
EXPERIMENTAL AND THERAPEUTIC MEDICINE  25:  152,  2023

Abstract. Brain ischemia is an independent risk factor for 
Alzheimer's disease (AD); however, the mechanisms under‑
lining ischemic stroke and AD remain unclear. The present 
study aimed to investigate the function of the ε isoform of 
protein kinase C (PKCε) in brain ischemia‑induced dendritic 
spine dysfunction to elucidate how brain ischemia causes 
AD. In the present study, primary hippocampus and cortical 
neurons were cultured while an oxygen‑glucose deprivation 
(OGD) model was used to simulate brain ischemia. In the 
OGD cell model, in vitro kinase activity assay was performed 
to investigate whether the PKCε kinase activity changed after 
OGD treatment. Confocal microscopy was performed to 
investigate whether inhibiting PKCε kinase activity protects 
dendritic spine morphology and function. G‑LISA was used 
to investigate whether small GTPases worked downstream 
of PKCε. The results showed that PKCε kinase activity was 
significantly increased following OGD treatment in primary 
neurons, leading to dendritic spine dysfunction. Pre‑treatment 
with PKCε‑inhibiting peptide, which blocks PKCε activity, 
significantly rescued dendritic spine function following OGD 
treatment. Furthermore, PKCε could activate Ras homolog 
gene family member A (RhoA) as a downstream molecule, 
which mediated OGD‑induced dendritic spine morphology 
changes and caused dendritic spine dysfunction. In conclu‑
sion, the present study demonstrated that the PKCε/RhoA 
signalling pathway is a novel mechanism mediating brain 
ischemia‑induced dendritic spine dysfunction. Developing 

therapeutic targets for this pathway may protect against and 
prevent brain ischemia‑induced cognitive impairment and AD.

Introduction

Brain ischemia episodes facilitate the onset of dementia, with 
10% of patients developing dementia and cognitive impair‑
ment soon after their first stroke (1). Studies have indicated 
that ischemia and the primary type of dementia, Alzheimer's 
disease (AD), are statistically correlated (2‑4). For example, a 
previous clinical study revealed that stroke is an independent 
risk factor for AD (4). Numerous animal studies have also 
suggested a higher occurrence rate of AD following brain 
ischemia/stroke (5,6). Thus, it is important to investigate the 
molecular association between brain ischemia and AD to 
reduce AD occurrence following a brain ischemia.

Ischemic neurotoxicity leads to extensive neuronal impair‑
ments in certain regions of the forebrain, such as the cortex 
and hippocampus. These regions are associated with cognitive 
function (7). A previous study showed that dendritic spine 
dysfunction is the earliest neurotoxicity symptom following 
brain ischemia (8). More importantly, dendritic spine dysfunc‑
tion is a biomarker predicting AD occurrence (9,10). Based 
on these previous findings, it was hypothesized that protecting 
dendritic spine function following brain ischemia might relieve 
neuronal death following stroke, which might ultimately 
reduce AD occurrence following brain ischemia.

The function and dynamics of dendritic spines are tightly 
regulated by cytoskeletal proteins, such as microtubules and 
their upstream regulator, Rho‑GTPases (11). Members of the 
protein kinase C (PKC) family are known for their functions 
in regulating the activity of Rho‑GTPase. The ε isoform of 
PKC (PKCε) has been found to regulate the cytoskeleton in 
cardiocytes and to protect cells from mitochondria damage 
following myocardial ischemia (12). However, the role of 
PKCε in neuronal cells following ischemia remains unclear. 
Oxygen‑glucose deprivation (OGD) is a well‑established 
cell‑based method for simulating brain ischemia in vitro (13) 
that has been used extensively in basic and preclinical stroke 
studies (14‑16). In the present study, OGD was applied to 
primary hippocampus and cortical neurons to investigate 
the role of PKCε in dendritic spine dysfunction following 
ischemia. The results of the present study may suggest novel 
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therapeutic targets for cognitive function protection following 
brain ischemia.

