
www.kjpp.net Korean J Physiol Pharmacol 2019;23(6):483-491483

Korean J Physiol Pharmacol 2019;23(6):483-491
https://doi.org/10.4196/kjpp.2019.23.6.483

Author contributions: L.H.Y. and L.P.H. designed research; L.H.Y., J.W., C.L., 
S.W., and G.L. performed research; L.H.Y., S.W., W.M., Z.B.L., and L.P.H. ana-
lyzed data; L.H.Y. and L.P.H. wrote the paper. 

This is an Open Access article distributed under the terms 
of the Creative Commons Attribution Non-Commercial 

License, which permits unrestricted non-commercial use, distribution, and 
reproduction in any medium, provided the original work is properly cited.
Copyright © Korean J Physiol Pharmacol, pISSN 1226-4512, eISSN 2093-3827

INTRODUCTION
Alzheimer’s disease (AD) is an age-related neurodegenerative 

disease of the central nervous system (CNS) with progressive 
cognitive impairment. It is the most common type of senile de-
mentia, accounting for 65%–70% of cases [1,2]. By the middle of 
the century, the number of people suffering from this disease in 
the United States is expected to be 13.8 million, resulting in a seri-
ous burden on public health and society [2]. AD is characterized 
by a loss of neuropil and development of extracellular plaques 
and intracellular neurofibrillary tangles [1,3]. In the last few de-

cades, excitotoxicity has been found to contribute to neuronal 
degeneration in many acute and chronic CNS diseases, such as 
ischemic stroke, epilepsy, and AD [4,5]. A previous study also 
reported that excessive neuronal membrane depolarization and 
neuronal hyperactivity were the main causes of excitotoxic neu-
ronal death [6]. Acute excitotoxicity is thought to be mediated by 
excessive neuronal membrane depolarization. This results in an 
osmotic imbalance when countered by an influx of Na+, Cl–, and 
water, eventually leading to the rupture of cell membranes [7]. 
Many studies demonstrated that neuronal hyperactivity was also 
directly associated with β–amyloid (Aβ), and that restored bal-
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ABSTRACT Cordycepin exerts neuroprotective effects against excitotoxic neuronal 
death. However, its direct electrophysiological evidence in Alzheimer’s disease (AD) 
remains unclear. This study aimed to explore the electrophysiological mechanisms 
underlying the protective effect of cordycepin against the excitotoxic neuronal insult 
in AD using whole-cell patch clamp techniques. β-Amyloid (Aβ) and ibotenic acid 
(IBO)–induced injury model in cultured hippocampal neurons was used for the pur-
pose. The results revealed that cordycepin significantly delayed Aβ + IBO–induced 
excessive neuronal membrane depolarization. It increased the onset time/latency, 
extended the duration, and reduced the slope in both slow and rapid depolarization. 
Additionally, cordycepin reversed the neuronal hyperactivity in Aβ + IBO–induced 
evoked action potential (AP) firing, including increase in repetitive firing frequency, 
shortening of evoked AP latency, decrease in the amplitude of fast afterhyperpolar-
ization, and increase in membrane depolarization. Further, the suppressive effect of 
cordycepin against Aβ + IBO–induced excessive neuronal membrane depolarization 
and neuronal hyperactivity was blocked by DPCPX (8-cyclopentyl-1,3-dipropylxan-
thine, an adenosine A1 receptor–specific blocker). Collectively, these results revealed 
the suppressive effect of cordycepin against the Aβ + IBO–induced excitotoxic neu-
ronal insult by attenuating excessive neuronal activity and membrane depolariza-
tion, and the mechanism through the activation of A1R is strongly recommended, 
thus highlighting the therapeutic potential of cordycepin in AD.  
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anced activity ameliorated Aβ toxicity [8,9]. Ibotenic acid (IBO), 
a glutamate analog excitotoxin, activated the NMDA receptor 
[10-12]. Previous studies confirmed that Aβ increased neuronal 
sensitivity to excitotoxic insults [13]. Thus, to better mimic the 
excitotoxic neuronal insults of AD, a low dose of excitotoxin, IBO, 
was administered along with Aβ into the primary cultured hip-
pocampal neurons in the present study.

