at a rate of 4 mL/min. All experiments were performed at
room temperature (22-25°C).

Field Excitatory Postsynaptic Potentials
Recording

Field excitatory postsynaptic potentials (EPSPs) were recorded in
CAl region with recording electrodes (filled with 2 M NaCl) made
from borosilicate glass capillaries (World Precision Instruments,
Sarasota, FL, USA). Field EPSPs were evoked by electrical stimula-
tion of the Schaffer-collateral fibers/commissural pathway with a
bipolar nichrome-stimulating electrode. The stimulation intensity
was adjusted initially to produce typical value between 1.5—
2.5 mV on the amplitude of half-maximal fEPSPs, and sampling
was carried out using pulses delivered once every 20 seconds. In
the experiments in which paired-pulse facilitation (PPF) was elic-
ited, a paired-pulse stimulus at interpulse intervals of 25 millisec-
onds was applied once every 20 seconds. Recordings were
collected until a stable baseline was present for 10-20 min; if this
condition did not occur the slice was not included in the study.
After establishing baseline conditions, the effects of cordycepin
were tested by bath application for 15 min. Synaptic responses
mediated by «-amino-3-hydroxy-5-methyl-4-isoxazole-propionic
acid (AMPA) receptors were measured by pretreatment with N-
methyl-p-aspartic acid (NMDA) receptor antagonist APV (50 uM),
and NMDA receptor-mediated synaptic responses were measured
by changing the ACSF to a low concentration of MgCl, (50 uM)
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and infusing the AMPA receptor antagonist CNQX (10 uM) [16].
Field EPSPs were digitized and stored, and measures of amplitude
were collected online.

Whole Cell-Current Recording

Recordings were performed in whole-cell voltage-clamp configu-
ration. The resistance of the recording electrodes was 3-5 M)
when filled with intracellular solution. For recording miniature
spontaneous excitatory postsynaptic currents (mEPSCs), the intra-
cellular solution was composed of the followings (mM): K-gluco-
nate 140, MgCl, 2, Na-ATP 2, Na-GTP 0.2, EGTA 5, HEPES 10, pH
7.3; osmolarity was adjusted to 320 mOsm with sucrose. mEPSCs
were recorded under voltage clamp at —70 mV in the presence of
100 uM APV, 30 uM bicuculline and 1 uM TTX. The recorded
neuronal cells were allowed to stabilize for 5-10 min till the stable
conditions. The effects of cordycepin were tested by bath perfusion
for 3 min.

Data were acquired by Clampex 9.2 (Molecular Devices, Sunny-
vale, CA, USA) via a digidata 1322 series A/D board set to a sam-
pling frequency of 10 kHz. After whole-cell access was achieved,
the series resistance was partially compensated by the amplifier.
Both input resistance and series resistance were monitored
throughout the experiments. Only those recordings with a stable
series resistance ( <20 M) and input resistance were accepted.

Data Analysis

To characterize the effects of cordycepin on the evoked field
potentials in the hippocampal CA1 region, the mean of the fEPSPs
amplitudes recorded under stable conditions at the start of the
experiment was taken as the baseline, and the amplitudes follow-
ing drug application were expressed as a percentage of baseline. In
the experiments in which PPF was elicited, the PPF ratio was cal-
culated by dividing the mean peak amplitude of the second fEPSPs
by the mean peak amplitude of the first one. When calculating the
effects of cordycepin on the AMPA receptor or NMDA receptor-
mediated synaptic responses, the mean of the fEPSPs amplitudes
recorded from steady-state stage under the pretreatment of the
NMDA receptor antagonist APV or AMPA receptor antagonist
CNQX was taken as the baseline.

Miniature synaptic events of mEPSCs were counted and ana-
lyzed offline using Mini Analysis software (version 6.0.3; Synapto-
soft, Decatur, GA, USA) and Igor 6.0 (OriginLab, Northampton,
MA, USA). The peak amplitude threshold for detection of an event
was set at the level five times higher than the root-mean-square
noise. All deflections from baseline that were greater than the
threshold were detected. Selected events were then visually
examined, and any spurious events were manually rejected,
whereas any missed events were flagged for inclusion in the mean
amplitude and frequency calculations. Frequencies were calcu-
lated by dividing the total number of mEPSCs events by the total
time sampled.

