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Abstract
Background and aims: Cordycepin has been proved to have neuroprotection and to improve learning and memory in cerebral ischemia. However, the potential mechanisms are unclear so far. Plasticy of synaptic structure and synaptic function are considered as the neural mechanisms of learning and memory. Therefore, we investigated the effects of cordycepin on dendritic morphology and synaptic function in cerebral ischemic models. 

Experimental Approach: The impact of cordycepin was studied using oxygen glucose deprivation (OGD) and global cerebral ischemia (GCI) models. Synaptic transmission and behavioral long-term potentiation (LTP) were investigated with electrophysiological recordings. Dendritic morphology was assessed by Golgi staining. The densities of adenosine A1 and A2A receptors (A1R and A2AR) were evaluated with western blots and immunofluorescence.
Key Results: Cordycepin alleviated the ischemia-induced damages of dendritic morphology and behavioral LTP in hippocampal CA1 area, improved the learning and memory abilities and up-regulated the expression of A1R but not A2AR in hippocampus of GCI rats. In the in vitro experiments, cordycepin pre-perfusion could reduce the hippocampal slices injury and synaptic transmission impairment induced by OGD, improved adenosine content and reduced the expression of A1R but did not alter A2AR. Furthermore, the protection of cordycepin on synaptic transmission against OGD was eliminated by using the antagonist of A1R instead of A2AR. 

Conclusion and Implications: These findings indicated that cordycepin alleviated synaptic dysfunction and dendritic injury in vivo and in vitro ischemic models by modulating A1R, which may be the neural mechanisms of cordycepin to improve learning and memory in cerebral ischemic animals.
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Bullet point summary
What is already known: 

· Cordycepin is protective against cerebral ischemia.

· Cordycepin improves cognitive function and LTP induction via adenosine receptors. 
What this study adds:

· Cordycepin alleviates cognitive impairment through ameliorating synaptic dysfunction and dendrite morphology damages in ischemic animals.
· Cordycepin ameliorates cerebral ischemia injury via A1R.
Clinical significance:

· Cordycepin has the potential to be a neuroprotective agent against cerebral ischemia. 

Acknowledgement
Funding for this research was provided by the Guangdong Basic and Applied Basic Research Foundation (2019A1515012025) and the Natural Science Foundation of Guangdong Province (2017A030313876).

Conflict of Interest 

The authors declare no competing financial interests and non-financial competing.

Abbreviations
OGD, oxygen glucose deprivation; GCI, global cerebral ischemia; LTP, long-term potentiation; A1R, adenosine A1 receptors; A2AR, adenosine A2A receptors; ACSF, artificial cerebrospinal fluid; fEPSP, field excitatory postsynaptic potential; HPLC, high-performance liquid chromatography; PS, population spikes; TTC, 2,3,5-tiphenyl-trtrazolium.

1. Introduction

Cordycepin (3′-deoxyadenosine), a major bioactive component isolated from natural Chinese medicinal Cordyceps militaris, exhibits a wide range of biological effects, including anti-tumor, antiviral, antioxidant and anti-inflammatory activities 
 ADDIN EN.CITE 
(Thomadaki et al. 2008; Jeong et al. 2011; Olatunji et al. 2016)
. In addition, it has been widely demonstrated that cordycepin exerted significant neuroprotective effect 
 ADDIN EN.CITE 
(Yao et al. 2013; Peng et al. 2015)
 and was capable of protecting against cerebral ischemic damage 
 ADDIN EN.CITE 
(Chen et al. 2017; Liu et al. 2017)
. 

Cerebral ischemia is a condition that arises from a sudden loss of blood flow and consequent failure to meet the high metabolic demands of the brain，which leads to functional and structural damage in different brain regions 
 ADDIN EN.CITE 
(Liang et al. 2015)
, such as synaptic dysfunction and cognitive impairment 
 ADDIN EN.CITE 
(Gondard et al. 2019; Yao et al. 2019)
. Plasticity of synaptic structure and function are associated with the cellular mechanism underlying learning and memory 
 ADDIN EN.CITE 
(Park et al. 2014; Bailey et al. 2015)
. Actually, learning and memory impairment caused by cerebral ischemia is often closely related to the damage of synaptic transmission Neumann et al. 2013()
 and dendritic morphological structure 
 ADDIN EN.CITE 
(Rojas et al. 2013; Zhu et al. 2017)
. Previous studies have reported that the cognitive dysfunction after cerebral ischemia could be alleviated by improving synaptic plasticity 
 ADDIN EN.CITE 
(Li et al. 2017; Yu et al. 2018)
. Therefore, it is necessary to study whether cordycepin recovers cognitive function after cerebral ischemia via improving the dendritic structure and synaptic plasticity.
Adenosine is an important neuromodulator in the nervous system and participates in the modulation of synaptic function through the activation of adenosine receptors Chu et al. 2013()
. The decrease of adenosine A1 receptors (A1R) density after cerebral ischemia is accompanied by the decrease of A1R function 
 ADDIN EN.CITE 
(Minelli et al. 2004; Bjorness et al. 2009)
. Our previous studies revealed that cordycepin could protect against cerebral ischemia and excitotoxicity via A1R Dong et al. 2019()
, and featured improvement effect on learning and memory ability by modulating the expression of adenosine A2A receptors (A2AR) 
 ADDIN EN.CITE 
(Cao et al. 2018; Han et al. 2019)
. In the present study, we investigated the neuroprotective role of cordycepin in in vitro and in vivo cerebral ischemia models. We speculate that cordycepin may alleviate dendritic morphological damage and synaptic dysfunction to improve the learning and memory in cerebral ischemia animals, which may be related to the modulation of adenosine receptors. Our findings would be helpful to provide new insights into the pharmacological mechanisms of cordycepin for neuroprotective function in cerebral ischemia.