Cordycepin is a natural herbal functional component isolated 
from Cordyceps militaris. It possesses a wide range of biological 
effects, including anti-tumor, anti-diabetic, anti-oxidant, and 
anti-inflammatory activities [14-16]. Recent evidence suggests 
that cordycepin can exert neuroprotective effects on the CNS [17-
19]. Treatment with cordycepin can help recover from neuronal 
death caused by lipopolysaccharide-induced microglial activation 
via the anti-inflammatory effects [18]. Cheng et al. [19] found that 
cordycepin could decrease the excitotoxicity of excitatory amino 
acids and block free radicals in cerebral ischemia/reperfusion in-
jury. Additionally, cordycepin has been reported to exert suppres-
sive effects against hypoxia-induced membrane depolarization on 
hippocampal CA1 pyramidal neurons, improving the neuronal 
electrophysiological function [20]. These results indicate that 
cordycepin has a protective effect on the CNS against excitotoxic 
neuronal damage via inhibiting the neuronal hyperexcitability. 
A previous study also found that cordycepin reduced glutamate-
induced neuronal excitotoxicity via an adenosine A1 receptor 
(A1R) [5]. As one of the adenosine receptor subtypes, A1R is 
mainly expressed in the CNS, especially in the cortex, cerebellum, 
thalamus, and hippocampus [21]. Thus, it has been speculated 
that A1Rs are involved in regulating the CNS function. Cordy-
cepin (3’-deoxyadenosine) is an adenosine analog. The structure 
of cordycepin comprises a purine (adenine) nucleoside molecule 
attached to a ribose sugar (ribofuranose) moiety via a β-N9-
glycosidic bond. These characteristics indicate that the protective 
effect of cordycepin on the CNS may be closely associated with 
A1R. A recent study has confirmed the speculation that cordyce-
pin exerts neuroprotective effects by inhibiting Aβ-induced hip-
pocampal neuronal apoptosis via activating A1R [22]. 

Excessive neuronal membrane depolarization and neuronal 
hyperactivity are the main causes of excitotoxic neuronal death [6]. 
Therefore, in the present study, a combination of Aβ and IBO was 
first applied to primary cultured hippocampal neurons to mimic 
the excitotoxic neuronal damage model of AD. Then, the neuro-
protective effect of cordycepin and its underlying mechanisms 
were detected by evaluating the neuronal membrane depolariza-
tion and neuronal action potential (AP) firing using whole-cell 
patch clamp techniques.

METHODS

Chemicals and reagents

Aβ25–35 was dissolved in DMSO to a stock concentration of 4 
mM, and a concentration of 10 μM Aβ25–35 was employed in the 
present study. The short fragment represented the core functional 
domain of the full-length Aβ peptide that self-assembled to form 
a predominantly β-sheet structure [23]. Therefore, Aβ25–35, instead 
of full-length Aβ, was used in this study to investigate the neuro-
toxic properties of Aβ in vitro. IBO was dissolved in DMSO to a 
stock concentration of 60 mM, and a final concentration of 0.15 
mM IBO was used. Cordycepin was dissolved in an external solu-
tion to a stock concentration of 1.2 mM, and a final concentration 
of 0.2 mM cordycepin was used. DPCPX (A1R-specific blocker) 
was dissolved in DMSO to a stock concentration of 2 mM, and 
a final concentration of 1 μM DPCPX was used. Caffeine (ad-
enosine A2A receptor (A2AR) antagonist) was dissolved in DMSO 
to a stock concentration of 2 mM, a final concentration of 1 μM 
caffeine was used. The components of the external solution for 
electrophysiological recordings were as follows: 117 mM NaCl, 4.7 
mM KCl, 1.2 mM MgCl2, 1.2 mM NaH2PO4, 25 mM NaHCO3, 
2.5 mM CaCl2, and 10 mM D-glucose. The pH level was adjusted 
to 7.4 using NaOH. The patch pipette solution for recording com-
prised the following: 140 mM K-gluconate, 2 mM MgCl2, 2 mM 
CaCl2, 2 mM Na-ATP, 0.2 mM Na-GTP, 5 mM EGTA, and 10 
mM HEPES. The internal solutions were adjusted to a pH of 7.3 
using KOH. Cordycepin with 98% purity was provided by South 
China Normal University, and other drugs were purchased from 
Sigma–Aldrich (MO, USA).