Materials and methods

Rat euthanasia. Pregnant Sprague‑Dawley rats at E17 were 
purchased from the vivarium facility of WuXi AppTec Co., Ltd. 
Upon arrival, rats were left in the procedure room overnight 
and euthanized on E18. A total of 20 pregnant female rats (age 
between 8‑12 weeks and body weight around 250 g were used. 
For euthanasia, rats were put in a large transparent plastic box 
for 10 min and inhalant anaesthesia was performed by placing 
a 50‑ml centrifuge tube containing 15 ml liquid isoflurane 
(99.9%; cat. no. H19980141; Ruitaibio Co.) into the plastic box. 
The plastic box was then sealed with the lid to avoid the evapo‑
ration of isoflurane. The final isoflurane percentage was 3% 
for both induction and maintenance of anaesthesia. Generally, 
rats would be anaesthetized in 10‑15 min. Subsequently, the 
abdomen skin of anaesthetized rats was sterilized with 70% 
ethanol. Following sterilization, an incision was made along 
the midline of the abdomen using clinical scissors, from the 
small intestine up to the heart. Finally, rats were sacrificed by 
cutting off a piece of the left heart ventricle and decapitation 
with surgical scissors. Death was verified by loss of heartbeat. 
Rats were under anaesthesia for the whole euthanasia process. 
Embryos were collected into a 100‑cm dish for hippocampus 
and cortex dissection in a tissue culture room.

The animal welfare and husbandry were conducted at 
the vivarium room of WuXi AppTec Co., Ltd. Pregnant rats 
were housed in separate cages, with ad libitum access to food 
and water supply, and 12/12‑h light/dark cycles at 24‑26˚C 
and 30‑70% humidity. Animal health was monitored daily. 
Physiological or behavioural symptoms, such as severe pain, 
overt distress, moribund and beyond the point where recovery 
appears reasonable, were used as humane endpoint criteria 
resulting in animal euthanasia to minimize suffering by inha‑
lation of 100% CO2 with 70% chamber volume /min influx 
rate. Fetuses were euthanized by decapitation with surgical 
scissors.

Primary neuronal culture. The present study was collabora‑
tive research between the Huzhou Third Municipal Hospital, 
The Affiliated Hospital of Huzhou University (Huzhou, 
Zhejiang, China) and WuXi AppTec Co., Ltd. Procedures 
involving animals were approved by the Institutional Animal 
Care and Use Committee of the WuXi AppTec Co., Ltd. 
company at the Qidong (Jiangsu, China) site (IACUC approval 
no. GP01‑QD089‑2022v1.0). Cell culture was performed as 
previously described (17). In brief, before dissection, 35‑mm 
cell culture dishes were pre‑treated with 1 ml Poly‑L‑Lysine 
(0.5 mg/ml; cat. no. P4707; MilliporeSigma) overnight at 
37˚C and washed with sterile water three times. Pregnant 
Sprague‑Dawley rats at embryonic day 18 (E18) were sacri‑
ficed and embryos were decapitated with surgical scissors 
and dissected for hippocampus and cortex neuron culture. 
Low‑density hippocampus (1x104 cells for a total of three 
coverslips/35 mm dish) or high‑density cortical cultures 
(1x107 cells/35 mm dish) were grown in neurobasal medium 
(cat no. 21103049; Invitrogen; Thermo Fisher Scientific, Inc.) 
supplemented with 1X B‑27 (cat no. 17504044; Invitrogen; 

Thermo Fisher Scientific, Inc.) and 2 mM GlutaMAX™ (cat 
no. 35050061; Invitrogen; Thermo Fisher Scientific, Inc.). 
At 6 days in vitro (DIV), primary neurons were transfected 
with enhanced green fluorescent protein (eGFP) plasmids 
(pcDNA3‑eGFP, cat no. 13031 Addgene) for visualization using 
calcium phosphate precipitation, as previously described (17). 
In brief, 2 µg eGFP plasmid was transfected overnight at 37˚C 
using Calcium Phosphate Transfection Kit (cat no. K278001, 
Thermo Fisher). Fresh medium was added and primary 
neurons were incubated in 37˚C until use on DIV 17.