2. Materials and Methods 

2.1 Drug and chemicals
Cordycepin (> 98% purity; C10H13N5O3) was provided by Prof. Hai-Hang Li, South China Normal University. Antibodies of rabbit anti-adenosine A1 receptors (ab82477), anti-adenosine A2A receptors (ab3461), alexa fluor 594 goat anti rabbit IgG (ab150080), alexa fluor 488 (ab150077) and goat anti rabbit IgG (ab150080) were bought from Abcam company (Beijing, China). The standard of adenosine and other chemicals were purchased from Sigma (Louis, USA).

2.2 Animals 
Six to eight-week-old male Kunming mice (25-30 g) and three-month-old male Sprague-Dawley (SD) rats (240-280 g) were obtained from the Sun Yat-sen University, China. Animals were housed at approximately 25 ℃, 50-55 humidity in a light/dark cycle of 12/12 h with free access to water and rodent pallet diet. All animals were allowed to adapt to circumstance for 3 days before experiments. All experiments were carried out according to the protocols approved by the Animal Care Committee of the Animal Center at South China Normal University and abided by the principles outlined in the NIH for the Care and Use of Laboratory Animals. Timeline of the study has been approved by the research ethics committee of South China Normal University from July 1st, 2016 to December 31st, 2018.
In vivo experiments, the dose of 10 mg/kg cordycepin was referred to the previous studies 
 ADDIN EN.CITE 
(Cai et al. 2013; Han et al. 2019)
. The time-line diagram of research design is shown in Figure. 1. 
2.3 Establishment of global cerebral ischemia (GCI) rat model

All rats were anesthetized by intraperitoneal injection of sodium pentobarbital (40 mg/kg) and fixed in a supine position. After disinfecting with 75 % alcohol, a midline incision was made in the neck of rats. Both common carotid arteries were separated and exposed, and then a thread was passed below each carotid artery for isolation. After intraperitoneal injection of sodium nitroprusside for 5 min, both common carotid arteries were occluded by artery clips for 20 min, reperfusion was achieved by removing the clips. Rats in the sham group were subjected to the same operation, except for bilateral carotid arteries occlusion. The body temperature of the rat was maintained at 37.0-37.7 ℃. After the operation was completed, the wound was sutured and intramuscular injection of penicillin was administered, normal feeding was conducted after 12 hours of constant temperature nursing.
2.4 Electrophysiological recording in vivo
Rats were anesthetized with an intraperitoneal (i.p.) injection of 1.4 % sodium pentobarbital (40 mg/kg) and fixed in a stereotaxic frame, A single stimulating electrode (made with 0.1 mm nichrome wires, diameter 140 μm) was placed in CA3 at stereotaxic coordinates about AP 3.0-3.3 mm, L(R) 3.2-3.5 mm, H 3.8-4.2 mm, and the evoked potential was extracellularly recorded with a monopolar electrode (Teflon-coated stainless-steel pins, 0.2 mm diameter, tip impedance, 2-5 MΩ) positioned at the pyramidal cell layer of ipsilateral CA1 at stereotaxic coordinates about AP 3.2-3.4 mm, L(R) 2.0-2.4 mm, H 2.8-3.0 mm, with a small screw placed on the skull as the grounding electrode. After the appropriate stimulation and standard potential measured, the electrode position was fixed and sealed with medical dental powder. Rats were injected intramuscularly with penicillin to avoid infection after surgery.

