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Abstract 

Background  Vinpocetine (Vin) is known as a phosphodiesterase 1 inhibitor (PDE1-I) drug with multilateral effects, 
including antioxidant and anti-inflammatory activity. In this research, we investigated the neuroprotective and thera‑
peutic effects of Vin through hippocampal synaptic plasticity on a rat’s model of Alzheimer’s disease (AD) induced by 
an intracerebroventricular (ICV) injection of beta-amyloid (Aβ).

Methods  Sixty adult male Wistar rats were randomly divided into six groups: 1. control, 2. sham, 3. Aβ, 4. pretreat‑
ment (Vin + Aβ): Vin (4 mg/kg, gavage) for 30 days and then, inducing an AD model by an ICV injection of Aβ(1–42), 
5. treatment (Aβ + Vin): inducing an AD model and then receiving Vin for 30 days by gavage, and 7. pretreat‑
ment + treatment (Vin + Aβ + Vin): receiving Vin by gavage for 30 days before and 30 days after the induction of an 
AD model. After these procedures, via stereotaxic surgery, the stimulating electrodes were placed at the perforant 
pathway (PP) and the recording electrodes were implanted in the dentate gyrus.

Results  Excitatory postsynaptic potential (EPSP) slope and population spike (PS) amplitude in the Aβ group mean‑
ingfully diminished compared to the control group after the induction of long-term potentiation (LTP).

Conclusions  Vin could significantly prevent the Aβ effects on LTP. It can be concluded that pretreatment and treat‑
ment with Vin can be neuroprotective against harmful consequences of Aβ on hippocampal synaptic plasticity.
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Background
The most prevalent form of dementia is Alzheimer’s dis-
ease (AD) [1]. AD is a progressive neurodegenerative dis-
ease that occurs slowly and causes severe impairment in 
memory and cognitive functions, personality changes, 
abnormal behavior, and deterioration in thinking abili-
ties [2]. The brains of patients with AD are found with 
cerebrovascular pathology and this can worsen cogni-
tive functions in these patients [3]. Long-term potentia-
tion (LTP) as a physiological solidarity mutual relation of 
synaptic plasticity that is proved to underlie memory and 
learning, is affected by various second messenger systems 
and is significantly inhibited by beta-amyloid (Aβ) in AD 
[4]. AD is associated with three main structural and path-
ological characteristics in the brain: extraneuronal aggre-
gation of Aβ protein named Aβ plaques, intraneuronal 
accumulation of hyperphosphorylated tau protein named 
tau tangles (NFT), and finally, synaptic dysfunction and 
diffuse loss of neurons [5–7].

There is an increase in oxidative stress by aging and it 
is caused due to an imbalance in the redox state, lead-
ing to the production of excess reactive oxygen species 
(ROS) or the impairment of the antioxidant system [8]. 
Oxidative stress causes neurodegenerative disorders [9] 
and the brains of AD patients have a remarkable extent of 
oxidative damage due to the abnormal significant accu-
mulation of Aβ and the deposition of NFT [10]. In the 
AD brain tissue, mitochondrial dysfunction can lead to 
the release of oxidative free radicals and oxidative dam-
age. Oxidative stress markers can even be seen earlier 
than pathological changes in AD, and it seems that Aβ 
peptide is the main factor in the formation of these mark-
ers. Also, the activation of microglia by the Aβ peptide 
produces a high level of nitric oxide radicals [11, 12]. In 
addition, chronic exposure of astrocytes and microglia 
with Aβ peptides in the AD brain leads to the release of 
chemokines and some cytokines that promote inflamma-
tion and apoptosis [13–15].

Due to multifarious pathological injuries in AD, using 
a multi-agent drug is important [16]. Vinpocetine (Vin) 
is a phosphodiesterase 1 inhibitor (PDE1-I) [17–19]. Vin 
(a synthetic ethyl ester of the alkaloid apovincamine) is 
known as a PDE1-I drug with anti-inflammatory and 
antioxidant activity, which improves cerebral blood flow 
[20] and enhances memory and cognitive performance, 
which augments cyclic nucleotide signaling. It has also a 
neuroprotective effect and is effective in neurodegenera-
tive disorders, like AD [21]. The protective effects of Vin 
against ROS attacks have been shown in in vitro models 
of oxidative stress [22]. Vin has anti-inflammatory effects 
through direct inhibition of the IκB kinase complex (IKK) 
[23]. Moreover, several studies have demonstrated the 

improvement in cerebrovascular flow by Vin in patients 
with different cerebrovascular diseases [24].

Phosphodiesterases comprise a group of enzymes that 
break phosphodiester bonds and hydrolyze cyclic nucle-
otides, and consequently, play the main role in regulat-
ing intracellular levels of the second messenger, cyclic 
adenosine monophosphate (cAMP), and cyclic guanosine 
monophosphate (cGMP) [25–27]. Two main intracel-
lular pathways have a crucial role in synaptic and struc-
tural plasticity based on cAMP and cGMP activity. In 
the cAMP/PKA/CREB pathway, the cAMP-dependent 
protein kinase (PKA) or cAMP response element-binding 
protein (CREB) is activated by cAMP, which induces pro-
tein phosphorylation or gene expression, and the NO/
sGC/cGMP/cGK pathway modulates long-term changes 
in synaptic activity and participates in different forms of 
memory and learning [28–30]. Due to the effect of cAMP 
and cGMP on neuroplasticity, a phosphodiesterase inhib-
itor is a potential tool for the treatment of neurological 
diseases [31, 32].

The most important type of synaptic plasticity that 
has been studied in the brain is LTP. It is a long-lasting 
augmentation of synaptic potency, which follows certain 
types of tetanic electrical stimulation, and is commonly 
assessed in the hippocampus and accepted as a primary 
mechanism of memory [33, 34]. Regarding the effect of 
cAMP and cGMP on neuronal plasticity and the LTP 
process, PDE1 inhibitors are potential factors to improve 
neurological disorders and increase LTP [31, 32]. The 
principal aim of this study was to inquire and analyze 
whether pretreatment and treatment with Vin can pre-
vent AD-induced synaptic plasticity impairment in the 
hippocampus by evaluating the amount of LTP in the 
dentate gyrus (DG) of rats.