OGD model establishment. The OGD model was established as 
previously described (18). To simulate ischemic stroke in vitro, 
primary neurons were washed gently with PBS (pH 7.4; cat. 
no. 10010023; Invitrogen; Thermo Fisher Scientific, Inc.) 
twice. Neurons were cultured in DMEM with no glucose (cat. 
no. 11966025; Invitrogen; Thermo Fisher Scientific, Inc.) or 
supplements and incubated in a humidified oxygen control 
CO2 incubator (type‑i160; Thermo Fisher Scientific, inc.) with 
1% O2, 5% CO2 and 94% N2 at 37˚C for 2 h.

Confocal imaging and quantification. Confocal images were 
obtained using a Zeiss LSM 800 confocal microscope [Carl 
Zeiss IMT (Shanghai) Co., Ltd.] with an x63 oil objective 
(1.0 numerical aperture) with a sequential acquisition setting. 
Following OGD treatment, primary hippocampus neurons 
were washed with PBS and fixed with 4% paraformaldehyde 
at room temperature for 20 min (cat. no. P0099; Beyotime 
Institute of Biotechnology). Fixed cells were visualized with 
488 nm excitation for enhanced green‑fluorescent protein. Up 
to 10 positive neurons were observed per dish. Dendritic spines 
resembled mushroom‑shaped protrusions. Spine length and 
width were measured using ImageJ (version 1.50i; National 
Institutes of Health). Spine length was defined as the distance 
from the tip of the spine head to the point where the spine 
starts to grow at the dendrite. Spine width was defined as the 
maximal width of the spine head perpendicular to the long 
axis of the spine neck.

For PKCε inhibiting assay, PKCε‑specific inhibiting peptide, 
EAVSLKPT, was used here (cat no. 539522; MilliporeSigma). 
In brief, hippocampus neurons were transfected with 2 µg of 
eGFP plasmid at DIV6 and treated with 1 mM inhibitor at 
DIV16. After 24 h treatment at 37˚C, cells were moved to an 
OGD chamber for 2 h. After OGD treatment, cells were fixed 
and observed under confocal microscope in the way as stated 
above.

While performing quantifications, all green positive 
neurons in each dish that have intact cell membrane were 
imaged and used for quantification. All dendritic spines identi‑
fied on each imaged neuron were quantified for number, length 
and width. There were at least 30 positive neurons from 3‑5 
repeated experiments used for quantification and 1,200‑1,500 
dendritic spines were quantified in total in each group (50‑70 
spines per neuron). The quantifications were performed by two 
individuals (LL and GS) who were blind to the experimental 
conditions and the results were averaged.

Cell viability assay. The viability of primary neurons was 
detected via MTT assay (cat no. ST1537; Beyotime Institute of 
Biotechnology), according to the manufacturer's instructions. 
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Briefly, following the OGD treatments, primary cortical 
neurons were washed with PBS and incubated with MTT 
reagent (50 µl/well in a 6‑well‑plate) at 37˚C for 4 h. 100 µl 
DMSO was added to dissolve the formazan. Absorbance was 
measured at 450 nm using a plate reader (BioTek Synergy HT 
Multi‑Mode Microplate reader, BioTek China).

Rho‑GTPase activity assay. The rho‑GTPase activity was 
measured using different G‑LISA activation assay kits (cat. 
nos. BK124 for active RhoA, BK128 for active Rac1 and BK127 
for CDC42; Cytoskeleton, Inc.) following the manufacturer's 
instructions. Briefly, high‑density cortical neurons with OGD 
treatment were lysed using the lysis buffer supplied with the 
kits. A total of 25 µg total protein/group was loaded into each 
well and then incubated with primary and secondary anti‑
bodies that supplied with the G‑LISA kits (cat. nos. BK124 for 
active RhoA, BK128 for active Rac1 and BK127 for CDC42; 
Cytoskeleton, Inc.). According to manufacturer's instruction, 
the primary antibody can incubate at room temperature for 
1 h and then the secondary antibody can incubate at room 
temperature for 1 h. The reaction plate was incubated with a 
detection solution at room temperature for 30 min according 
to manufacturer's instruction and the level of activation was 
determined by measuring the absorbance at 490 nm (BioTek 
Synergy HT Multi‑Mode Microplate reader, BioTek China).

