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Abstract. There is currently no knowledge about the expression profile of the autophagy (BECN1), mitophagy (BNIP3), and
apoptosis (CASP3) genes in the CA3 region of the hippocampus after cerebral ischemia. In addition, it is unknown whether
genes for BECN1, BNIP3, and CASP3 have any effect on the neuronal death in the CA3 area of the hippocampus due to
ischemia. In this study, for the first time, we present, by means of a quantitative PCR protocol with reverse transcriptase,
the expression of BECN1 and CASP3 genes in the neuronal CA3 region of the hippocampus with the co-expression of the
mitochondrial BNIP3 gene, which genes are associated with Alzheimer’s disease, in the ischemic model of Alzheimer’s
disease in the rat. The present study showed that after ischemia, the CASP3 gene was significantly expressed within 7–30
days, the BECN1 gene was significantly overexpressed on the thirtieth day, and the BINP3 gene was lowered below control
values during post-ischemic follow-up period. The caspase-dependent neuronal death in the CA3 region of the hippocampus
after ischemia is not accompanied by overexpression of the BNIP3 gene. Our data may therefore suggest a new insight into
the BNIP3 gene in the regulation of neuronal mitophagy in neurodegeneration in the CA3 region of the hippocampus after
ischemia. This indicates no involvement of the BNIP3 gene along with the CASP3 gene in the CA3 region of the hippocampus
in delayed neuronal death after brain ischemia.
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INTRODUCTION

Transient ischemic brain injury and Alzheimer’s
disease (AD) are two known disorders characterized
by progressive neurodegeneration, which initially
triggers neuronal death in the hippocampus in the
CA1 region and then in the CA3 area [1–5], ulti-
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mately leading to the development of dementia [6–8].
It has been observed that post-ischemic dementia is
associated with both the progressive loss of pyrami-
dal neurons of the CA1 and CA3 hippocampal areas,
as well as its gradual atrophy [3, 4, 9, 10], in the
same way as in AD [5, 11]. Experimental transient
cerebral ischemia in animals and AD cause a sud-
den loss of neurons in the hippocampus in the CA1
region, whereas in the CA3 region, the death of pyra-
midal neurons occurs with a significant delay [1, 2,
4, 5]. Previous data have shown that brain ischemia
activates neuronal changes and death in the CA1
region of the hippocampus in a mechanism dependent
on amyloid and tau protein, thus identifying a new
and important phenomenon that regulates survival
and/or death after ischemia pyramidal neurons [12,
13]. In addition, we found that autophagy (BECN1)
gene expression was not significantly modified at
all time points after ischemia, while the expression
of the mitophagy (BNIP3) and caspase 3 (CASP3)
genes increased on day 2 and decreased to basal val-
ues on days 7 and 30 after ischemia [14]. It can be
concluded that the mitophagy process is clearly asso-
ciated with the mechanism of apoptosis during the
death of pyramidal neurons in the CA1 region of the
hippocampus after brain ischemia. The phenomenon
of death of pyramidal neurons occurring at different
periods in different areas of the ischemic hippocam-
pus, i.e., CA1 and CA3, was identified on the basis
of morphological studies [1–4]; however, molecu-
lar processes explaining differences in the response
to ischemia of these regions that lead to death of
pyramidal neurons in the CA3 region are not cur-
rently fully understood. However, to the best of our
knowledge, the expression of the BECN1, BNIP3,
and CASP3 genes in CA3 hippocampal neurons in
the ischemic model of AD in rats has not been pre-
viously characterized. We decided to investigate the
progress of ischemic disease from the hippocampal
region CA1 to CA3 in the ischemic model of AD
[3, 4]. In addition, it is unknown whether genes for
BECN1, BNIP3, and CASP3 have any effect on the
neuronal death in the CA3 area of the hippocam-
pus due to ischemia. The apoptotic and autophagy
death of neurons, after brain ischemia, evoke dis-
tinctive features of the mechanisms of neuronal cell
death, and the boundary between the two types of
neuronal cell loss is not completely understood. We
will explain the role of the BECN1 gene in the CA3
area of the ischemic hippocampus with a possible
crosstalk with the CASP3 and BNIP3 genes if the