Animals were allowed at least 5 days to recover from the surgery before behavior experiments were conducted. Rats were placed in a quiet alert recording cage for about 15 min prior to the recording sessions. The testing stimulus intensity (a single pulse, 0.1-1.0 mA, 0.1 ms in duration, 1 min interval) was initially adjusted so as to produce 30-50% maximal population spikes (PS) on the first day of recording. The stimulation intensity up to half was the detection stimulation intensity. Five-averaged-response was taken to estimate PS amplitude to minimize variations. The averaged PS was made for three consecutive days before the first day of Y-maze training and the test intension was kept at the same level in the following days. LTP was defined as an increase in PS amplitude at more than 30%.
2.5 Y-​maze behavior test
Behavior learning was assessed by using Y-maze, which was blind tested and occurred about 30 min after electrophysiological recording every 24 h. The Y-maze, which consists of three arms with identical dimensions (45 cm long ×14 cm wide ×16 cm high), was placed in a darkened room. Rats firstly were placed in the intersection of three arms and trained to choose entering the randomly bright arm, which was illuminated by a 15 W lamp suspended at the end of each arm. It is counted as a discrimination error when rats choose the darkened arm. Whenever the rat made an error, it received briefly electric footshocks (30 V AC, 0.45 mA; continued 1 s and started at 5 s after lamp-bright) until it entered the bright arm. The rat received 20 random trials at approximately 25 s intervals every 24 h. Ninety percent correct ratio served as the learning criterion. Rats that received no training but only recording PS served as the baseline group.

2.6 Golgi-Cox staining and analysis
Golgi staining was performed according to the previous protocol Han et al. 2019()
. Rats were anesthetized with sodium pentobarbital (70 mg/kg, i.p.) and decapitation after cervical dislocation. The brains were rapidly removed and placed in dark with Golgi-Cox solution (5 % potassium dichromate; 5 % mercuric chloride; 5 % potassium chromate, in distilled water) at 37 ℃ for 7 days. Then brains were washed with distilled water and transferred into highly saturated PBS solution to dehydrate for 3 days (changing the solution every day until the solution clarifies). Brain samples were subjected to a full-automatic rotary microtome to obtain a dorsal hippocampal 150 μm coronal section and pasted on a 3 % gelatin-coated microscope slide. Paraffin section processing steps: washing each slice with distill water for 5 min→14 % ammonia solution and placing in dark for 30 min→ washing with distill water for 5 min→5 % sodium thiosulphate and placing in dark for 10 min→ washing with distill water (1 min ×2)，70 %, 90 %, 100 % ethanol for 6 min, respectively→ xylene for 6 min and mount the section with neutral gum. Dendrites per neuron in CA1 regions were evaluated using a light microscope (Leica, DM6, 209 objective lens). Neurons should be selected based on specific criteria 
 ADDIN EN.CITE 
(Zaqout and Kaindl 2016; Zhong et al. 2019)
: (1) neurons are structurally intact with no truncated branches; (2) neurons must be fully impregnated without signs of incomplete staining; (3) Soma bodies and dendrites must be in the full view excluding overlapping of dendrites from adjacent impregnated cells. Sholl analysis plugin of Image J software was employed to assess the length and complexity of the dendrites. 5 neurons from each rat were selected to statistics, and the basilar dendritic (or later) segments (>30 μm) were selected for counting. Dendritic spine density is expressed as the number of spines/dendritic segment length per 10 µm.
2.7 Western blot analysis
The whole brains of rats were removed, and the hippocampus were separated at 0 ~ 4 ℃. The tissue was crushed and homogenized in lysis buffer (0.32 M sucrose, 1 mM EDTA, 10 mM HEPES, 1 mg/mL BSA, 0.1 mM PMSF, pH 7.4). After centrifuging at 3000 g for 10 min at 4 ℃, the supernatant was centrifuged at 16000 g for 60 min at 4 ℃ and the precipitation was resuspended in 5 % (w/v) SDS. Next, the same amount of protein extract was separated by 10 % SDS polyacrylamide gel electrophoresis, and then the gel was transferred to a 0.45 µm nitrocellulose (NC) membrane at 4 ℃. After blocking nonspecific sites with TBS containing 5 % defatted dried milk, membranes were incubated with the antibodies of A1R and A2AR (1: 1000), and γ-tubulin antibody blotting was used as a loading control. Probed the NC membrane with corresponding goat anti-mouse and goat anti-rabbit secondary antibodies after TBST buffer washing. Analysis was performed using ECL chemiluminescence detection system and band intensity were quantified with Image J.
2.8 Hippocampal slices preparation and electrophysiological recording
The method of hippocampal slices preparation was performed as described previously Jiang et al. 2015()
. Briefly, mice were anesthetized with pentobarbital sodium by intraperitoneal injection (50 mg/kg). The brains were removed quickly and placed in the ice-cold artificial cerebrospinal fluid (ACSF) with the following composition (mM): 117 NaCl, 4.7 KCl, 1.2 NaH2PO4·2H2O, 25 NaHCO3, 11 D-Glucose, 5 MgSO4·7H2O, 2.5 CaCl2 bubbled with 95 % O2/5 %CO2 (pH 7.35-7.45). Acute hippocampal slices (350~400 μm thickness) were prepared and maintained in an interface recording chamber containing preheated ACSF at 31 ± 0.5°C.  Recordings began after 90 min of incubation. 
The field excitatory postsynaptic potentials (fEPSP) was recorded from CA1 stratum pyramidal cells using a single glass pipette filled with 2M NaCl (yielding a resistance of 2-5 MΩ). A bipolar stimulation electrode (twisted nichrome wire, ∅ 140 μm) was positioned at Schaffer collateral-commissural projections. Once the slope of fEPSP has been maximized and stabilized, an input/output (I/O) curve was generated. The optimal stimulation intensity (0.3-1.0 mA, 0.1 ms induration) was set at about 30 % of maximal I/O value through the experiment. After establishing a 15-20 min stable baseline, test compounds were introduced into the perfusion line by switching from control ACSF to OGD- or drug-containing ACSF. Cordycepin was perfused for 15 min in advance and OGD was applied accompany with the perfusion of cordycepin (Figure 1B). Three average responses were taken to estimate the fEPSP slope. Data was obtained and analyzed by LTP230D software. 
2.9 Building an oxygen glucose deprivation (OGD) injury model and 2, 3, 5-tiphenyl-trtrazolium chloride (TTC) staining
Following the recovery period, slices were continuously perfused with this solution at a rate of 1.5-2.0 mL/min while the surface of the slices was exposed to warm, humidified 95 % O2 and 5 % CO2. The OGD group was perfused with glucose-free ACSF gassed with 95 % N2/5 % CO2 for 15 min, hippocampus slices were allowed to move in the normal ACSF for 90 min. At the end of incubation, hippocampus slices (including control and OGD slices) were stained with 2 % TTC in the dark for 1 h and then washed with saline. After extraction (1:20 w/v, solvents: ethanol and DMSO at 1:1) for 24 h in the dark, the absorbance at 350-400 nm was measured using a spectrophotometer (UV2550, Shimadzu, Japan). Tissue injury ratio was expressed as follows:  