Methods
Animals
In this experimental study, 60 male Wistar rats from the 
Animal House of Hamadan University of Medical Sci-
ences, Hamadan, Iran (weight 230 ± 15 g) were used. The 
rats were kept in standard conditions under a 12-h cycle 
of light/dark (lights from 7:00 to 19:00  h) at 22–25  °C 
with a humidity of 50–60%. Rats were housed in Plexi-
glas cages (two rats per cage). Animals had enough water 
and food (dry pellets of rodents) and were transferred to 
the animal storage room for at least ten days before the 
study. The protocols of animal surveillance and the pro-
cedures for treatment were according to the Veterinary 
Ethics Committee of the Hamadan University of Medical 
Science following the instructions of the National Insti-
tutes of Health on the rules of in vitro animal surveillance 
(NIH Publication 80–23, 1996).
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Experimental design
After adaptation of the rats to the environment, they 
were randomly divided into the following groups (n = 10): 
Group 1: control, without any surgery (intact animals); 
Group 2: sham-operated rats that received phosphate-
buffered saline (PBS) as the solvent of Aβ (1–42) via 
intracerebroventricular (ICV) injection; Group 3: Aβ 
model (AD group) rats that received single lateral ventri-
cle injections of Aβ (1–42); Group 4: pretreatment group 
(Vin + Aβ) that received oral administration of Vin (4 mg/
kg) for 30 days before AD induction; Group 5: treatment 
group (Aβ + Vin) that received the oral administration of 
Vin (4 mg/kg) after AD induction for 30 days; and Group 
6: pretreatment + treatment group (Vin + Aβ + Vin) that 
received Vin (4 mg/kg) 30 days before and 30 days after 
AD induction (Fig. 1).

Main reagents and drugs
In order to prepare amyloid fibrils, as a neurotoxic fac-
tor, based on the instruction, 100 μg lyophilized powder 
Aβ (1– 42) (Tocris Bioscience; Bristol, UK) was dissolved 
in 100 μL of PBS as a solvent, followed by incubation at 
37 °C for seven days before use [35].

The dose of vinpocetine and duration of treatment
The dose of Vin in our study was selected based on previ-
ous research [36–38]. Thus, in this investigation, Vin was 
administrated orally (gavage) once a day at 8:00 a.m. at 
a dosage of 4 mg/kg for 30 sequential days. For the pre-
treatment + treatment group (Vin + Aβ + Vin), Vin was 
gavaged 30 days before and 30 days after Aβ induction.

Aβ injections and surgery
Animals were anesthetized using a combination of xyla-
zine (10  mg/kg) and ketamine (100  mg/kg) and then, 
placed in the stereotaxic device (Stoelting Co., Wood 
Dale, IL, USA). The stereotaxic rods were placed inside 
the animal’s ears and after observing the eyes reflex, 

the head was fixed in the device. Then, the bregma and 
lambda regions were found and according to the Paxinos 
and Watson rat brain atlas, the coordinates of the brain 
ventricular regions were adjusted and one tiny hole was 
fixed in the right ventricle. Also, 5  μl of Aβ(1–42) was 
unilaterally injected by a 5  μl microsyringe(Hamilton 
Laboratory Products, Reno, NV, USA) through its stain-
less steel cannula in the right lateral ventricle using the 
coordinates of the dorsal/ventral: 4.0 mm, medial/lateral: 
1.4  mm, and anteroposterior: -0.8  mm from bregma. 
Injections lasted 6  min and the needle of the microsy-
ringe remained in the hole for 3 min after the injection 
to make sure that the injection of Aβ(1–42) is completely 
done [39]. Instead of the Aβ(1–42), the same amount of 
PBS was injected into the rats’ cerebroventricular in the 
sham group. After injection, the scalp was sutured and 
the rats were transported to their cages. It takes two 
weeks to create an AD model [40].

Surgical procedures, electrophysiological recordings, 
and LTP induction
Initially, the rat was anesthetized by an intraperitoneal 
injection of urethane (1.5 g / kg) [41, 42]. Then, the ani-
mal was placed in the stereotaxic device, and using a 
heating pad, the animal’s body temperature was main-
tained in the natural range (37.0 ± 0.2 °C). After opening 
the skin of the skull based on the Paxinos and Watson rat 
brain atlas [43], the lateral perforant path (PP) and DG 
were determined. Based on a horizontal skull surface, 
the coordinates of PP were 4.3  mm lateral to the mid-
line, 8.1 mm posterior to the bregma, and 3.2 mm ventral 
below the skull surface, and the coordinates of DG were 
2.3 mm lateral to the midline and 3.8 mm posterior to the 
bregma. After creating holes in the skull, two concentric 
stainless-steel bipolar electrodes were placed in these 
points. Teflon-coated stimulating electrodes (except for 
the tips) 125 μm in diameter were used. The stimulating 
electrode was placed in PP and the recording electrode in 

Fig. 1  The experimental timeline. To create a rat model of Alzheimer’s disease, the rats were anesthetized with xylazine (10 mg/kg) and ketamine 
(100 mg/kg) 30 days after vinpocetine administration (Vin pretreatment, 4 mg/kg) in experimental groups and transferred to a stereotaxic 
device. The intraventricular injection of amyloid-beta (Aβ) solution (2 μL) was done at a rate of 1 μL/2 min. Following recovery, vinpocetine was 
re-administered through oral gavage once a day for 30 days (Vin treatment). Vin-treated rats were divided into three groups: 1. pretreatment.2. 
treatment. 3. pretreatment + /treatment. After treatments, in vivo electrophysiological recordings were done for the determination of the excitatory 
postsynaptic potential (EPSP) slope and population spike (PS) amplitude in the dentate gyrus of the hippocampus. LTP was induced through a 
high-frequency stimulation of the perforant pathway. For the histological study, the animals were perfused with formol-saline
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DG. The recording electrode was moved down into the 
DG (usually 2.7–3.2  mm ventral) until the utmost field 
excitatory postsynaptic potentials (EPSPs) were observed 
(Fig.  2). To attain the optimal ventral placement, we 
monitored the electrophysiological response that was 
extracted from the DG following single-pulse PP stimu-
lation. To minimize trauma to the brain tissue, the elec-
trodes from the cortex to the hippocampus were entered 
very slowly (0.2 mm/min). By stimulating the PP to spec-
ify the stimulus intensity to be utilized in each rat (40% 
maximum population spike (PS)), input–output current 

profiles were obtained. Through constant current isola-
tion units at a frequency of 0.1 Hz, single biphasic square 
wave pulses (0.1  ms) were delivered. Following stimula-
tion of the PP, the field potential responses were obtained 
in the granular cells of the DG.