potential dysfunction of the BECN1 gene is involved
in the ischemic etiology of AD. Below, for the first
time, we present, by means of a quantitative PCR
protocol with reverse transcriptase, the expression
of BECN1 and CASP3 genes in the neuronal CA3
region of the hippocampus with the co-expression of
the mitochondrial BNIP3 gene, which genes are asso-
ciated with AD, in the ischemic model of AD in the
rat.

MATERIALS AND METHODS

Female Wistar 2-month-old rats (n = 24, body
weight 160–180 g) were subjected to transient cere-
bral ischemia due to cardiac arrest [15]. The rats
were kept in pairs per cage at room temperature of
22 ± 1◦C, 55 ± 5% humidity, and a 12- h light/dark
cycle. All rats had unlimited access to commercial
laboratory chow and tap water. All experiments were
carried out in the light phase, in identical conditions.
Rats used for experiments were treated strictly in
accordance with the NIH Guide for the Care and Use
of Lab Animals (1985) and Council Directive of the
European Communities 142 (86/609/EEC), and with
the consent of the local Ethical Committee. Every
effort has been made to reduce the number of ani-
mals used and to minimize their suffering. The rat
brain ischemia model used is clinically representa-
tive of reversible cardiac arrest in humans. Global
reversible brain ischemia caused by cardiac arrest
lasted 10 min [15]. Rats were allowed to survive 2
(n = 8), 7 (n = 8), and 30 days (n = 8) post-ischemia.
Sham-operated animals (n = 24) served as controls
under the same procedures as ischemic rats but with-
out induced cardiac arrest.

Before samples were taken, the brains were per-
fused with cold 0.9% NaCl through the left ventricle
to rinse the blood vessels from the blood. After
removing the brain from the skull, the brain was
placed on an ice chilled Petri dish. The brains were
cut in the coronal plane by cutting the intersection
of the optic nerves. Ischemia and control combined
samples of approximately 1 mm3 of the hippocam-
pus volume of the left and right CA3 regions were
collected using a narrow scalpel. CA3 samples were
immediately placed in the RNALater solution (Life
Technologies, USA). Expression of BECN1, BNIP3,
and CASP3 genes was assessed by reverse tran-
scription quantitative PCR (RT-qPCR) method. The
genes were quantified in each sample taken from
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the ischemic group and referred to gene expression
defined in the respective samples in the control group
1:1.

The isolation of cellular RNA was made accord-
ing to the method described by Chomczyński and
Sacchi [16]. The quality and quantity of RNA was
assessed using the Nano Drop 2000 spectrophotome-
ter (Thermo Scientific, USA). The isolated RNA was
stored in 80% ethanol at –20◦C for further analysis.
In later studies, one microgram of total RNA was
reverse transcribed into cDNA using a large capacity
cDNA kit for reverse transcription according to the
manufacturer’s recommendations (Applied Biosys-
tems, USA). The cDNA synthesis was done on Veriti
Dx (Applied Biosystems, USA) under the conditions:
phase I: 25◦C 10 min, phase II: 37◦C 2 h, phase III:
85◦C 5 min, phase IV: 4◦C. The resulting cDNA
was amplified by real-time gene expression analy-
sis (qPCR) on the 7900HT Real-Time Fast System
(Applied Biosystems, USA) using the Master Mix
SYBR-green PCR power mixing reagent using the
SDS manufacturer software [12–14]. The amplifica-
tion protocol consisted of the following cycles: initial
denaturation: 95◦C 10 min and 40 cycles, each at two
different temperatures: 95◦C 15 s and 60◦C 1 min.
The number of DNA copies was assessed by 7900HT
Real-Time Fast System (Applied Biosystems, USA)
in each amplification cycle. The number of PCR
cycles at which the fluorescence level exceeded the
specific relative expression of the threshold cycle
(CT) was used in the research software (Applied
Biosystems, USA) to calculate the number of DNA
molecules present in the mixture at the beginning of
the reaction. Normalization was evaluated against the
endogenous control gene (Rpl13a) [12–14], and the
relative amount (RQ) of genes expression was calcu-
lated based on the �CT method, and the results were
presented as RQ = 2−��CT [12–14]. Finally, the RQ
values were subjected to a logarithmic conversion to
RQ logarithm (Log RQ) [12–14]. Log RQ = 0 showed
that genes expression in control and ischemic sam-
ples did not differ. Log RQ < 0 indicates that we have
reduced genes expression in the test sample, while
Log RQ > 0 means an increased expression of the
genes in the ischemic sample compared to the control.