All data were presented as mean + SEM, unless otherwise indi-
cated. Statistical significance of difference was calculated using
Student’s paired -test or the Kolmogorov—Smirnov test. A level of
confidence of P <0.05 was employed for the statistical
significance.
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Results

Reduction in fEPSPs by Cordycepin in
Hippocampal Slices

The effects of cordycepin on the synaptic responses elicited in the
CA1 by stimulation of the Schaffer-commissural fibers are illus-
trated in Figure 1. Bath perfusion of hippocampal slices with cord-
ycepin profoundly suppressed the amplitude of fEPSPs in a
concentration-dependent manner. The cordycepin-mediated
decrease in fEPSPs appeared 1-3 min after cordycepin reached the
chamber. It peaked at 5-10 min and recovered gradually to the
baseline level after washout out in 5-30 min, indicating that the
effects of cordycepin are reversible. At concentrations of 10, 20,
50, and 100 mg/L, the resultant percentages of fEPSPs amplitudes
were decreased to 90.6 £ 10.68% (8 slices, 5 animals),
50.29 £ 29.22% (12 slices, 6 animals), 32.01 + 19.92% (10
slices, 6 animals), and 0 (6 slices, 4 animals), respectively (Fig-
ure 1); the recovered time to the baseline level after washout out
was 3-5, 5-10, 10-30, and 30-60 min, respectively. As the con-
centration of 20 mg/L was found to significantly decrease fEPSPs
(P < 0.01) and recovered quickly after washout, this concentra-
tion was adopted for the subsequent tests.

Cordycepin Increases Paired-Pulse Facilitation

PPF is a short-term presynaptic plasticity, and the change in PPF
ratio reflected the alterations in synaptic efficacy, determined by
the probability of neurotransmitter release [17]. We examined the
PPF ratio during application of cordycepin to verify a possible
effect of presynaptic release of glutamate. In all 12 fEPSPs record-
ings (12 slices, 6 animals), cordycepin-induced reduction in fE-
PSPs amplitude (to 48 £ 12% of the baseline, P < 0.01) was
associated with a significant increase in PPF ratio (2.88 + 0.41 for
cordycepin treatment and 1.22 4+ 0.17 for the control, P < 0.01)
(Figure 2A,B). These results indicate a decrease in fEPSPs
amplitude caused by cordycepin is attributable to a decrease in the
amount of neurotransmitter release presynaptically.
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Figure 1 Effects of cordycepin on fEPSPs elicited in the CA1 region by
stimulation of the Schaffer-commissural fibers. Sample traces (top) show
fEPSPs recorded before, during, and after bath application of cordycepin
(20 mg/L). The bottom graph shows time courses of the effects of
different concentrations of cordycepin (10, 20, 50, and 100 mg/L) on the
amplitude of fEPSPs. Note that in this and in the following figure, each
data point in the graph plots, the average of the peak amplitudes of three
concecutive fEPSPs and expressed as a percentage of basal values. Bath
application of cordycepin is indicated by a horizontal bar.
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Figure 2 Effects of cordycepin at 20 mg/L on the paired-pulse facilitation
(PPF). (A) Sample traces (top) show fEPSPs recorded by a paired-pulse
stimulus  (25-millisecond interval) before, during, and after bath
application of cordycepin. Bottom graph shows that the PPF ratio was
increased markedly in the presence of cordycepin, each data point in the
graph was calculated by dividing the mean peak amplitude of the second
fEPSPs (P2) by the mean peak amplitude of the first one (P1). (B) Statistical
data show cordycepin significantly increased PPF ratio. **P < 0.01 as
compared with control.

Effect of Cordycepin on AMPA and NMDA
Receptor-Mediated Responses

We examined the involvement of NMDA receptors on the
cordycepin effect, by applying cordycepin in the presence of
the NMDA receptor antagonist APV. Because AMPA receptors
were entirely responsible for the postsynaptic response in the
regular ACSF medium, pretreated APV did not induce signifi-
cant changes in synaptic responses elicited in the CAl region
by stimulation of the Schatfer-commissural fibers (Figure 3A);
this synaptic response can be entirely blocked by CNQX, a
potent and selective inhibitor of the AMPA receptor (Fig-
ure 3A). In the presence of APV, cordycepin produce an appar-
ent decrease on the AMPA receptor-mediated responses
(Figure 3A,B). The resultant percentage of AMPA receptor-
mediated fEPSPs amplitudes was decreased to 45.34 + 19.18%
(9 slices, 7 animals) (Figure 3B). No significant difference was
detected when compared to cordycepin alone (Figures 1 and
3B) (P> 0.05). This blockade of NMDA receptors indicates that
NMDA receptors are not involved in the cordycepin-mediated
decrease in the synaptic response recorded in the CAl region.
Additionally, the involvement of AMPA receptors on the effects
of cordycepin was also measured following infusion of 10 uM
CNQX, in slices maintained in low-magnesium medium
throughout the experiment. CNQX eliminates 40-50% of the