Tissue injury ratio (%) = (1－OD490 nm injury/OD490 nm control )×100 %
2.10 Immunofluorescence

After application of OGD or cordycepin, hippocampal slices were moved into the normal ACSF for 90 min and removed into 4 % paraformaldehyde for overnight at 4 ℃, and then heated in 0.01 M citric acid buffer for 20 min. When washed with 0.01 M PBS, the sections were incubated in Triton X-100 for 30 min at room temperature. After washing by PBS, sections were incubated with mouse polyclonal anti-A1R antibody diluted at 1:100 overnight at 4 ℃, and then transferred into Alexa Fluor 594 goat anti rabbit IgG secondary antibody. The other sections were incubated with mouse polyclonal anti -A2AR antibody and Alexa Fluor 488 goat anti rabbit IgG secondary antibody. After incubation with 4,6-diamino-2-phenyl indole (DAPI), all sections were coverslipped with anti-fading mounting medium. Hippocampal CA1 areas were photographed using fluorescence microscope (Leica, DM6, Germany). Image J was used for analysis of fluorescence intensity.

2.11 High-performance liquid chromatography (HPLC) determination

At the end of OGD or cordycepin-treated, the perfusion fluid was collected for 10 min and detected with a Poroshell 120 EC-C18 column (4.6 × 50 mm, 2.7 μm) at a rate of 0.6 mL/min by HPLC instrument (Agilent Technologies 1260 Infinity, USA). The mobile phases were composed of water and acetonitrile. Adenosine was detected  at 260 nm.

2.12 Statistical analysis
All data were collected and analyzed with a double-blind trial. Data were expressed as mean and SEM. A one-way analysis of variance (ANOVA) was used for multiple comparisons, and student’s t-test was used for comparisons between two groups. Dunnett’s test was used after analysis as the post hoc test. The ratio of criterion was presented as a percentage and evaluated by chi-square test. Differences between the groups were considered to be statistically significant when two-tail p value < 0.05. Graphing and statistical analysis was performed using ORIGIN 7.5 software (Northampton, MA, USA) and SPSS 14.0 package (Chicago, IL USA), respectively.
3. Results
3.1 Cordycepin improved the magnitude of behavioral-LTP and ameliorated learning and memory impairment in GCI rats.
n the in vivo electrophysiological experiments, PS was recorded to evaluate synaptic plasticity in GCI rats. As shown in Figure 2B, consecutive behavioral learning caused a gradual potentiation in the evoked CA1 response, the maximal PS amplitude in the sham group was achieved about at day 6. In contrast, PS amplitude displayed no significant changes in the baseline group without Y-maze training. As compared with the sham group, the PS amplitude in GCI group was significantly reduced (Fig. 2B). However, application of 10 mg/kg cordycepin significantly improved the magnitude of PS in day 7 as compared with the GCI group (Fig. 2C), suggesting that cordycepin could improve the magnitude of behavioral-LTP in GCI rats.