Every 10 s, the test stimuli to the PP were applied. The 
electrodes were placed to extract the utmost field EPSPs 
(fEPSP) and PS amplitudes. LTP with high-frequency 
stimulation (HFS) protocol (0.2-ms stimulus duration, 10 
bursts of 20 stimuli, 10-s interburst interval, 400 Hz) was 
induced after making sure of a response of constant-state 

Fig. 2  Schematic drawing of a rat brain coronal section from Paxinos and Watson, showing the trace of recording electrodes (arrow) in the dentate 
gyrus (DG) (A). The cross-section view of the hippocampal area with the tip of recording electrodes (arrowhead) in DG; sample on left and atlas 
plate on right (B). Scale bar: 1 mm
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baseline, which ordinarily takes nearly 50  min. LTP 
induction was done at a stimulus intensity that evoked 
PS amplitudes and fEPSP slopes that were almost 80% of 
the maximum response. To determine any changes in the 
synaptic responses of DG neurons, both fEPSPs and PSs 
were recorded 5, 30, and 60 min after the HFS. For each 
time point, an average of ten responses was continuously 
evoked at 10-s stimulus intervals [41, 42, 44–49].

The parameters of the stimulations were determined 
with relevant software. Then, a constant current isola-
tor unit(A365, World Precision Instruments, Inc.) was 
set via the derived data prior to transferring it to the PP. 
The DG’s field potential responses were passed through 
a preamplifier(Differential amplifier DAM 80, World Pre-
cision Instruments, Inc. Sarasota, FL, USA), and ampli-
fied 1000 times while they were filtered(bandpass, 1 Hz 
to 3 kHz). These responses were digitized at a sampling 
rate of 10  kHz, which were visible on a monitor and 
oscilloscope.

Measurement of evoked potentials
PS and fEPSP are two components of the evoked field 
potential in the DG. During the electrophysiological 
recordings, the alterations in the PS amplitude and fEPSP 
slopes were evaluated. The PS amplitude is equal to the 
head of the first positive deflection of the evoked poten-
tial to the next negative potential head. The fEPSP slope 
is equal to the slope of the line linking the start of the 
evoked potential first positive deflection to the second 
positive deflection head. The fEPSP slopes were meas-
ured between 20 and 80% of the peak amplitude (Fig. 3) 
[41, 42, 44–47, 49]. The stimulation intensity was regu-
lated to evoke potentials, which consisted of 40% of the 
maximum PS amplitude, determined by an input/output 
curve.

Data analysis
We analyzed data using repeated measure analysis of var-
iance pursued by Tukey’s test using GraphPad Prism soft-
wareversion 7.0. Values are represented as mean ± SEM. 
P-values less than 0.05 (P < 0.05) were considered 
significant.
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The LTP value was determined using the following 
equation:

LTP =
The PS value or EPSP after HFS induction

Average of the PS or EPSP at baseline
× 100%

Fig. 3  Population spike (PS) amplitude and field excitatory 
postsynaptic potential (fEPSP) slope, assessed in a representative 
sample field potential in the hippocampus of the control rats (A). 
Sample traces of evoked field potential were recorded in the dentate 
gyrus (DG) of the hippocampus before and following high-frequency 
stimulation (HFS) of the perforant pathway (PP) in all groups (B)
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Results
After the HFS of the PP, field potential responses were 
found in granular cells in the DG (Fig. 3).

Effects of Vin pretreatment and treatment and both on 
the EPSP slopes of granular cells in the DG of AD rats
We induced LTP in the DG by HFS of the PP. The effects 
of Vin pretreatment and treatment (prior to and after Aβ 
injections) and both on the LTP of the PS amplitude and 
the EPSP slopes of the AD rats are shown in Figs. 4 and 5, 
respectively.

The EPSP slope was 134.75 ± 16.12% in the control 
rats. After HFS, there was a significant decrease (P < 0.05) 

in the EPSP slope of the AD group (105.25 ± 2.16%; 
n = 8) compared to the control and sham groups 
(119.75 ± 15.39%). There was also a significant increase 
(P < 0.05) between the treatment (138.5 ± 11.30%) and 
pretreatment + treatment groups (136.12 ± 9.67%) com-
pared to the AD group. However, no significant difference 
was found between the pretreatment (113.12 ± 4.12%) 
and AD groups (Fig. 4).

Effects of Vin pretreatment and treatment and both on 
the PS amplitude of granular cells in the DG of AD rats
The PS amplitude was 283.75 ± 18.24% in control 
rats. The range of PS amplitude of the AD group 
(113.5 ± 2.78%) decreased significantly (P < 0.05) com-
pared to the control group. Administration of Vin sig-
nificantly increased the PS amplitude in the treatment 
(408 ± 22.98%; P < 0.0001)) and pretreatment + treat-
ment (331 ± 19.45%; P < 0.01) groups compared to the 
AD group. However, there was no significant differ-
ence between the pretreatment (181 ± 13.39%) and AD 
groups. There was a significant difference (P < 0.01) 
between the treatment and pretreatment groups in terms 
of PS amplitude (Fig. 5).

Discussion
We evaluated the neuroprotective effects of Vin on the 
AD model induced by ICV Aβ injection in rats using an 
LTP assay. In the current study, ICV injection of Aβ was 
used to induce AD. Aβ inhibited LTP in the DG by reduc-
ing both the EPSP slope and PS amplitude in the AD 
group compared to the control group. In many studies, 
the LTP process was inhibited in AD models and a sig-
nificant reduction was observed in the EPSP slope and PS 
amplitude after HFS [50–53].