© 2013 Blackwell Publishing Ltd
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Figure 3 Effects of cordycepin on a-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid (AMPA) and N-methyl-o-aspartic acid (NMDA) receptor-
mediated responses. (A) A representative experiment to examine the involvement of NMDA receptors in cordycepin functions, by applying cordycepin in
the presence of the NMDA receptors antagonist pL-2-amino-5-phosphonovaleric acid (APV). (B) Time courses of the effects of cordycepin applied alone
(open circles) or applied under the pretreatment of APV (black circles). (C) A representative experiment to examine the involvement of AMPA receptors in
cordycepin functions, by applying cordycepin in the presence of the AMPA receptor antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX). (D) Time
courses of the effects of cordycepin applied alone (open circles) or applied under the pretreatment of CNQX (black circles).

amplitude of fEPSPs elicited in the CAl region by stimulation
of the fibers. The component that
remains is magnesium-sensitive and demonstrated to be
blocked by the NMDA receptor antagonist, APV (Figure 3C).
Cordycepin produced an apparent decrease on NMDA receptor-
mediated responses (Figure 3C,D). The resultant percentage of
NMDA receptor-mediated fEPSPs amplitudes was decreased to
42.86 + 13.33% (8 slices, 6 animals) (Figure 3C,D), no signifi-
cant difference was detected when compared to cordycepin
alone (P> 0.05) (Figures 1 and 3D), indicating AMPA recep-
tors are not involved in the cordycepin-mediated reduction in
CA1 fEPSPs.

Schaffer-commissural

Cordycepin Decreases the Frequency of mEPSCs
Without Alteration in Their Amplitude

As suggested by the experiments above, we then examined
the effects of cordycepin on the mEPSCs to further determine
whether cordycepin acts only on presynaptic terminal or both
including postsynaptic component because spontaneous mE-
PSCs are believed to be the postsynaptic response to a single
spontaneously released synaptic vesicle. Changes in the fre-
quency of mEPSCs are thought to result from modification of
the presynaptic component of synaptic transmission, while
changes in the amplitude of mEPSCs indicate alterations in
the postsynaptic component [18,19]. The neuronal cells
recorded in the CAl region exhibited mEPSCs, while the
membrane potential was held at —70 mV (Figure 4A). Bath
application of cordycepin decreased the frequency of the mE-

© 2013 Blackwell Publishing Ltd

PSCs occurrence in all neurons recorded. Overall, the mEPSCs
frequency was decreased significantly to 42.9 + 13.5% of the
control in response to cordycepin (12 slices, 5 animals;
P < 0.01) (Figure 4A,B,D). As for the amplitude of mEPSCs,
there was no significant change with cordycepin application
(93.8 £ 5.36% of control) (Figure 4A,C,D). These results sug-
gest that cordycpin decreases glutamatergic synaptic transmis-
sion in the CAl region of rat hippocampus via a presynaptic
mechanism, which is consistent with experiments above, and
the mechanism in decreasing neurotransmitter release is
strongly recommended.

Discussion

In the present study, we found that bath application of cordycepin
decreased fEPSPs recorded in the Schaffer-collateral to CA1 syn-
apses of rat hippocampal slices (Figure 1), indicating that the
excitatory synaptic transmission is reduced in cordycepin-treated
hippocampal slices. Many cellular mechanisms could contribute
to this change of transmission, including presynaptic transmitter
release, and postsynaptic receptor quantity and efficacy. PPF is a
short-term presynaptic plasticity, and changes in the PPF ratio
reflect alterations in synaptic efficacy which is determined by the
probability of neurotransmitter release [17]. Interestingly, our
results demonstrate that a cordycepin-induced reduction in fE-
PSPs amplitude is associated with a significant increase in the PPF
ratio. This suggests that the decrease in fEPSPs amplitude caused
by cordycepin is attributable to a decrease in the amount of neuro-
transmitter release presynaptically. Furthermore, cordycepin also