The Y-maze was used to evaluate the learning and memory ability of GCI rats after cordycepin treatment. As shown in Figure 1D, in the three groups, the correct ratio was raised gradually during a period of 7 days trainings and then reached the learning criterion of 90 % correct ratio. However, the correct ratio and the ratio of reaching criterion were significantly lower in GCI group as compared with those of the sham group (Fig. 2D and E). These results indicated that cognitive deficit existed in the GCI group. Treatment with 10 mg/kg cordycepin significantly enhanced the ratio of reaching criterion at training day 3 and day 4 (Fig. 2E), suggesting that cordycepin could partially improve the learning and memory ability in GCI rats.

3.2 Cordycepin alleviated the damage of dendritic morphology in hippocampal CA1 area of GCI rats 
To study the effect of cordycepin on the dendritic morphology of GCI rats, we analyzed the dendritic characteristics of the pyramidal neurons in hippocampal CA1 area (total dendrite length, number and distribution of dendritic intersections and dendritic spine density). As shown in Figure 3A , B, G and H, the apical dendrites, basal dendrites and dendritic spines from pyramidal neurons in the CA1 area were clearly showed. Compared with the sham group, the total length of dendrites in hippocampal CA1 area were significantly shortened after cerebral ischemia (Fig. 3A, apical; Fig. 2B, basal), and the intersection of basal dendrites at distances of 100-170 µm (Fig. 3D) and the density of dendritic spines were significantly reduced (Fig. 2E and F). Compared with the GCI group, cordycepin treatment could significantly increase the total length of apical and basal dendrites in the hippocampal CA1 area of GCI rats (Fig. 3C; Fig. 3D). Additionally, cordycepin also increased the spine density in both apical and basal dendrites (Fig. 3E, apical; Fig. 3F, basal), but did not increase the number of dendritic intersections.

3.3 Cordycepin reduced A1R level but did not alter A2AR in hippocampus of GCI rats

We detected the hippocampal A1R and A2AR levels by using western blot. The results showed that the A2AR level displayed no obvious differences among the three groups (Fig. 4B). However, as compared to the sham group, the level of A1R was significantly reduced in GCI group, and 10 mg/kg cordycepin treatment markedly increased the expression of A1R in the hippocampus (Fig. 4A). These results demonstrated that cordycepin could up-regulate the expression level of A1R in hippocampus.
3.4 Cordycepin protected against hippocampal slices injury induced by OGD in a concentration-dependent manner
As shown in Figure 5A, OGD (including 10 min, 15 min and 30 min) caused significant damage in hippocampal slices as compared to the control group, but there was no significant difference among the three concentration OGD-treated groups. The previous studies have shown that a moderate and reversible damage in hippocampal tissue was observed after OGD-treated for 15 min 
 ADDIN EN.CITE 
(Zhang et al. 2008; Hernández-Guillamon et al. 2014)
. Therefore, OGD for 15 min was chosen to use in the subsequent experiments. 
The concentration-response in the effects of cordycepin on hippocampal tissue injury induced by OGD was investigated. We observed that, cordycepin-pretreated at dosages of 10, 20 and 40 μg/mL all significantly decreased the damages of hippocampus caused by OGD (Fig. 5B). The better protective role of cordycepin against OGD was at dosages of 20 and 40 μg/mL but did not show the significant difference between the two cordycepin groups. Therefore, we used 20 μg/mL cordycepin to examine its neuroprotective effects on OGD. 

3.5  Cordycepin increased the content of adenosine after OGD
In the current study, the perfusion fluids from the control, OGD and cordycepin + OGD groups were collected at two time points, including 0 min (baseline) and 30 min (treatment of OGD or cordycepin + OGD ), to detect the content of adenosine. We observed that the level of adenosine significantly increases induced by OGD, as shown in Figure 6A and B. Interestingly, in the cordycepin + OGD group, the content of adenosine was significantly improved compared to the OGD group (Fig. 6B). The  results demonstrated that cordycepin further improved the content of adenosine after OGD-treated.
3.6 Cordycepin reversed the changes of A1R density but not A2AR in hippocampal CA1 area after OGD
As shown in Figure 7, the densities of A1R and A2AR in hippocampal CA1 area was evidently upregulated in the OGD group as compared with the control group (Fig. 7A and B). And cordycepin application was able to reduce the A1R density but not altered the density of A2AR after OGD, demonstrating that cordycepin only reversed the density of A1R.

3.7 Cordycepin reduced synaptic transmission impairment induced by OGD 
We further observed that, the fEPSP slope was significantly reduced after exposed to OGD, and then recovered gradually to the baseline level after about 45 min (Fig. 8A). Similarly, cordycepin application also inhibited fEPSP (Figure 8A and B, 15 min). However, the fEPSP slope in the cordycepin + OGD group was improved as compared to the OGD group (Fig. 8A and B, 30 min). These findings demonstrated that the pre-treatment of cordycepin could reverse the reduction of synaptic transmission induced by OGD.  