In the present study, we evaluated the LTP in the hip-
pocampus of AD rats. The hippocampus is considered a 
classic model to study synaptic plasticity, such as LTP and 
LTD [54]. Hippocampal LTP is a model of synaptic plas-
ticity with a direct association with memory and learning 
and is repressed after exposure to Aβ [4, 55, 56]. The hip-
pocampus is known as one of the first areas of the brain 
that is affected in the memory process and in AD [7].

Our results indicated that Vin administration in the 
pretreatment, treatment, and pretreatment + treatment 
groups improved LTP in granular cells in the DG by 
increasing the EPSP slope and the PS amplitude in com-
parison with the AD group. It has been shown that Vin 
facilitates LTP [57], increases the dynamics of dendritic 
spines [58], improves memory retrieval in passive avoid-
ance tasks in rats [59], and boosts cognitive efficiency in 
humans [19].

Increasing the levels of intracellular cGMP and cAMP 
via the phosphodiesterase 1 inhibitory effect of Vin leads 

Fig. 4  The effect of pretreatment, treatment, and 
pretreatment + treatment with Vinpocetine (Vin) on excitatory 
postsynaptic potential (EPSP) slope in the dentate gyrus (DG) 
utilizing 400 Hz tetanization of the AD-induced rats. Long-term 
potentiation (LTP) of the EPSP slope in DG granular cell synapses is 
meaningfully dissimilar between groups. Values are represented as 
the mean ± SEM% of the baseline. *: P < 0.05 compared to the control 
group and $: P < 0.05 compared to the AD group

Fig. 5  Effect of pretreatment, treatment, and 
pretreatment + treatment with Vinpocetine (Vin) on values of 
population spike (PS) in the dentate gyrus (DG) utilizing 400 Hz 
tetanization. Long-term potentiation (LTP) of PS in DG granular cells in 
the hippocampus is meaningfully dissimilar between groups. Values 
are represented as the mean ± SEM% of the baseline. *: P < 0.05 
compared to the control group; $: P < 0.05, $$: P < 0.01, $$$: P < 0.001, 
and $$$$: P < 0.0001 compared to the AD group; and ^: P < 0.05 and 
^^: P < 0.01 compared to the pretreatment + treatment group
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to the phosphorylation of AMPA receptors and their 
incorporation and attachment to the synapses [60]. Long-
term phosphorylation of AMPA receptors is involved in 
the LTP of hippocampal synapses [61]. Cyclic nucleotide 
plays a significant role in cognitive function and the lev-
els of cyclic nucleotides, especially cAMP and cGMP are 
changed in AD [62, 63]. Thus, it is obvious that in the 
present study, the cyclic nucleotide restoration by Vin 
may act as an effective strategy to ameliorate cognitive 
functions and synaptic plasticity in AD.

Another explanation for the effect of Vin on LTP in 
the current study might be its antioxidant activity. Stud-
ies on AD have shown oxidative stress production and 
severe oxidative damage associated with two pathologi-
cal characteristics of AD, Aβ, and NFT destructions [64, 
65]. Vin has antioxidant activity by eliminating hydroxyl 
radicals and acts as an antioxidant by preventing the pro-
duction of ROS and lipid peroxidation in brain synapto-
somes [66, 67]. In this regard, Vin remarkably reduces 
the oxidative–nitrite stress by a decrease in malondialde-
hyde (MDA) and nitrite levels and restituting a decrease 
in glutathione (GSH) levels [21, 37]. Furthermore, Vin 
has antioxidant activity and prevents reactive free radi-
cal generation, which plays a role in a decrease in high 
glucose-induced oxidative damage [68]. Also, in another 
recent experiment, Vin improved memory and learning 
impairment after Aβ injection because of its antioxidant 
effects. Therefore, Vin is capable of changing the balance 
between oxidants and antioxidants, in favor of antioxi-
dants to cause an improvement in LTP reduction induced 
by Aβ.

Another description for the improvement of LTP by 
Vin in AD rats in the existing study might be its neuro-
protective effect. Vin possesses a neuroprotective effect 
because of its anti-inflammatory activities [69] through 
the AMPK signal pathway phosphorylation [70] and the 
nuclear factor κB (NF-κB) pathway [71, 72] to inhibit 
the expression of inflammatory genes [73]. Furthermore, 
Vin inhibits the release of TNF-α-stimulated inflamma-
tory agents by inhibiting the IκB kinase complex (IKK)/ 
NF-κB pathway [74]. Therefore, because Vin exerts an 
anti-inflammatory role and can improve cognitive prop-
erties, it can be considered as an option for the treatment 
of neurodegenerative diseases, like AD.

In the current study, we evaluated the PS amplitude and 
EPSP slope 5, 30, and 60 min after HFS to find how long 
the effect of Vin on LTP lasts. Vin treatment and pretreat-
ment + treatment, potentiated the reduction in EPSP 
slope and PS amplitude by Aβ injection 5 min after HFS. 
Therefore, Vin treatment and pretreatment/treatment 
can be efficient in the improvement of Aβ-induced dimi-
nution of LTP just for short time after HFS. In addition, 
Vin pretreatment and also its treatment could improve 

the reduction of PS amplitude by Aβ injection 30 and 
60 min after HFS. Therefore, Vin treatment can improve 
the Aβ-induced diminution of PS amplitude in all the 
time points after HFS in the current study. The increment 
of PS amplitude both 30 and 60 min after applying HFS 
might display the long-lasting enhancement of LTP by 
Vin treatment. Therefore, it seems that the Vin treatment 
might enhance the LTP for a longer time due to its effect 
on long-lasting processes, such as second messenger 
systems and protein synthesis. Changes in long-lasting 
processes, such as the production of the second mes-
sengers via the PDE1 inhibitory effect of Vin can indicate 
the longer effects of Vin on LTP. The cAMP second mes-
senger activates cAMP response element-binding protein 
(CREB) signaling through the protein kinase A (PKA) 
leading to adjusting the transcription of synaptic plas-
ticity genes, like the brain-derived neurotrophic factor 
(BDNF) protein gene [75–86]. CREB also can lead to the 
expression of several neuroprotective and anti-apoptotic 
molecules, including fibroblast growth factor (FGF) and 
transforming growth factor (TGF) as the protective neu-
rotrophic factors [87], Bcl-2 as an anti-apoptotic protein 
[88], and peroxisome proliferator-activated receptor-
gamma coactivator 1 alpha (PGC-1α) as a ROS scavenger 
[89].