Primary hippocampal neuronal culture

The care and use of animals and the experimental protocol of 
this study were approved by the Institutional Care and Use Com-
mittee of Jiangxi Science and Technology Normal University (ap-
proval no. SCXK2013-0004). Primary hippocampal neurons were 
prepared from postnatal day 0–2 Sprague–Dawley rats, as de-
scribed in a previous study with some modifications [24]. Briefly, 
the hippocampus was transferred to the dissociation buffer 
containing calcium- and magnesium-free Hank’s balanced salt 
solution and subsequently digested with 0.025% trypsin–EDTA 
for approximately 15 min at 37°C, followed by trituration with 
pipettes in the plating media (DMEM with 10% fetal bovine se-
rum and 25 μg/ml penicillin/streptomycin). The cells were rinsed 
twice, counted, and plated onto glass coverslips precoated with 
0.1 mg/ml poly-D-lysine. They were cultured for 6 h, following 
which the medium was changed to the neuronal culture medium 
(neurobasal medium containing 2 mM glutamine supplement, 2% 
B27, and 12 μg/ml penicillin/streptomycin). Further, half of the 
medium was changed twice a week. All the cells were grown at 
37°C in 5% CO2, and grown again for 10 more days before start-
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ing the experiments. Unless otherwise mentioned, all the media 
and supplements used for cell culture were obtained from Gibco 
(Carlsbad, CA, USA). 

Electrophysiological recordings

The membrane potential and the neuronal AP firing were re-
corded using the conventional whole-cell patch clamp technique 
under current-clamp configurations. The recording electrodes 
were fabricated from borosilicate glass pipettes (Sutter Instru-
ments, Novato, CA, USA) using a Flaming–Brown puller (P-97; 
Sutter Instruments). The resistance of the recording electrodes 
was 3–5 MΩ. The recorded neuronal cells were allowed to sta-
bilize for approximately 3 min after the rupture of patches. Data 
were acquired using MultiClamp 700B (Axon Instruments, Fos-
ter City, CA, USA) and digitized using Digidata 1440A (Axon 
Instruments) at a sampling frequency of 10 kHz. All experiments 
were conducted at room temperature (22°C–25°C).

Data analysis 

The CA1 pyramidal neurons with a resting membrane potential 
more negative than −60 mV were used for the study. pClamp 10.4 
(Axon Instruments) and Origin Pro 8.0 (Origin Lab, Northampton, 
MA, USA) were used for data acquisition and analysis. 

The electrophysiological parameters were measured as de-
scribed in previous studies [20,25,26]. The latency of rapid depo-
larization was measured from the time of drug application to the 
time of the onset of rapid depolarization, which was estimated by 

speculating the slope of rapid depolarization to the slope of slow 
depolarization. The onset time given in Table 1 was the time of 
drug application to the time of the onset of slow depolarization. 
The threshold point given in Table 2 was the point at which the 
initial slow depolarization transitioned to a more rapid depolar-
ization. The endpoint of rapid depolarization presented the peak 
potential of rapid depolarization (Table 2). The amplitude (Table 
2) was measured between the threshold potential and the peak 
potential of rapid depolarization. The time between the onset of 
the stimulus and the first evoked AP was measured as the evoked 
AP latency. The AP duration was measured as the AP width at 
the threshold. The amplitude of the fast afterhyperpolarization 
(fAHP) was measured as the deviation from the beginning of the 
threshold potential ≤ 5 ms after the peak of a single AP. 

The results were presented as mean ± standard error of mean. 
The statistical significance of the difference was calculated using 
the two-tailed Student t-test (comparison between two groups) or 
the least significant difference test (multiple-comparison test). A 
level of confidence of p < 0.05 was used for statistical significance.