3.8 Blocking A1R rather than A2AR diminished the protective role of cordycepin on synaptic transmission against OGD
As shown in Figure 9B and E, the slope of fEPSP was decreased with the process of OGD, while cordycepin pre-application could inhibit the decrease of fEPSP slope induced by OGD. Noticeably, at the present of DPCPX (a selective antagonist of A1R, 2 μM) Zhang et al. 2008()
, the increase of fEPSP caused by cordycepin was reversed and the slope of fEPSP at 45 min markedly reduced as compared to the cordycepin + OGD group (Fig. 9C). However, at the present of SCH 58261 (a selective antagonist of A2A, 500 nM) Ferguson and Stone 2010()
, the fEPSP slope had no difference compared with the cordycepin + OGD group (Fig. 9F). These results indicated that the protective role of cordycepin on synaptic transmission against OGD was almost eliminated by DPCPX but not SCH 58261.
4. Discussion

The present study displayed neuroprotective effects of cordycepin in vitro and in vivo ischemia models. Cordycepin treatment alleviated the learning and memory impairment and dendritic morphological damage. Cordycepin also provided an improvement on synaptic transmission efficiency and LTP induction in ischemic models. The underlying mechanisms may be related to regulating A1R function and adenosine levels. 
Cerebral ischemia often leads to hippocampal damage closely related to learning and memory impairment. The hippocampus is traditionally considered a key structure in in the limbic system involved in learning and memory and is sensitive to ischemia reperfusion Li et al. 2017()
. Our previous studies showed that 10 mg/kg of cordycepin significantly improved Y-maze learning performance in ischemic mice and decreased the neuronal loss of hippocampal CA1 region Cai et al. 2013()
. In the current study, we observed that cordycepin showed a protective action in OGD hippocampal slices and improved the ability of learning and memory in GCI rats, which further proved the cognitive improvement effect of cordycepin on cerebral ischemia. 

Synaptic transmission and synaptic plasticity are essential process of brain physiological functions for learning and memory 
 ADDIN EN.CITE 
(Lynch 2004; Wei et al. 2015)
. Synaptic transmission is the communication between presynaptic and postsynaptic neurons and the subsequent processing of the signal. Synaptic changes occur early after cerebral ischemia, reflecting the pathologic changes associated with synaptic transmission Neumann et al. 2013()
. Our results showed that OGD for 15 min markedly reduced the fEPSP slope and cordycepin pre-perfusion at 20 μg/mL attenuated the impairment of synaptic transmission induced by OGD. OGD is a widely used model to mimics cerebral ischemia in vitro. OGD for 15 min was selected in our experiments because previous study has reported that the damage of hippocampal pyramidal cells was functionally recoverable after OGD for 15 min but not 20 min Zhang et al. 2008()
. Besides, studies have shown that LTP damage induced by cerebral ischemia in the hippocampus is associated with an presence of learning and memory impairment 
 ADDIN EN.CITE 
(Hammond et al. 1994; Takeuchi et al. 2015)
. 
LTP is an important manifestation of long-term synaptic plasticity and considered to be the foundation of learning and memory 
 ADDIN EN.CITE 
(Caroni et al. 2012; Prieto et al. 2017)
. There are many ways to induce LTP in the hippocampus, the most common of which is high-frequency stimulation (HFS), but the LTP electrophysiological record of this method is separate from the behavioral test 
 ADDIN EN.CITE 
(Chen et al. 2016; Min et al. 2017)
. Behavioral LTP, a learning induced LTP model, is commonly used to study long-term synaptic plasticity induced by learning and memory tasks in sober animals. Our study showed that the behavioral LTP magnitude and the learning and memory ability of GCI rats were decreased simultaneously during Y maze behavior training. And cordycepin could improve behavioral LTP and reverse the synaptic plasticity damage caused by cerebral ischemia. These results suggested that the impact of cordycepin on synaptic transmission and synaptic plasticity was able to contribute to its improvement effects on learning and memory in cerebral ischemia.