Electrophysiology recording. Electrophysiology whole‑cell 
recordings were performed in voltage‑clamp mode using 
a MultiClamp 700B amplifier (Molecular Devices, LCC) at 
a sampling frequency of 50 kHz and recorded signals were 
digitized using a Digidata 1440 digitizer (Molecular Devices, 
LCC). Patch pipettes were pulled from borosilicate glass and 
had a resistance of 3‑5 MΩ when filled with standard intra‑
cellular solution (95.0 K‑gluconate, 50.0 KCl, 10.0 HEPES, 
4.00 Mg‑ATP, 0.3 NaGTP and 10.0 mM phosphocreatine; 
pH 7.2, 300 mOsm). Miniature excitatory postsynaptic current 
(mEPSC) was measured in rat hippocampal neurons following 
OGD at room temperature in artificial cerebrospinal fluid 
(126.0 NaCl, 2.5 KCl, 10.0 glucose, 1.25 NaH2PO4, 2.0 MgCl2, 
2.0 CaCl2 and 26.0 mM NaHCO3) with 0.5 µM tetrodotoxin 
(Sigma‑Aldrich; Merck KGaA).

In vitro PKCε kinase activity. PKCε kinase activity was 
measured using PKCε Kinase Enzyme System (cat. no. V4037; 
Promega Corporation), according to the manufacturer's 
instructions. Briefly, high‑density cortical neurons with OGD 
treatment were lysed with RIPA buffer (cat. no. P0013B; 
Beyotime Institute of Biotechnology) and 100 µg total 
protein/group was then used for incubation with 5 µM ATP 
and 0.1 µg/µl substrate for 60 min at room temperature. A 
total of 25 ng purified PKCε was used as the positive control. 
Following incubation, ADP‑Glo™ was added and incubated 
at room temperature for 40 min according to manufacturer's 
instructions. Luminescence signals were detected using a 
microplate reader (BioTek Synergy HT Multi‑Mode micro‑
plate reader, BioTek China).

Western blotting. Following OGD treatment, primary cortical 
neurons were washed twice with PBS and cells were lysed 
using a protein lysis buffer (cat. no. P0013B; Beyotime Institute 

of Biotechnology) in a cold room at 4˚C for 10 min. Following 
centrifugation (10,000 x g for 10 min at 4˚C), the supernatant 
was transferred to a new tube and protein concentration was 
quantified using a Pierce BCA protein assay (cat. no. 23225; 
Thermo Fisher Scientific, Inc.). An equal amount of protein 
from each group was denatured at 95˚C for 5 min and 50 µg 
protein/lane was separated by SDS‑PAGE on a 10% gel. 
Following the transfer onto a 0.45‑µm PVDF membrane (cat 
no. 88518; Thermo Fisher Scientific, Inc.), PVDF membranes 
were blocked with 5% BSA (cat. no. ST025; Beyotime Institute 
of Biotechnology) for 1 h at room temperature. Following 
blocking, membranes were incubated with a primary antibody 
overnight in a cold room at 4˚C and with a secondary antibody 
for 1 h at room temperature. The following primary antibodies 
were used: Rabbit anti‑total‑Ras homolog family member A 
(RhoA; cat. no. 2117; 1:2,000; Cell Signaling Technology, 
Inc.); rabbit anti‑total‑Rac Family Small GTPase 1 (Rac1; 
cat. no. 2465; 1:2,000; Cell Signaling Technology, Inc.); 
rabbit anti‑total‑cell division cycle 42 (CDC42; cat. no. 2466; 
1:1,000; Cell Signaling Technology, Inc.), rabbit anti‑β 
Tubulin (cat. no. 2416; 1:5,000, Cell Signaling Technology, 
Inc.), and rabbit anti‑PKCε (cat. no. 2683; 1:1,000; Cell 
Signaling Technology, Inc.). The secondary antibodies were 
horseradish peroxidase anti‑rabbit IgG (cat. no. 7074; 1:5,000; 
Cell Signaling Technology, Inc.). Protein bands were visual‑
ized using Pierce™ ECL Western Blotting Substrate (cat 
no. 32209; Thermo Fisher Scientific, Inc.) and developed in a 
dark room using X‑OMAT BT film (cat. no. FF057; Beyotime 
Institute of Biotechnology). The quantification of the bands 
was performed using ImageJ software (version 1.50i; National 
Institutes of Health).