In this study, we used oral administration of Vin (4 mg/
kg). In a previous study by Molnár et al., on the LTP of 
DG, Vin at 0.1 and 5 mg/kg failed to increase the ampli-
tude of PS [57]. It seems that Vin at a dose of 4 mg/kg can 
induce the potentiation of LTP reduction by Aβ. There-
fore, Vin at a dose of 4  mg/kg might show therapeutic 
effects in ameliorating the LTP reduction induced by Aβ.

Conclusion
In summary, our results suggest that Vin can improve 
the Aβ-induced impairment of neuronal plasticity. We 
also suggest that pretreatment and treatment with Vin, 
according to its neuroprotective, antioxidant, anti-
inflammatory, and multi-functional effects, can prevent 
Aβ-induced impairment in synaptic plasticity in the hip-
pocampal PP-DG pathway evidenced by the evaluation 
of LTP. Therefore, Vin has a preventive and therapeutic 
effect on AD. However, more studies are needed to assess 
the effectiveness of Vin in AD in humans.

Acknowledgements
The authors are grateful to the staff of the Neurophysiology Research Center, 
Hamadan University of Medical Sciences for supporting this study.

Author contributions
AK contributed to the study design and supervision, statistical analysis of 
data, writing and critical revision of the manuscript; MS and IS conducted 
experiments, data acquisition and drafting the manuscript; SR was responsi‑
ble for administrative, technical and material support and critical revision of 
the manuscript for important intellectual content; MA and MKA contributed 



Page 8 of 10Shekarian et al. BMC Neuroscience           (2023) 24:20 

technical support and manuscript drafting. All authors read and approved the 
final manuscript.

Funding
This research was supported by a grant (Grant No.: 9505122863) from the 
Neurophysiology Research Center, Hamadan University of Medical Sciences, 
Hamadan, Iran.

Availability of data and materials
All data generated or analysed during this study are included in this published 
article [and its supplementary information files].

Declarations

Ethics approval and consent to participate
All experimental procedures using rats were conducted in accordance with 
the animal care and use guidelines approved by the institutional ethics com‑
mittee at Hamadan University of Medical Sciences (Code of Ethics Committee: 
IR.UMSHA.REC.1394.397) and were performed in accordance with the National 
Institutes of Health Guide for Care and Use of Laboratory Animals. Also, the 
study was carried out in compliance with the ARRIVE guidelines.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Physiology, School of Medicine, Hamadan University of Medi‑
cal Sciences, Shahid Fahmideh Street, Hamadan 65178/518, Iran. 2 Department 
of Neuroscience, School of Science and Advanced Technologies in Medicine, 
Hamadan University of Medical Sciences, Hamadan, Iran. 3 Department of Neu‑
roscience, School of Advanced Technologies in Medicine, Iran University 
of Medical Sciences, Tehran, Iran. 

Received: 13 December 2022   Accepted: 8 March 2023

References
	1.	 Hendrie HC. Epidemiology of dementia and Alzheimer’s disease. Am J 

Geriatr Psychiatry. 1998;6:S3–18.
	2.	 Parihar M, Hemnani T. Alzheimer’s disease pathogenesis and therapeutic 

interventions. J Clin Neurosci. 2004;11:456–67.
	3.	 Kalaria RN. The blood-brain barrier and cerebrovascular pathology in 

Alzheimer’s disease. Ann N Y Acad Sci. 1999;893:113–25.
	4.	 Bliss TV, Collingridge GL. A synaptic model of memory: long-term poten‑

tiation in the hippocampus. Nature. 1993;361:31.
	5.	 Leslie RA. Imaging Alzheimer’s disease in vivo: not so ‘implaque-

able’anymore. Trends Neurosci. 2002;25:232–3.
	6.	 Torreilles F, Touchon J. Pathogenic theories and intrathecal analysis of the 

sporadic form of Alzheimer’s disease. Prog Neurobiol. 2002;66:191–203.
	7.	 Selkoe DJ. Alzheimer’s disease is a synaptic failure. Science. 

2002;298:789–91.
	8.	 Andreyev AY, Kushnareva YE, Starkov A. Mitochondrial metabolism of 

reactive oxygen species. Biochem Mosc. 2005;70:200–14.
	9.	 Sayre LM, Smith MA, Perry G. Chemistry and biochemistry of oxidative 

stress in neurodegenerative disease. Curr Med Chem. 2001;8:721–38.
	10.	 Christen Y. Oxidative stress and Alzheimer disease. Am J Clin Nutr. 

2000;71:621S-S629.
	11.	 Butterfield DA, Boyd-Kimball D. Amyloid β-Peptide (1–42) contributes to 

the oxidative stress and neurodegeneration found in Alzheimer disease 
brain. Brain Pathol. 2004;14:426–32.

	12.	 Spuch C, Ortolano S, Navarro C. New insights in the amyloid-Beta interac‑
tion with mitochondria. J Aging Res. 2012;2012:1.

	13.	 Murgas P, Godoy B, Von Bernhardi R. Aβ potentiates inflammatory activa‑
tion of glial cells induced by scavenger receptor ligands and inflamma‑
tory mediators in culture. Neurotox Res. 2012;22:69–78.

	14.	 Dursun E, Gezen-Ak D, Hanağası H, Bilgiç B, Lohmann E, Ertan S, et al. The 
interleukin 1 alpha, interleukin 1 beta, interleukin 6 and alpha-2-mac‑
roglobulin serum levels in patients with early or late onset Alzheimer’s 
disease, mild cognitive impairment or Parkinson’s disease. J Neuroimmu‑
nol. 2015;283:50–7.

	15.	 Sheng JG, Jones RA, Zhou XQ, McGinness JM, Van Eldik LJ, Mrak RE, et al. 
Interleukin-1 promotion of MAPK-p38 overexpression in experimental 
animals and in Alzheimer’s disease: potential significance for tau protein 
phosphorylation. Neurochem Int. 2001;39:341–8.

	16.	 Kumar A, Singh A. A review on Alzheimer’s disease pathophysiology and 
its management: an update. Pharmacol Rep. 2015;67:195–203.