Statistical evaluation of the results was carried out
using the Statistica v. 12 software with the help of
non-parametric Kruskal-Wallis test with the “z” test
- multiple analyzes of differences between groups.
Data are presented as mean ± SD. Statistical signifi-
cance was adopted at p ≤ 0.05.

RESULTS

Expression of the autophagy gene after ischemia

In the CA3 region of the hippocampus, the expres-
sion of the BECN1 gene after 10 min brain ischemia
with a survival of 2 and 7 days was below the control
values and on 30th day increased above control value.
On the second day after ischemia, the minimum
was –0.467-fold change and maximum –0.007-fold
change with median –0.169-fold change. On the
seventh day after ischemia, the minimum was –0.867-
fold change and maximum –0.095-fold change with
median –0.424-fold change. On the thirtieth day after
ischemia, the minimum was 0.096-fold change and
maximum 1.074-fold change with median 0.408-fold
change. Figure 1 illustrates changes in the mean level
of expression of the BECN1 gene. The changes were
statistically significant at all the times after ischemia
(Fig. 1).

Expression of the mitophagy gene after ischemia

In the CA3 area, the expression of the BNIP3
gene after brain ischemia with a survival of 2, 7,
and 30 days was below the control values. On the
second day post-ischemia, the minimum was –0.498-
fold change and maximum –0.007-fold change with
median –0.182-fold change. On the seventh day, the

Fig. 1. The mean expression levels of BECN1 gene in the hip-
pocampus CA3 area in rats 2 (n = 8), 7 (n = 8), and 30 (n = 8) days
after brain ischemia. Marked SD, standard deviation. Indicated
statistically significant differences in levels of gene expression
between 2 and 7 (z = 3.129, p = 0.0052), 2 and 30 (z = 3.845,
p = 0.0003), and between 7 and 30 (z = 5.336, p = 0.00001) days
after ischemia (Kruskal-Wallis test). ∗p ≤ 0.01.
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Fig. 2. The mean expression levels of BNIP3 gene in the hip-
pocampus CA3 area 2 (n = 8), 7 (n = 8) and 30 (n = 8) days after
brain ischemia. Marked SD, standard deviation. No statistical sig-
nificance at all times after ischemia (Kruskal-Wallis test).

minimum was –0.821-fold change and maximum
–0.008-fold change with median –0.550-fold change.
On the thirtieth day after ischemia, the minimum
was -0.218-fold change and maximum –0.082-fold
change with median –0.130-fold change. Figure 2
illustrates alterations in the mean level of expression
of the BNIP3 gene. The changes were not statistically
significant at all the times after ischemia (Fig. 2).

Expression of the apoptosis gene after ischemia

In the CA3 area of the hippocampus, the expres-
sion of the CASP3 gene after ischemic injury with a
survival of 2 days was below the control values and
higher than the control values on days 7–30. On the
second day after ischemia, the minimum was –1.699-
fold change and maximum –0.010-fold change with
median –0.174-fold change. On the seventh day post-
ischemia, the minimum was 0.056-fold change and
maximum 0.215-fold change with median 0.089-
fold change. On the thirtieth day, the minimum was
0.018-fold change and maximum 0.424-fold change
with median 0.224-fold change. Figure 3 illustrates
changes in the mean expression of the CASP3 gene.
The changes were statistically significant between 2
and 7 days and between 2 and 30 days post-ischemia
(Fig. 3).