RESULTS

Cordycepin significantly delayed the Aβ + 
IBO–induced excessive neuronal membrane 
depolarization

The effects of drugs on the changes in the membrane potential 
of cultured hippocampal neurons were recorded at zero holding 

Table 1. Effects of cordycepin on β-amyloid (Aβ) + ibotenic acid (IBO)–induced slow membrane depolarization properties recorded in pri-
mary hippocampal neurons

Groups
Slow membrane potential depolarization

Onset time (sec) Duration (sec) Amplitude (mV) Slope (mV/s)

Aβ + IBO (n = 13) 14.5 ± 1.4 12.9 ± 2.1 4.52 ± 0.41 0.42 ± 0.06
Cor + Aβ + IBO (n = 16)  57.0 ± 7.0**  31.1 ± 4.2** 4.18 ± 0.30  0.16 ± 0.06**
DPCPX + Cor + Aβ + IBO (n = 12)  15.7 ± 1.4##  13.8 ± 1.4## 4.42 ± 0.29  0.37 ± 0.05##

Caffeine + Cor + Aβ + IBO (n = 14)  62.4 ± 10.9**  35.0 ± 5.9** 3.98 ± 0.41  0.12 ± 0.03**

Values are presented as mean ± standard error of mean. Cor, cordycepin. **p < 0.01, compared with the Aβ + IBO group; ##p < 0.01, 
compared with the Cor + Aβ + IBO group.

Table 2. Effects of cordycepin on β-amyloid (Aβ) + ibotenic acid (IBO)–induced rapid membrane depolarization properties recorded in pri-
mary hippocampal neurons

Groups
Rapid membrane potential depolarization

Latency (sec) Threshold (mV) Peak potential (mV) Amplitude (mV) Slope (mV/s)

Aβ + IBO (n = 13) 27.5 ± 3.8 –58.1 ± 1.3 –23.2 ± 2.9 35.2 ± 3.17 2.25 ± 0.22
Cor + Aβ + IBO (n = 16) 93.2 ± 9.7** –56.9 ± 0.6 –27.0 ± 3.1 30.4 ± 3.26 1.08 ± 0.12**
DPCPX + Cor + Aβ + IBO (n = 12) 32.9 ± 3.7## –58.3 ± 1.3 –22.6 ± 2.7 36.2 ± 3.31 2.01 ± 0.43#

Caffeine + Cor + Aβ + IBO (n = 8) 99.5 ± 11.8** –56.2 ± 1.0 –26.0 ± 3.2 30.7 ± 2.89 1.06 ± 0.14**

Values are presented as mean ± standard error of mean. Cor, cordycepin. **p < 0.01, compared with the Aβ + IBO group; #p < 0.05, ##p 
< 0.01, compared with the Cor + Aβ + IBO group.
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current before and after drug application. The rats were divided 
into the following groups: control (without drug treatment); Aβ + 
IBO; Cor (coapplication of Aβ + IBO and cordycepin); DPCPX (DP-
CPX, cordycepin, and Aβ + IBO); and caffeine (caffeine, cordyce-
pin, and Aβ + IBO). In the control group, the resting membrane 
potential was steady during recording. Slow depolarization and 
rapid depolarization were observed in the other four groups (Fig. 
1). In the Aβ + IBO group, the onset time of slow depolarization 
was 14.5 ± 1.4 sec. The amplitude of slow depolarization was 4.52 ± 
0.41 mV, and the slow depolarization lasted for 12.9 ± 2.1 sec with 
a positive slope of 0.42 ± 0.06 mV/s. Cordycepin extended the on-
set time (57.0 ± 7.0 sec) and duration (31.1 ± 4.2 sec) and reduced 
the slope of slow depolarization (0.16 ± 0.06 mV/s) significantly 
compared with the Aβ + IBO group (p < 0.01). The protective 
effects of cordycepin to delay the Aβ + IBO–induced neuronal 
membrane slow depolarization were blocked by pretreatment 
with DPCPX in terms of onset time (15.7 ± 1.4 sec), duration (13.8 ± 1.4 
sec), and slope of slow depolarization (0.37 ± 0.05 mV/s) compared 
with the Cor group (p < 0.01). In the caffeine group, no signifi-
cant difference in the onset time (62.4 ± 10.9 sec), duration (35.0 
± 5.9 sec), and slope of slow depolarization (0.12 ± 0.03 mV/s) was 
found compared with the Cor group (Table 1).

In the Aβ + IBO group, slow depolarization reached a thresh-
old and then a rapid depolarization was initiated. The latency of 
rapid depolarization was 27.5 ± 3.8 sec, the threshold at which 
rapid depolarization was triggered was –58.1 ± 1.3 mV, the ampli-
tude was 35.2 ± 3.17 mV, and the slope was 2.25 ± 0.22 mV/s.