	17.	 Vereczkey L. Pharmacokinetics and metabolism of vincamine and related 
compounds. Eur J Drug Metab Pharmacokinet. 1985;10:89–103.

	18.	 Nicholson C. Pharmacology of nootropics and metabolically active 
compounds in relation to their use in dementia. Psychopharmacology. 
1990;101:147–59.

	19.	 Hindmarch I, Fuchs H-H, Erzigkeit H. Efficacy and tolerance of vinpocetine 
in ambulant patients suffering from mild to moderate organic psycho‑
syndromes. International Clin Psychopharmacol. 1991. https://​doi.​org/​10.​
1097/​00004​850-​19910​0610-​00005.

	20.	 Imamoto T, Tanabe M, Shimamoto N, Kawazoe K, Hirata M. Cerebral 
circulatory and cardiac effects of vinpocetine and its metabolite, 
apovincaminic acid, in anesthetized dogs. Arzneimittelforschung. 
1984;34:161–9.

	21.	 Deshmukh R, Sharma V, Mehan S, Sharma N, Bedi K. Amelioration of 
intracerebroventricular streptozotocin induced cognitive dysfunction 
and oxidative stress by vinpocetine—a PDE1 inhibitor. Eur J Pharmacol. 
2009;620:49–56.

	22.	 Pereira C, Agostinho P, Moreira PI, Duarte AI, Santos MS, Oliveira CR. 
Neuroprotection strategies: effect of vinpocetine in vitro oxidative stress 
models. Acta Med Port. 2003;16:401–6.

	23.	 Jeon K-I, Xu X, Aizawa T, Lim JH, Jono H, Kwon D-S, et al. Vinpocetine 
inhibits NF-κB–dependent inflammation via an IKK-dependent but PDE-
independent mechanism. Proceed Nat Acad Sci. 2010. https://​doi.​org/​10.​
1073/​pnas.​09144​14107.

	24.	 Patyar S, Prakash A, Modi M, Medhi B. Role of vinpocetine in cerebrovas‑
cular diseases. Pharmacol Rep. 2011;63:618–28.

	25.	 Conti M, Beavo J. Biochemistry and physiology of cyclic nucleotide 
phosphodiesterases: essential components in cyclic nucleotide signaling. 
Annu Rev Biochem. 2007;76:481–511.

	26.	 Lugnier C. Cyclic nucleotide phosphodiesterase (PDE) superfamily: a new 
target for the development of specific therapeutic agents. Pharmacol 
Ther. 2006;109:366–98.

	27.	 Boswell-Smith V, Spina D, Page CP. Phosphodiesterase inhibitors. Br J 
Pharmacol. 2006;147:S252–7.

	28.	 Borrelli E, Montmayeur J, Foulkes N, Sassone-Corsi P. Signal transduction 
and gene control: the cAMP pathway. Crit Rev Oncog. 1992;3:321–38.

	29.	 Denninger JW, Marletta MA. Guanylate cyclase and the⋅ NO/cGMP 
signaling pathway. Biochimica et Biophysica Acta (BBA)-Bioenergetics. 
1999;1411:334–50.

	30.	 Bitner RS. Cyclic AMP response element-binding protein (CREB) phospho‑
rylation: a mechanistic marker in the development of memory enhancing 
Alzheimer’s disease therapeutics. Biochem Pharmacol. 2012;83:705–14.

	31.	 Menniti FS, Faraci WS, Schmidt CJ. Phosphodiesterases in the CNS: targets 
for drug development. Nat Rev Drug Discovery. 2006;5:660.

	32.	 Schmidt CJ. Phosphodiesterase inhibitors as potential cognition enhanc‑
ing agents. Curr Top Med Chem. 2010;10:222–30.

	33.	 Bliss TV. Long-term potentiation of synaptic transmission in teh hip‑
pocampus: properties and mechanisms. Term Potentiation. 1988;35:3–72.

	34.	 Abraham WC, Bear MF. Metaplasticity: the plasticity of synaptic plasticity. 
Trends Neurosci. 1996;19:126–30.

	35.	 Lorenzo A, Yankner BA. Beta-amyloid neurotoxicity requires fibril forma‑
tion and is inhibited by congo red. Proc Natl Acad Sci. 1994;91:12243–7.

	36.	 Shang Y, Wang L, Li Y, Gu P-F. Vinpocetine improves scopolamine induced 
learning and memory dysfunction in C57 BL/6J mice. Biol Pharm Bulletin. 
2016;39:1412–8.

	37.	 Shekarian M, Komaki A, Shahidi S, Sarihi A, Salehi I, Raoufi S. The protec‑
tive and therapeutic effects of vinpocetine, a PDE1 inhibitor, on oxidative 
stress and learning and memory impairment induced by an intracer‑
ebroventricular (ICV) injection of amyloid beta (aβ) peptide. Behav Brain 
Res. 2020;383:112512.

https://doi.org/10.1097/00004850-199100610-00005
https://doi.org/10.1097/00004850-199100610-00005
https://doi.org/10.1073/pnas.0914414107
https://doi.org/10.1073/pnas.0914414107


Page 9 of 10Shekarian et al. BMC Neuroscience           (2023) 24:20 	

	38.	 Barakat W, Anwar H, Mahmoud M. Sildenafil and vinpocetine promote 
wound healing in diabetic rats. J Adv Pharm Res. 2021;5:211–21.

	39.	 Asadbegi M, Yaghmaei P, Salehi I, Komaki A, Ebrahim-Habibi A. Investiga‑
tion of thymol effect on learning and memory impairment induced by 
intrahippocampal injection of amyloid beta peptide in high fat diet-fed 
rats. Metab Brain Dis. 2017;32:827–39.

	40.	 Ghahremanitamadon F, Shahidi S, Zargooshnia S, Nikkhah A, Ranjbar A, 
Soleimani AS. Protective effects of Borago officinalis extract on amyloid 
β-peptide (25–35)-induced memory impairment in male rats: a behavio‑
ral study. BioMed Res Int. 2014;2014:1.

	41.	 Komaki A, Khalili A, Salehi I, Shahidi S, Sarihi A. Effects of exposure to an 
extremely low frequency electromagnetic field on hippocampal long-
term potentiation in rat. Brain Res. 2014;1564:1–8.