DISCUSSION

We provide evidence of significant downstream
expression of the BECN1 gene within 2–7 days after
ischemia with significant overexpression on day 30
in the neurons of the CA3 hippocampal area. How-

Fig. 3. The mean expression levels of CASP3 gene in the hip-
pocampus CA3 area in rats 2 (n = 8), 7 (n = 8), and 30 (n = 8) days
after brain ischemia. Marked SD, standard deviation. Indicated
statistically significant differences in levels of gene expression
between 2 and 7 (z = 3.705, p = 0.0006) and between 2 and 30
days (z = 3.807, p = 0.0004) after ischemia (Kruskal-Wallis test).
∗p ≤ 0.001.

ever, the expression of the BNIP3 gene during the
entire post-ischemic follow-up period was below the
control values. On the other hand, the expression
of the CASP3 gene responsible for the apoptosis
phenomenon after cerebral ischemia on the second
day was below the control values in the hippocam-
pal CA3 region to achieve overexpression slightly
above control values in 7–30 days, which was sta-
tistically significant. Our data may therefore suggest
a new insight into the BNIP3 gene in the regulation
of neuronal mitophagy in neurodegeneration in the
CA3 region of the hippocampus after ischemia. These
studies show that the BNIP3 gene is not upregulated
in the ischemic CA3 region of the hippocampus, and
certainly does not play a key role in activating the
unique neuronal death program, resulting in less pro-
nounced delayed apoptosis. This suggests the lack of
involvement of the BNIP3 gene along with the CASP3
gene in the CA3 region of the hippocampus in delayed
neuronal death after brain ischemia.

Statistically significant downstream expression of
the BECN1 gene was observed within 2–7 days after
brain ischemia in the hippocampal CA3 area. The
subsequent expression of the BECN1 gene was sig-
nificantly increased on day 30 after ischemia. In
contrast to the CA3 region, there were no statisti-
cally significant changes in BECN1 gene expression
within 2–30 days after cerebral ischemia in the CA1
region of the hippocampus [14]. These data suggest
the possible ineffective role of the BECN1 gene in
autophagy in the presumed delayed neuronal death in
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the CA1 region of the hippocampus caused by cere-
bral ischemia [14]. But data from CA3 area suggest a
possible effective protective and slowing role of the
BECN1 gene against the progressive death of neurons
30 days after ischemic brain injury. Beclin 1, a key
factor in the formation of autophagosomes, has been
shown to be suppressed both at the level of mRNA and
protein in the brains cortex of patients with early AD
[17]. We partially confirmed the above decrease in
BECN1 gene expression in brains from AD patients in
the ischemic CA3 region of the hippocampus within
2–7 days after ischemia, but we observed increased
gene expression on day 30 after ischemia and this
difference may result from inability to study gene
expression at specific time points and brain structures
during the development of AD in patients. Autophagy
dysfunction is referred as a secondary pathologic
mechanism for the development of neurodegener-
ative diseases, such as AD and probably ischemic
neurodegeneration [14, 17, 18]. Finally, some stud-
ies indicate that BECN1 gene plays an important role
in the processing of the amyloid-� protein precursor
(A�PP), as well as in the autophagy removal of pro-
teins susceptible to aggregation from the brains of
patients with AD and probably also in ischemic neu-
rodegeneration [17, 18]. Regulation of the expression
of beclin 1 in the brain tissue of patients with AD at
the transcriptional level has not been fully elucidated.
Probably our data seem to partially explain this prob-
lem as a rather complicated and complex reaction
of autophagy to ischemia, which can make neurons
more susceptible to death after ischemia.