CNS Neuroscience & Therapeutics 19 (2013) 216-221 219
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Figure 4 Effects of cordycepin on mEPSCs frequency and amplitude in
CA1 pyramidal neurons in hippocampal slice. (A) Sample traces represent
mEPSCs recorded in a CA1 pyramidal neuron in the whole process of
cordycepin treatment. (B) Graph shows that cordycepin decreased
mMEPSCs frequency. (C) Cumulative amplitude distribution of mEPSCs
shows that cordycepin did not change the amplitude of mMEPSCs
(Kolmogorov-Smirnov test, P > 0.05). (D) Summary of changes in
mMEPSCs frequency (left white bars) and amplitude (right gray bars)
induced by cordycepin. The frequency and the amplitude of mEPSCs
before cordycepin application were defined as control and normalized to
100%. Membrane holding potential —70 mV. **P < 0.01 as compared
with control.

decreased AMPA and NMDA receptor-mediated responses
through the use of NMDA and AMPA receptor antagonists APV
and CNQX, respectively (Figure 3A,C). However, the resultant
percentage decrease in AMPA or NMDA receptor-mediated fEPSPs
amplitudes was not altered when compared with those observed
with cordycepin alone (Figure 3B,D), implying that cordycepin
does not directly affect NMDA or AMPA receptor-mediated
responses. These results suggest that the cordycepin-induced
decrease in AMPA and NMDA receptor-mediated responses is sim-
ply a consequence in the reduction in presynaptic mechanism.
This idea was further supported by observing quantal release.
Analysis revealed that cordycepin decreased the frequency but
not amplitude of mEPSCs. Supporting this concept, it is believed
that the frequency of mEPSCs results from modification of the
presynaptic component, and changes in the amplitude of mEPSCs
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indicate alterations in the postsynaptic component [18,19]. Taken
together, our data indicate that cordycepin suppresses synaptic
transmission via a presynaptic mechanism, decreasing in neuro-
transmitter release is strongly recommended.

The biologic significance as well as pathophysiological mecha-
nism of cordycepin-induced reduction in excitatory synaptic
transmission remains to be determined. Previous studies have
shown that excessive activation of postsynaptic glutamate recep-
tors, such as AMPA receptors and NMDA receptors, has been
implicated in the pathophysiology of stroke, epilepsy, traumatic
brain injury, ischemic brain injury, and varieties neurodegenera-
tive disorders including f-amyloid peptide-induced-Alzheimer’s
disease [20-22]. Additionally, extrasynaptic glutamate receptors
like NMDA receptors are also associated to excitotoxic neuronal
death, which may be activated by glutamate spillover from syn-
apses or by ectopic release of glutamate from astrocytes [23,24].
Furthermore, astrocytes can not only adjust the extrasynaptic
NMDA receptors function but modulate synaptic transmission by
affecting presynaptic receptors and regulating presynaptic neuro-
transmitter release. Astrocyte dysfunction is causative of hyperex-
citation and neurotoxicity [23,25]. Therefore, the suppression of
excitatory synaptic transmission by reducing presynaptic gluta-
mate release in cordycepin-treated hippocampal slices detected in
our experiments may result from direct action of cordycepin on
presynaptic terminals or/and affecting through neuron-astrocyte
signaling pathway. No matter to which, one important common
pathophysiological mechanism of excitotoxic neuronal death may
result from an extended neuronal depolarization induced by
excess/excitotoxic glutamate exposure [21,22]. Interestingly, our
previous study showed that cordycepin could reduce neuronal
activity by inducing membrane hyperpolarization [13]. In combi-
nation with our previous study [13], the results in this study poses
a strong insight that the suppression effect of cordycepin on the
excitatory synaptic transmission is an important mechanism
involved in the affections of neuron membrane hyperpolarization.
This pathway may in turn contribute to the protective effects of
cordycepin on CAl neurons from glutamate excitotoxicity dam-
age in the pathogenesis of postischemic cell death and other ex-
citotoxic disorders.

In conclusion, the present work demonstrates that cordycepin
suppresses excitatory synaptic transmission in rat hippocampal
slices by reducing presynaptic transmitter release, which provides
an evidence for a novel potential mechanism of cordycepin in
modulating the function of CNS. Although the biologic signifi-
cance of cordycepin-induced reduction in excitatory synaptic
transmission is unclear at present, it may represent a neuromodu-
latory action for cordycepin in the CNS [11-13].
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