The structural plasticity of dendrites and spines is widely believed to be related to synaptic function and learning and memory 
 ADDIN EN.CITE 
(Sala and Segal 2014; Bailey et al. 2015)
. They receive neural signals and forms excitatory synapses between neurons, which is a key part of neuronal communication. Cerebral ischemia is accompanied by a reduction in dendritic spines and dendritic morphological damage (Rojas et al., 2013; Zhu et al., 2017). The hippocampal CA1 region has been shown to be high vulnerability after cerebral ischemia and is more sensitive to ischemic injury than other hippocampal area 
 ADDIN EN.CITE 
(Lu et al. 2016; Li et al. 2017)
. Our experimental results showed that GCI caused dendritic atrophy and dendritic spine reduction in CA1 subfield of hippocampus. Studies have revealed that irreversible dendritic damage and spine loss occurred within 10-20 min ischemia and hypoxia Brown and Murphy 2008()
, resulting in significant reduction in dendritic branches and dendritic spine of neurons 
 ADDIN EN.CITE 
(Rojas et al. 2013; Kocsis et al. 2014; Zhu et al. 2017)
 , which is consistent with the results of our study. However, cordycepin treatment alleviated the damage of dendritic branches and spines in hippocampal CA1 area of GCI rats. Since ischemia often causes a series of oxidative stress responses and most of the oxidation reactions occur on dendrites (Wong-Riley, 1989), dendritic structures are particularly susceptible to pathological changes in the cerebral microcirculation. Plenty of evidences manifested that cordycepin has a significant antioxidant effect 
 ADDIN EN.CITE 
(Cheng et al. 2011; Olatunji et al. 2016)
. Therefore, the effect of cordycepin in repairing hippocampal dendritic atrophy and dendritic spines degradation might be related to its antioxidant effect. 
Adenosine, an important neuromodulator in the nervous system, could regulate the function of the synaptic transmission by activating adenosine receptors Fredholm et al. 2005()
. There are four adenosine receptor subtypes containing A1, A2A, A2B and A3 receptors. A1R and A2AR are shown a widespread distribution in brain and closely associated with cerebral ischemia Ribeiro et al. 2002a()
. Furthermore, activating A1R protected neurons against neurotoxicity and attenuated the memory impairment induced by ischemia reperfusion 
 ADDIN EN.CITE 
(Ribeiro et al. 2002b; Zamani et al. 2013)
. In the present study, our results showed that cordycepin increased adenosine A1R expression in the hippocampal CA1 region of GCI rats, but showed no impact on the A2AR expression, which was consistent with our previous finding Dong et al. 2019()
. Additionally,  we also found that the density of A1R and A2AR was increased in the hippocampal CA1 region after OGD. However, cordycepin significantly decreased the density of A1R rather than A2AR in hippocampal CA1 area after OGD. These contradictory results we obtained from the in vitro and in vivo ischemic model might be depending on the different experimental methods and localization. Similarly, the up-regulation of A1R in hippocampal CA1 was observed following a short cerebral ischemic preconditioning Zhou et al. 2004()
 but down-regulation of A1R in hippocampus observed following cerebral ischemia 
 ADDIN EN.CITE 
(Nagasawa et al. 1994; Dong et al. 2019)
.
Furthermore, our electrophysiological experiments showed that blocking the A1R attenuated the protective effect of cordycepin on synaptic transmission in ischemic model, which suggested cordycepin improved synaptic transmission via A1R. Previous studies have suggested that the concentration of extracellular adenosine is increased significantly after cerebral ischemia, and adenosine protected against excitotoxicity by activating A1R 
 ADDIN EN.CITE 
(Saransaari and Oja 2002; Pearson et al. 2006)
. These references supported our results that the level of adenosine markedly elevated after OGD and further increased with cordycepin application. One of the reasons for the non-parallel changes in adenosine and adenosine A1R after cordycepin treatment may be relate to the desensitization of A1R, because A1R was prone to rapid desensitization in the presence of high dose of adenosine Von Lubitz et al. 1995()
. In addition, there was no significant change in the level of A2AR in the cordycepin group after OGD or GCI, which seemed to contradict the previous report that the expression of A2AR increases accompanied with the supplement of exogenous adenosine in the hippocampal CA1 area after temporary cerebral ischemia 
 ADDIN EN.CITE 
(Seydyousefi et al. 2019)
. We speculated that the rapid increase of adenosine in the short term is not enough to change the level of A2AR. Actually, A2AR is present at low levels in the hippocampus Dixon et al. 1996()
, but its roles are quite complex in cerebral ischemia. For example, activation or blockade of A2AR could enhance neuronal survival in cerebral ischemia 
 ADDIN EN.CITE 
(Pugliese et al. 2009; Maraula et al. 2013)
. 
In conclusion, the present study showed that cordycepin could alleviate the cognitive impairment through improving dendritic morphology and synaptic function including synaptic transmission and LTP in GCI rats or OGD hippocampal slices, which may be mediated by regulating adenosine and adenosine A1R. These findings would be helpful to provide new insights into the mechanisms underlying neuroprotective role in cerebral ischemia with cordycepin treatment.
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Figure Legends

Figure 1. Time-line diagram of research design. (A) The time-line diagram of in vivo experiments. (B) The time-line diagram of in vitro experiments.