	42.	 Karamian R, Komaki A, Salehi I, Tahmasebi L, Komaki H, Shahidi S, et al. 
Vitamin C reverses lead-induced deficits in hippocampal synaptic plastic‑
ity in rats. Brain Res Bull. 2015;116:7–15.

	43.	 Paxinos G, Watson C. The rat brain in stereotaxic coordinates: hard. cover. 
Amsterdam: Access Online via Elsevier; 2006.

	44.	 Karimi SA, Salehi I, Komaki A, Sarihi A, Zarei M, Shahidi S. Effect of high-fat 
diet and antioxidants on hippocampal long-term potentiation in rats: an 
in vivo study. Brain Res. 2013;1539:1–6.

	45.	 Karimi SA, Komaki A, Salehi I, Sarihi A, Shahidi S. Role of group II metabo‑
tropic glutamate receptors (mGluR2/3) blockade on long-term potentia‑
tion in the dentate gyrus region of hippocampus in rats fed with high-fat 
diet. Neurochem Res. 2015;40:811–7.

	46.	 Tahmasebi L, Komaki A, Karamian R, Shahidi S, Sarihi A, Salehi I, et al. The 
interactive role of cannabinoid and vanilloid systems in hippocampal 
synaptic plasticity in rats. Eur J Pharmacol. 2015;757:68–73.

	47.	 Salehi I, Karamian R, Komaki A, Tahmasebi L, Taheri M, Nazari M, et al. 
Effects of vitamin E on lead-induced impairments in hippocampal synap‑
tic plasticity. Brain Res. 2015;1629:270–81.

	48.	 Taube J, Schwartzkroin P. Mechanisms of long-term potentiation: EPSP/
spike dissociation, intradendritic recordings, and glutamate sensitivity. J 
Neurosci. 1988;8:1632–44.

	49.	 Asadbegi M, Yaghmaei P, Salehi I, Ebrahim-Habibi A, Komaki A. Neuropro‑
tective effects of metformin against Aβ-mediated inhibition of long-term 
potentiation in rats fed a high-fat diet. Brain Res Bull. 2016;121:178–85.

	50.	 Raymond CR, Ireland DR, Abraham WC. NMDA receptor regulation by 
amyloid-β does not account for its inhibition of LTP in rat hippocampus. 
Brain Res. 2003;968:263–72.

	51.	 Bertoni-Freddari C, Fattoretti P, Casoli T, Caselli U, Meier-Ruge W. Deterio‑
ration threshold of synaptic morphology in aging and senile dementia of 
Alzheimer’s type. Anal Quant Cytol Histol. 1996;18:209–13.

	52.	 Davies C, Mann D, Sumpter P, Yates P. A quantitative morphometric 
analysis of the neuronal and synaptic content of the frontal and temporal 
cortex in patients with Alzheimer’s disease. J Neurol Sci. 1987;78:151–64.

	53.	 DeKosky ST, Scheff SW. Synapse loss in frontal cortex biopsies in 
Alzheimer’s disease: correlation with cognitive severity. Ann Neurol. 
1990;27:457–64.

	54.	 Bartsch T, Wulff P. The hippocampus in aging and disease: from plasticity 
to vulnerability. Amsterdam: Elsevier; 2015.

	55.	 Cullen WK, Suh Y-H, Anwyl R, Rowan MJ. Block of LTP in rat hippocam‑
pus in vivo by β-amyloid precursor protein fragments. Neuro Rep. 
1997;8:3213–7.

	56.	 Itoh A, Akaike T, Sokabe M, Nitta A, Iida R, Olariu A, et al. Impairments of 
long-term potentiation in hippocampal slices of β-amyloid-infused rats. 
Eur J Pharmacol. 1999;382:167–75.

	57.	 Molnár P, Gaál L. Effect of different subtypes of cognition enhancers on 
long-term potentiation in the rat dentate gyrus in vivo. Eur J Pharmacol. 
1992;215:17–22.

	58.	 Lendvai B, Zelles T, Rozsa B, Vizi ES. A vinca alkaloid enhances morpho‑
logical dynamics of dendritic spines of neocortical layer 2/3 pyramidal 
cells. Brain Res Bull. 2003;59:257–60.

	59.	 DeNoble VJ. Vinpocetine enhances retrieval of a step-through passive 
avoidance response in rats. Pharmacol Biochem Behav. 1987;26:183–6.

	60.	 Serulle Y, Zhang S, Ninan I, Puzzo D, McCarthy M, Khatri L, et al. A 
GluR1-cGKII interaction regulates AMPA receptor trafficking. Neuron. 
2007;56:670–88.

	61.	 Lu W-Y, Man H-Y, Ju W, Trimble WS, MacDonald JF, Wang YT. Activa‑
tion of synaptic NMDA receptors induces membrane insertion of new 

AMPA receptors and LTP in cultured hippocampal neurons. Neuron. 
2001;29:243–54.

	62.	 Bender AT, Beavo JA. Cyclic nucleotide phosphodiesterases: molecular 
regulation to clinical use. Pharmacol Rev. 2006;58:488–520.

	63.	 Sharma S, Kumar K, Deshmukh R, Sharma PL. Phosphodiesterases: 
regulators of cyclic nucleotide signals and novel molecular target for 
movement disorders. Eur J Pharmacol. 2013;714:486–97.

	64.	 Smith MA, Rottkamp CA, Nunomura A, Raina AK, Perry G. Oxidative stress 
in Alzheimer’s disease. Biochimica et Biophysica Acta (BBA)-Molecular 
Basis of Disease. 2000; 1502:139–44.

	65.	 Markesbery WR. Oxidative stress hypothesis in Alzheimer’s disease. Free 
Radical Biol Med. 2005;39:1268.

	66.	 Štolc S. Indole derivatives as neuroprotectants. Life Sci. 1999;65:1943–50.
	67.	 Santos MS, Duarte AI, Moreira PI, Oliveira CR. Synaptosomal response to 

oxidative stress: effect of vinpocetine. Free Radical Res. 2000;32:57–66.
	68.	 Wadie W, El-Tanbouly DM. Vinpocetine mitigates proteinuria and podo‑

cytes injury in a rat model of diabetic nephropathy. Eur J Pharmacol. 
2017;814:187–95.