In the Cor group, the latency (93.2 ± 9.7 sec) and the slope of 
rapid depolarization (1.08 ± 0.12 mV/s) decreased significantly 
compared with those in the Aβ + IBO group (p < 0.01). Interest-
ingly, pretreatment with DPCPX (A1R-specific blocker), not with 
caffeine (A2AR antagonist), completely blocked the delayed action 
of cordycepin on Aβ + IBO–induced rapid neuronal membrane 

depolarization (Fig. 1 and Table 2). 

Cordycepin suppressed the hyperactivity of Aβ + 
IBO–induced evoked AP firing 

The suppressive effects of cordycepin on the Aβ + IBO–in-
duced excitotoxic neuronal insult was further determined by 
examining the evoked AP firing using a depolarizing stimulus of 
20 pA amplitude for a duration of 600 ms (Fig. 2A). As shown in 
Fig. 1 and Tables 1 and 2, the pretreatment of drugs (Aβ + IBO) 
was set for 20 sec to avoid the occurrence of rapid depolarization 
(neurons with rapid depolarization were discarded). Pretreatment 
with DPCPX was given before the recording. The results showed 
that the frequency of repetitive firing significantly increased to 
163.9% ± 7.8% of the control after the 20 sec addition of Aβ + 
IBO, compared with the control group (p < 0.01) (Fig. 2C). This 
was coupled with membrane depolarization from –63.2 ± 1.04 
mV to –58.5 ± 1.09 mV (Fig. 2B). Moreover, in the Aβ + IBO 
group, the evoked AP latency markedly decreased to 68% ± 6.1% 
of the control (Fig. 2D), indicating that the hyperactivity of the 
evoked AP coupled with membrane depolarization was also in-
duced by Aβ + IBO. This was because the decreased evoked AP 
latency accelerated the firing of APs. 

In the Cor group, the amplitude of membrane depolarization 
and the frequency of repetitive AP firing decreased significantly 
compared with the Aβ + IBO group (p < 0.01) (Fig. 2B, C). More-
over, the evoked AP latency markedly increased compared with 
the Aβ + IBO group (Fig. 2D), indicating that the hyperactivity 
of the Aβ + IBO–induced evoked AP could be suppressed with 
the coapplication of cordycepin. Pretreatment with DPCPX (A1R-
specific blocker), not with caffeine (A2AR antagonist), completely 
blocked the suppressive effect of cordycepin on the hyperactivity 
of the Aβ + IBO–induced evoked AP. The frequency of repetitive 

Fig. 1. Effects of cordycepin on neuro-
nal membrane potentials before and 
after drug application. (A) A represen-
tative trace in the control group sub-
jected to no treatment. (B) A representa-
tive trace subjected to β-amyloid (Aβ) + 
ibotenic acid (IBO). (C) A representative 
trace subjected to cordycepin (Cor) + 
Aβ + IBO. (D) A representative trace pre-
treated with DPCPX and then subjected 
to Cor + Aβ + IBO. (E) A representative 
trace pretreated with caffeine and then 
subjected to Cor + Aβ + IBO.

B

C

D

E

A
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AP firing significantly increased to 156.1% ± 8.7% and evoked AP 
latency decreased to 71.0% ± 6.0% of the control, compared with 
the Cor group (p < 0.01) (Fig. 2). 

The study further tested the suppressive effect of cordycepin 
on the Aβ + IBO–induced hyperactivity using a ramp depolar-
izing stimulus pattern, where the intensity was increased from 
0 to 500 pA in a linear manner within 1,500 ms (Fig. 3A). The 
results showed that Aβ + IBO significantly decreased the evoked 
ramped AP latency to 66.2% ± 4.2% of the control (p < 0.01), and 
the membrane potential was depolarized from –61.6 ± 1.0 mV 
to –57.7 ± 1.2 mV (Fig. 3B, C). A decrease in the evoked ramped 
AP latency indicated that a lower-strength depolarizing stimula-
tion was required to evoke AP firing. Consistent with the effects 
displayed in Fig. 2, the Aβ + IBO–induced evoked hyperactivity 
on AP firing was markedly suppressed by cordycepin, which was 
confirmed by the result obtained in the Cor group (Cor group: 
the evoked ramped AP latency was 95.7% ± 5.4% of the control 
coupled with the stable membrane potential) (p < 0.01, compared 

with the Aβ + IBO group) (Fig. 3). Further, the suppressive effect 
of cordycepin on the Aβ + IBO–induced evoked hyperactivity 
was completely blocked by DPCPX (A1R-specific blocker) (Fig. 
3). These results suggested that cordycepin suppressed the hyper-
activity of the Aβ + IBO–induced evoked AP firing, confirming 
again that cordycepin provided neuronal protection against the 
excitotoxicity insult, and the mechanism through the activation 
of A1R is strongly recommended. 