Statistical analysis. Results were analyzed using GraphPad 
Prism Software Version 6.0 (GraphPad Software, Inc.; 
Dotmatics). All data are presented as the mean ± standard 
deviation, with replicates from 3 to 10. Statistical comparisons 
were performed using unpaired Student's t test (for compari‑
sons between two groups), one‑way ANOVA followed by 
Tukey's post hoc test (for comparisons between 3 groups) or 
two‑way ANOVA followed by Tukey's post hoc test (for quan‑
tification of spine length and width). All electrophysiological 
data were analyzed using Clampfit (Molecular Device, LLC). 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

OGD damages the morphology and function of the dendritic 
spine in primary hippocampus neuronal culture. To inves‑
tigate how ischemia interrupts dendritic spine morphology 
and function, an acute OGD model was induced in cultured 
primary hippocampus neurons. The OGD treatment is an 
established in vitro method to simulate severe hypoxic and 
ischemic conditions by withdrawing glucose in culture media 
while limiting the oxygen supply to 1%. Primary hippocampus 
neurons were transfected with eGFP plasmid for visualization 
at DIV6 and transferred into a hypoxia chamber at DIV17 with 
DMEM without glucose. According to a previous study (19), 
most of the dendritic spines in cultured hippocampus neurons 
mature at DIV17. After 2 h treatment, hippocampus neurons 
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were fixed and imaged using a confocal microscope to analyse 
the morphology of dendritic spines. Following acute phase 
OGD, total protrusions in the dendrites were significantly 
increased, while the number of mature dendritic spines was 
decreased. The mean width of the spine head was decreased 

(Fig. 1A‑D), which indicated that the dendritic spine underwent 
shrinking. Furthermore, acute OGD treatment did not induce 
significant neuronal death (Fig. 1E). Finally, electrophysiology 
was performed to measure the function of the synapses. The 
frequency of mEPSC was significantly decreased following 

Figure 1. Acute OGD treatment impairs dendritic spine morphology. (A) Primary hippocampus neurons were transfected with enhanced green fluorescent 
protein. Upper images represent neurons treated with OGD and visualized under confocal microscopy at DIV17 (scale bar, 10 µm). Lower images are magni‑
fied image from the doted square regions of the upper image. (B) Number of protrusions. Spine (C) length and (D) width (n=1,200‑1,500 spines from ≥20 
neurons). (E) High‑density cortical neurons were treated with OGD at DIV17 and tested with MTT (n=3 batches of neurons). *P<0.05. OGD, oxygen‑glucose 
deprivation; DIV, days in vitro.
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acute OGD treatment (Fig. 2), which indicated that the func‑
tion of the dendritic spine was damaged.

Acute OGD increases PKCε  k inase act ivit y and 
protein expression levels in primary neuronal culture. 
The present study investigated how acute OGD treatment 
regulates PKCε. High‑density cortical neurons at DIV17 were 
treated with OGD for 2 h before measuring PKCε protein 
level and activity, respectively by western blotting and kinase 
activity assay Following 2 h treatment, the kinase activity 
of PKCε significantly increased compared with that in the 
control (Fig. 3A). In addition, protein expression of PKCε 
was also significantly increased after 2 h OGD treatment 
(Fig. 3B and C).

Inhibition of PKCε activity following acute OGD rescues 
dendritic spine dysfunction. To investigate whether func‑
tional change of PKCε induced dendritic spine dysfunction 
following OGD, we applied PKCε‑specific inhibiting peptide, 
EAVSLKPT. This inhibiting peptide specifically blocks 
binding of PKCε with its downstream effecter, Rho‑associated 
coiled‑coil containing protein kinase 2, and thus inhibits 
PKCε function without interfering with its ATP‑binding 
motif (20). Confocal microscopy results showed that the 
number of dendritic spines was significantly rescued by 
inhibitor pre‑treatment (Fig. 4A and B). MTT assay showed 
that the cell viability did not change significantly following 
different treatments (Fig. 4C). Dendritic spine length and 
width were quantified in each group. OGD treatment signifi‑
cantly increased the mean spine length whereas the mean 
spine width was significantly decreased, indicating that the 

number of mature spines was significantly decreased in the 
OGD treatment group. On the other hand, dendritic spine 
defects caused by OGD treatment were decreased in cells 
pre‑treated with PKCε inhibitor compared with those in the 
OGD treatment group (Fig. 4D and E). Electrophysiological 
analysis, which was performed to measure the function of 
dendritic spines from hippocampus neurons, showed that the 
decrease in mEPSC frequency due to the OGD treatment was 
abolished by the PKCε inhibitor pre‑treatment, indicating that 
the synapse function was largely preserved following OGD 
with PKCε inhibitor pre‑treatment (Fig. 5).