	69.	 Nadeem RI, Ahmed HI, El-Sayeh BM. Protective effect of vinpoce‑
tine against neurotoxicity of manganese in adult male rats. Naunyn 
Schmiedebergs Arch Pharmacol. 2018;391:729–42.

	70.	 Zhou Q, Guo D, Li X, Wang Y, Ye X, Xue S, et al. Anti-inflammatory effects 
of vinpocetine in LPS-stimulated microglia via activation of AMPK. Anais 
da Academia Brasileira de Ciências. 2020. https://​doi.​org/​10.​1590/​0001-​
37652​02020​200241.

	71.	 Jeon K-I, Xu X, Aizawa T, Lim JH, Jono H, Kwon D-S, et al. Vinpocetine 
inhibits NF-κB–dependent inflammation via an IKK-dependent but PDE-
independent mechanism. Proc Natl Acad Sci. 2010;107:9795–800.

	72.	 Zhang F, Yan C, Wei C, Yao Y, Ma X, Gong Z, et al. Vinpocetine inhibits 
NF-κB-dependent inflammation in acute ischemic stroke patients. Transl 
Stroke Res. 2018;9:174–84.

	73.	 Jones AP, Kermode AG, Lucas RM, Carroll WM, Nolan D, Hart P. Circulating 
immune cells in multiple sclerosis. Clin Exp Immunol. 2017;187:193–203.

	74.	 Zhao Y-Y, Yu J-Z, Li Q-Y, Ma C-G, Lu C-Z, Xiao B-G. TSPO-specific ligand 
vinpocetine exerts a neuroprotective effect by suppressing microglial 
inflammation. Neuron Glia Biol. 2011;7:187.

	75.	 Frank DA, Greenberg ME. CREB: a mediator of long-term memory from 
mollusks to mammals. Cell. 1994;79:5–8.

	76.	 Atkins CM, Selcher JC, Petraitis JJ, Trzaskos JM, Sweatt JD. The MAPK 
cascade is required for mammalian associative learning. Nat Neurosci. 
1998;1:602.

	77.	 Silva AJ, Kogan JH, Frankland PW, Kida S. CREB and memory. Annu Rev 
Neurosci. 1998;21:127–48.

	78.	 Josselyn SA, Nguyen PV. CREB, synapses and memory disorders: past 
progress and future challenges. Current Drug Targets-CNS Neurol Disord. 
2005;4:481–97.

	79.	 Etkin A, Alarcón JM, Weisberg SP, Touzani K, Huang YY, Nordheim A, et al. 
A role in learning for SRF: deletion in the adult forebrain disrupts LTD 
and the formation of an immediate memory of a novel context. Neuron. 
2006;50:127–43.

	80.	 Pintchovski SA, Peebles CL, Kim HJ, Verdin E, Finkbeiner S. The serum 
response factor and a putative novel transcription factor regulate expres‑
sion of the immediate-early gene Arc/Arg3. 1 in neurons. J Neurosci. 
2009;29:1525–37.

	81.	 Barco A, Alarcon JM, Kandel ER. Expression of constitutively active CREB 
protein facilitates the late phase of long-term potentiation by enhancing 
synaptic capture. Cell. 2002;108:689–703.

	82.	 Bourtchouladze R, Lidge R, Catapano R, Stanley J, Gossweiler S, Romashko 
D, et al. A mouse model of Rubinstein-Taybi syndrome: defective long-
term memory is ameliorated by inhibitors of phosphodiesterase 4. Proc 
Natl Acad Sci. 2003;100:10518–22.

	83.	 Mower AF, Liao DS, Nestler EJ, Neve RL, Ramoa AS. cAMP/Ca2+ response 
element-binding protein function is essential for ocular dominance 
plasticity. J Neurosci. 2002;22:2237–45.

	84.	 Glazewski S, Barth AL, Wallace H, McKenna M, Silva A, Fox K. Impaired 
experience-dependent plasticity in barrel cortex of mice lacking the 
alpha and delta isoforms of CREB. Cereb Cortex. 1999;9:249–56.

	85.	 Ramanan N, Shen Y, Sarsfield S, Lemberger T, Schütz G, Linden DJ, et al. 
SRF mediates activity-induced gene expression and synaptic plasticity 
but not neuronal viability. Nat Neurosci. 2005;8:759.

https://doi.org/10.1590/0001-3765202020200241
https://doi.org/10.1590/0001-3765202020200241


Page 10 of 10Shekarian et al. BMC Neuroscience           (2023) 24:20 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	86.	 Tyan SW, Tsai MC, Lin CL, Ma YL, Lee EH. Serum-and glucocorticoid-
inducible kinase 1 enhances zif268 expression through the mediation of 
SRF and CREB1 associated with spatial memory formation. J Neurochem. 
2008;105:820–32.

	87.	 Lonze BE, Ginty DD. Function and regulation of CREB family transcription 
factors in the nervous system. Neuron. 2002;35:605–23.

	88.	 Kitagawa K. CREB and cAMP response element-mediated gene expres‑
sion in the ischemic brain. FEBS J. 2007;274:3210–7.

	89.	 St-Pierre J, Drori S, Uldry M, Silvaggi JM, Rhee J, Jäger S, et al. Suppres‑
sion of reactive oxygen species and neurodegeneration by the PGC-1 
transcriptional coactivators. Cell. 2006;127:397–408.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Neuroprotective effects of vinpocetine, as a phosphodiesterase 1 inhibitor, on long-term potentiation in a rat model of Alzheimer’s disease
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Animals
	Experimental design
	Main reagents and drugs
	The dose of vinpocetine and duration of treatment
	Aβ injections and surgery
	Surgical procedures, electrophysiological recordings, and LTP induction
	Measurement of evoked potentials
	Data analysis

	Results
	Effects of Vin pretreatment and treatment and both on the EPSP slopes of granular cells in the DG of AD rats
	Effects of Vin pretreatment and treatment and both on the PS amplitude of granular cells in the DG of AD rats

	Discussion
	Conclusion
	Acknowledgements
	References