Effects of cordycepin on the intrinsic properties after 
the Aβ + IBO application in hippocampal neurons 

The neuronal intrinsic properties, such as the AP spike width 
and the amplitude of fAHP, are closely related to the neuronal 
intrinsic excitability and important for regulating AP spike 
frequency [20,26]. Thus, changes in the AP spike width and the 
amplitude of fAHP were analyzed in different groups after drug 
application. The single AP was elicited with a 10-ms brief depo-

Fig. 2. Effects of cordycepin on action 
potential (AP) firing in primary hippo-
campal neurons evoked by a depolar-
ization stimulus of 20 pA amplitude for 
the 600-ms duration. (A) Sample traces 
showed that cordycepin reversed the 
increase in β-amyloid (Aβ) + ibotenic acid 
(IBO)–induced firing frequency. (B) Com-
parison of membrane potential before 
and after drug application. (C) Compari-
son of firing frequency among different 
drug application groups. (D) Comparison 
of evoked AP latency among different 
drug application groups. **p < 0.01, com-
pared with the Aβ + IBO group; ##p < 0.01, 
compared with the cordycepin (Cor) + Aβ 
+ IBO group.

B

C D

A
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larizing current pulse of 200 pA on cultured neurons before and 
after 20-sec drug application (Fig. 4A). The amplitude of fAHP 
significantly reduced after the Aβ + IBO application (67.3% ± 4.8% 
of the control) and the membrane potential was depolarized from 
–60.7 ± 1.8 mV to –56.9 ± 1.7 mV compared with the control group 
(p < 0.01). However, the Aβ + IBO application did not alter the 
AP spike width (96.3% ± 5.92% of the control) (Fig. 4). The results 
also showed that the Aβ + IBO application reduced the amplitude 
of fAHP, which was blocked by cordycepin (96.2% ± 6.6% of the 
control), coupled with the depolarization of a stable membrane po-
tential from –62.9 ± 0.9 mV to –62.1 ± 1.1 mV, compared with the 
Aβ + IBO group (p < 0.01). The suppressive effect of cordycepin 
on Aβ + IBO–induced reduction in the amplitude of fAHP and 
the depolarization of membrane potential could be completely 
blocked using DPCPX (A1R-specific blocker) (Fig. 4).

DISCUSSION 
This study found that cordycepin significantly delayed the Aβ + 

IBO–induced excessive neuronal membrane depolarization. Cordy-
cepin increased the onset time/latency, extended the duration, and 
reduced the slope in both slow and rapid depolarization (Fig. 1 and 
Tables 1 and 2). Additionally, cordycepin reversed the neuronal 
hyperactivity in the Aβ + IBO–induced evoked AP firing, in-
cluding the increase in repetitive firing frequency, shortening 

of evoked AP latency, decrease in the amplitude of fAHP, and 
increase in membrane depolarization (Figs. 2–4). Further, the 
study also found that the suppressive effect of cordycepin against 
Aβ + IBO–induced excessive neuronal membrane depolarization 
and neuronal hyperactivity could be blocked using DPCPX (A1R-
specific blocker) (Tables 1 and 2 and Figs. 1–4). Collectively, these 
results revealed the suppressive effects of cordycepin against Aβ + 
IBO–induced excessive neuronal membrane depolarization and 
neuronal hyperactivity, and the mechanism through the activa-
tion of A1R is strongly involved.