PKCε‑induced RhoA activation mediates dendritic spine 
impairment following OGD. The morphology and function of 
dendritic spines are regulated by the cytoskeleton network and 
Rho‑GTPases are key regulators of actin cytoskeleton rear‑
rangement, which is the major structure maintaining dendritic 
spine morphology (21). To investigate if Rho‑GTPases are 
involved in OGD, the activity of RhoA, Rac1 and CDC42 were 
measured following OGD. High‑density cortical neurons at 
DIV17 were treated with OGD for 2 h. Cells were lysed and the 
same amount of protein was used to measure the active forms 
of RhoA, Rac1 and CDC42. Total RhoA, Rac1 and CDC42 
protein levels were measured by western blotting as a control. 
Following OGD treatment, the activity of RhoA was signifi‑
cantly increased while the activity of Rac1 and CDC42 was 
not significantly different compared with that in the control 
(Fig. 6). Furthermore, the present study investigated if RhoA 
was downstream of PKCε by pre‑treating cortical neurons 
with PKCε inhibitor peptide. Following 24 h PKCε inhibitor 
pre‑treatment, activation of RhoA was blocked, indicating 

Figure 2. Acute OGD treatment impairs synapse function. (A) Miniature excitatory postsynaptic current was recorded on cultured primary hippocampus 
neurons with or without OGD treatment. (B) Current frequency. (C) Amplitude (n=20‑30 neurons). *P<0.05. OGD, oxygen‑glucose deprivation.

Figure 3. Acute OGD upregulates PKCε protein expression and kinase activity. (A) High‑density cortical neurons were treated with OGD at DIV17. Neurons 
were lysed to detect kinase activity. (B) Neurons were then lysed to detect (C) protein expression. ***P<0.001. PKCε, ε isoform of protein kinase C; OGD, 
oxygen‑glucose deprivation; DIV, days in vitro.
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that RhoA is a downstream molecule of PKCε that mediates 
OGD‑induced dendritic spine impairment (Fig. 6).

Discussion

Brain ischemia is a severe disorder that damages brain tissue 
and leads to neuronal death (19), triggering cognitive impair‑
ment or dementia that includes alterations in learning, memory 
and function needed to perform basic daily life activities (22). 
AD and brain ischemia are common pathologies of ageing 
and their frequent co‑occurrence has been recognized (23,24). 
A previous study reported that patients with AD reporting 

cerebrovascular events exhibit more severe cognitive func‑
tion decline compared with those without cerebrovascular 
events (25). Preclinical and clinical evidence has indicated 
that AD and brain ischemia may share common pathological 
pathways (26‑29). However, to the best of our knowledge, the 
molecular mechanisms that connect these two diseases remain 
unclear.

The majority (>95%) of all excitatory synapses are located 
at dendritic spines and loss of excitatory synapses is a key 
characteristic of AD (30). Synapse dysfunction and dendritic 
spine loss are key early‑stage symptoms of cognitive function 
impairments (31). Contrary to irreversible neuronal death, 

Figure 4. PKCε inhibitor prevents OGD‑induced dendritic spine morphology impairment. (A) Primary hippocampus neurons were transfected with green 
fluorescent protein at DIV5 and treated with PKCε inhibitor for 24 h and then OGD for 2 h at DIV17. Cells were visualized by confocal microscopy (scale 
bar, 10 µm). Lower images represent magnifications of the dotted region of upper images. (B) Number of protrusions from each group was quantified. 
(C) High‑density cortical neurons were treated with inhibitor and OGD at DIV17. MTT assay was then performed (n=3 batches of neurons). Quantification of 
spine (D) length and (E) width (n=1,200‑1,500 protrusions from ≥20 neurons). *P<0.05, **P<0.01 and ***P<0.001. PKCε, ε isoform of protein kinase C; OGD, 
oxygen‑glucose deprivation; DIV, days in vitro; WT, wild‑type.