Figure 2. Cordycepin improved the magnitude of behavioral-LTP and improved learning and memory in GCI rats. (A) The original potential recorded by PS before and after Y maze training; Black track: PS original potential on day 1; Gray track: PS original potential on day 7; Rats without Y maze training were treated as the Baseline group. (B) Changes in PS amplitude of 10 days before and after Y maze training. (C) Comparison of PS amplitude on day 7 of training. (D) The accuracy ratio of light and dark discrimination behavior in Y maze for 7 consecutive days. (E) The ratio of meeting learning standards per day. The learning standard was defined as the accuracy of 90 % or above. Each group n = 6 rats. * p < 0.05, Sham vs. GCI + cordycepin; #: p < 0.05, GCI vs. GCI + cordycepin.

Figure 3. Cordycepin alleviated the damage of dendritic morphology in hippocampal CA1 area of GCI rats. (A&B) Representative trajectories of the apical and basal dendrites of pyramidal neurons in the CA1 region of the hippocampus. (C&D) Comparison of the total length between the apical and basal dendrites of pyramidal neurons in CA1 region. (E&F) Intersection points of pyramidal neurons at the apical and basal dendritic branches in CA1 region. (G&H) Representative images and density of apical and basal dendritic spines of pyramidal neurons in CA1 region. Each group N= 30 neurons/6 rats. Data were expressed as mean ± SEM. N.S. p > 0.05, * p < 0.05.

Figure 4. Cordycepin reduces A1R expression level but does not alter A2AR in hippocampus of GCI rats. (A) Representative blots and quantitative analysis of adenosine A1 receptor expression level in hippocampus of rats. With γ-tubulin as the reference protein. (B) Representative blots and quantitative analysis of adenosine A2A receptor expression level in hippocampus of rats. Each group n = 6 rats. Data were expressed as mean ± SEM. N.S. p > 0.05, * : p < 0.05.

Figure 5. Cordycepin reduced hippocampal slices injury caused by OGD. (A)  Representative images and the percentage of damage on hippocampal slices after OGD for 10, 15 and 30 min, respectively. N = 48/6 (slices/mice) for each group. (B) Cordycepin protected hippocampal tissue against OGD-caused injury. Each group N = 40 slices /5 mice. Data were expressed as mean ± SEM. * p < 0.05.

Figure 6. Cordycepin reduced the impairment of synaptic transmission caused by OGD. (A) The fEPSP slope was observed in OGD and cordycepin + OGD groups. (B) Effect of cordycepin on the synaptic transmission during OGD. Representative records of the evoked potentials from the control, OGD and cordycepin + OGD groups. Each group n = 8 mice. Data were expressed as mean ± SEM. * p < 0.05.

Figure 7. Cordycepin increased the level of adenosine in hippocampal slices after OGD. (A) Representative analysis diagrams of adenosine level from the control, OGD and cordycepin + OGD groups for 0 min and 30 min. (B) Pre-perfusion of cordycepin markedly increased the content of adenosine after OGD. Each group N = 10 slices /5 mice. Data were expressed as mean ± SEM. * p < 0.05. 

Figure 8. Cordycepin reversed the densities of A1R but not A2AR in hippocampal CA1 area after OGD. (A) Representative images of A1R density from the control, OGD and cordycepin + OGD groups. Nuclei were labeled with DAPI (blue) and immunofluorescence analysis was performed with antibodies of A1R (red). Bar = 100 (top) and 50 (bottom) μm. (B) Cordycepin reversed the up-regulated density of A1R in OGD group. (C) Representative images of A2AR density from the control, OGD and cordycepin + OGD groups. Nuclei were labeled with DAPI (blue) and immunofluorescence analysis was performed with antibodies of A2AR (green). Bar = 100 (top) and 50 (bottom) μm. (B) Cordycepin didn’t alter the density of A2AR in OGD group. Each group N = 30 slices /5 mice. Data were expressed as mean ± SEM. Student’ s t- test. N.S. p > 0.05, * p < 0.05. 

Figure 9. The antagonists of A1R but not A2AR eliminated the effect of cordycepin on synaptic transmission. (A&D) Representative records of the evoked potentials from the control, OGD, cordycepin + OGD, DPCPX + cordycepin + OGD groups and SCH 58261 + cordycepin + OGD groups. The black line means that from 0 min, the gray line means that from 45 min. (B) The fEPSP slope was observed in the control, OGD, cordycepin + OGD and DPCPX + cordycepin + OGD groups. (C) Effects of DPCPX on the synaptic transmission after OGD and cordycepin pretreatment. (E)  The fEPSP slope was observed in the control, OGD, cordycepin + OGD and SCH 58261 + cordycepin + OGD groups. (F) Effects of SCH 58261 on the synaptic transmission after OGD and cordycepin pretreatment. Each group n = 8 mice. Data were expressed as mean ± SEM. N.S. p > 0.05, * p < 0.05. 
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