The excessive neuronal membrane depolarization and neu-
ronal hyperactivity are the main causes of excitotoxic neuronal 
death [6]. Excitotoxicity contributes to neuronal degeneration 
in many acute and chronic CNS diseases, such as AD [4,5]. 
Thus, preventing this membrane depolarization and neuronal 
hyperactivity can help avoid excitotoxic neuronal death, thereby 
attenuating AD impairment. This hypothesis was confirmed 
using AD animal models. Elevated excitability and hyperactiv-
ity in the hippocampus are key contributors to reduced memory 
function in aging and cognitive impairment, and their natural 
absence in aged cohorts is prodromal to AD [27-30]. Treatment 
strategies targeting excess hippocampal activity benefit aged rats 
with cognitive impairment, including beneficial effects on syn-
aptic dysfunction and reduction in β-amyloid (Aβ) deposition 
[30,31]. Interestingly, the present study found that the application 
of cordycepin significantly delayed neuronal membrane depo-

Fig. 3. Effects of cordycepin on action 
potential (AP) firing evoked by a de-
polarizing ramp stimulus in primary 
hippocampal neurons treated with 
β-amyloid (Aβ) + ibotenic acid (IBO).  
(A) Sample traces of AP firing evoked 
by a ramp current in different groups 
(control, Aβ + IBO, cordycepin [Cor] + 
Aβ + IBO, and DPCPX + Cor + Aβ + IBO). 
(B) Comparison of membrane potential 
before and after drug application. (C) 
Comparison of evoked AP latency among 
different drug application groups. **p < 
0.01, compared with the Aβ + IBO group; 
##p < 0.01, compared with the Cor + Aβ + 
IBO group.

B

C

A
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larization and slowed the Aβ + IBO–induced loss of membrane 
potential (Fig. 1 and Tables 1 and 2). In addition, cordycepin re-
versed neuronal hyperactivity in the Aβ + IBO–induced evoked 
AP firing, including the increase in repetitive firing frequency, 
shortening of evoked AP latency, and reduction in the amplitude 
of fAHP. The decrease in the evoked AP latency/onset time accel-

erated the firing of APs (Fig. 3), and a lower-strength depolarizing 
stimulation was required to evoke AP firing (Fig. 4). A reduction 
in the amplitude of fAHP meant a reduction in hyperpolarizing 
potassium currents, which increased the overall excitability of 
neurons (Fig. 4) [26]. Further, pretreatment with DPCPX could 
block the suppressive effects of cordycepin (Figs. 1–4 and Tables 1 
and 2). Based on the previous findings [3,4,27-31], it was strongly 
speculated that the suppressive effect of cordycepin against Aβ + 
IBO–induced excessive membrane depolarization and neuronal 
hyperactivity might be an important mechanism underlying its 
neuroprotective effect; cordycepin provided neuroprotection par-
tially via the activation of A1R.

Recent studies demonstrated that cordycepin affects some cell 
types via the activation of four adenosine receptor subtypes (A1, 
A2A, A2B, and A3) to modulate a diverse range of biological activi-
ties [5]. These adenosine receptor subtypes appear in distinct 
distributions, and the A1 and A2A subtypes are mainly expressed 
in the CNS. Specifically, the A1R are widely distributed in the 
cortex, cerebellum, thalamus, and hippocampus [21]. Further, 
several studies have proved that the activation of adenosine A1R, 
but not A2AR, could attenuate neuronal excitability [32,33]–and 
A1R antagonist DPCPX could reduce the ability of cordycepin to 
prevent glutamate-induced excitotoxicity insult in HT22 cells [5]. 
This accorded with the results of the present study that DPCPX 
could reverse the suppressive effects of cordycepin on Aβ + IBO–
induced changes in the neuronal electrophysiological function. In 
combination with these previous studies, the results in our pres-
ent study pose a strongy insight that the activation of A1R is an 
important mechanism involved in the neuroprotective effects of 
cordycepin against the Aβ + IBO–induced neuronal damage. 

In conclusion, the present study provided important insights 
into the neuroprotective effects of cordycepin against the Aβ + 
IBO–induced insult through improving the neuronal electro-
physiological properties. The results showed that cordycepin 
could significantly delay/reduce Aβ + IBO–induced excessive 
neuronal membrane depolarization and neuronal hyperactivity. 
Further, this suppressive effect could be blocked using DPCPX (an 
A1R-specific blocker), indicating that cordycepin might exert neu-
roprotective effects against Aβ + IBO–induced impairment -, and 
the mechanism through the activation of A1R is strong recom-
mended, thus highlighting the therapeutic potential of cordyce-
pin in AD.
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