EXPERIMENTAL AND THERAPEUTIC MEDICINE  25:  152,  2023 7

synapse loss is a reversible process if treated at an early 
stage (32). The present study investigated dendritic spine 
morphology and synapse function following acute OGD, 
which distinguished this study from other studies that focused 
on ischemia‑induced cell death (33‑36).

Members of the PKC family are involved in basic cellular 
functions, such as cell metabolism and movements (37). 
Several studies found that several members of the PKC family 

are involved in the occurrence of AD (38‑40). For example, 
PKCε was found to be downregulated in patients with AD and 
a chemical agonist of PKCε, bryostatin 1, is now under clinical 
trial for AD treatment (41). A previous study also found that 
PKCε negatively regulates dendritic spine function through 
RhoA and Ephexin5 activation in the embryonic development 
stage (42). The present study used cultured neurons at DIV17, 
which were considered mature in vitro (43). PKCε activity was 

Figure 5. PKCε inhibitor prevents OGD‑induced synapse dysfunction. (A) mEPSC was recorded on primary hippocampus neurons following OGD with 
or without PKCε inhibitor pre‑treatment. (B) Current frequency and (C) amplitude were quantified (n=20‑30 neurons). *P<0.05. PKCε, ε isoform of protein 
kinase C; OGD, oxygen‑glucose deprivation; mEPSC, miniature excitatory postsynaptic current.

Figure 6. PKCε inhibitor regulates small‑RhoGTPase activity. (A) High‑density cortical neurons were treated with PKCε inhibitor for 24 h and OGD for 2 h. 
Cells were lysed for western blotting. Quantification of (B) PKCε; (C) total Rac1; (D) for total RhoA, and (E) for total CDC42. Activated form of (F) Rac1, 
(G) RhoA, and (H) CDC42 were measured using G‑LISA kits. **P<0.01. n=3 for western blotting and n=5 for G‑LISA. PKC, protein kinase C; Rac1, Rac Family 
Small GTPase 1; RhoA, Ras homolog gene family, member A; CDC42, cell division cycle 42.
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found to be significantly upregulated following acute OGD, 
which may underlie the association between PKCε and brain 
ischemia‑induced cognitive function impairment.

Previous studies have indicated that following heart isch‑
emia, the hypoxia‑inducible factor‑1α upregulates PKCε through 
epigenetic modifications and then impairs mitochondrial func‑
tion in cardiocytes (44). Furthermore, studies also showed that 
a calcium signal in neurons is upregulated following hypoxia, 
which may also regulate the protein expression of PKCε in 
neurons (45‑47). Considering that the changes in protein genera‑
tion usually occur days after stimulation, it was hypothesized 
that the increase in the PKCε protein levels at acute phase after 
2 h OGD treatment was due to inhibition of PKCε degradation. 
This should be further investigated in future studies.

The present study used the term ‘protrusion’ to represent 
all types of dendritic spine dynamics, which include a mature 
spine with a typical mushroom shape, an immature spine 
with a typical thin shape, a newly formed spine with stubby 
shape, as well as the non‑functional filopodia and all other 
atypical shapes (48). Due to the limited image resolution, 
further separation into sub‑groups was not possible. Because 
all the aforementioned types of protrusions represent a certain 
moment of the spine dynamics, the present study calculated 
the number of matured spines vs. all protrusions to quantified 
the percentage of mature spine.

In conclusion, an OGD cell model in primary neuronal 
culture was established in the present study to simulate adult 
brain ischemia in vitro. Dendritic spine of the hippocampus 
and cortical neurons was impaired following acute phase 
of OGD treatment. Concomitantly, PKCε protein levels and 
activity were also increased. Furthermore, inhibiting the 
function of PKCε ameliorated excitatory synapse dysfunction 
caused by OGD treatment. Finally, activity of RhoA, but not 
that of Rac1 or CDC42, was increased following PKCε acti‑
vation. The findings of the present study may suggest novel 
therapeutic targets for synapse dysfunction and cognitive loss 
following brain ischemia.
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