There were no statistically significant changes in
the expression of the BNIP3 gene, which was below
control values within 2–30 days after brain ischemia
in the CA3 region of the hippocampus. In the CA1
region, it was noticed that the expression of the BNIP3
gene was significantly elevated on the 2nd day after
ischemia [14], when the delayed death of neurons
is triggered by ischemia [1–4], which is consistent
with the data on translocation of BNIP3 protein into
the nucleus [19]. Other available studies have shown
an increase in protein in the cerebral cortex at the
peak of 48 h after ischemia [20], which is consistent
with the maximum expression of the BNIP3 gene in
the CA1 region [14], but the expression of the gene
in CA1 was significantly reduced within 7–30 days
of observation [14]. In the CA3 region of the hip-
pocampus, data suggest a lack of BNIP3 gene activity
in the regulation of mitophagy leading to mitochon-
drial dysfunction, the consequence of which is the
deregulation of the ability to remove dysfunctional

mitochondria and toxic proteins after brain ischemia.
Continuous removal of proteins and mitochondrial
remnants is important for the proper functioning of
neurons. Abnormalities in the expression of mito-
chondrial genes lead to mitochondria dysfunctions
and are important in the progression and pathogene-
sis of AD [18]. Our data may therefore suggest a new
insight into the BNIP3 gene in regulation of neuronal
mitophagy in the CA3 region of the hippocampus and
neurodegeneration after ischemia. This present study
shows that the BNIP3 gene in neurons is downregu-
lated in the ischemic CA3 region of the hippocampus,
but still plays a key role in activating a unique neu-
ronal protection program or death without removing
altered proteins or mitochondria. Research conducted
by Radenovic et al. [21] showed that the number
of empty synaptic terminals and terminals with one
mitochondrion increased more significantly in the
CA1 region of the hippocampus during recircula-
tion. In contrast, the number of terminals with two
or more mitochondria increased at the same time in
the CA3 region of the hippocampus. In addition, the
average number of mitochondria per terminal was
significantly higher in the CA3 area compared to
CA1. The authors suggested that this quantitative
difference could be considered a sign of neuroprotec-
tion and that the increased number of mitochondria
in the hippocampal CA3 region may defend termi-
nals against ischemic damage [21]. The suggestion
that the amyloid-� (A�) peptide and hyperphospho-
rylated tau protein trigger defective mitophagy in AD
[18] is strongly supported by our observations in the
ischemic model of AD.

Caspases are thought to be key factors in the
development of neuronal apoptosis in post-ischemic
brain [22]. CASP3 gene expression was increased
in the hippocampal CA3 region after transient cere-
bral ischemia within 7–30 days. With regard to
the increased expression of this gene in the CA1
region of the hippocampus after ischemia [14],
we observed 7–30 days delay in the CA3 region.
The caspase-activated DNAse/inhibitor of caspase-
activated DNAse complex was identified as a caspase
substrate. When caspase cleaves the above complex,
the caspase-activated DNAse is transferred to the neu-
ron nucleus, causing DNA fragmentation. Seven to
30 days after ischemia, overexpression of the CASP3
gene appears to be a key trigger for neuronal death
in the CA3 region of the hippocampus. There is a
high probability that the above process may also
occur in CA3 hippocampal neurons in the brains
of patients with AD and may partially explain the
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mechanism of neuronal loss in the hippocampus in
AD [5]. Importantly, since the A�PP was shown to
be a caspase substrate and was elevated for a long
time after ischemic injury [3, 4], this effect may also
affect the development of long-term deficits [6, 7]. It
should be emphasized that the A� peptide intensifies
the phosphorylation of tau protein, it causes inhibi-
tion of microtubule development leading to apoptosis
[23]. In addition, caspase cleaves the GGA3 protein,
and thus increases �-secretase activity [24] leading to
the vicious cycle. Activated caspase 3 protein cleaves
nuclear DNA repair enzymes, such as PARP 1, which
causes damage to nuclear DNA and subsequent apop-
tosis of neurons [14, 21, 25]. On the other hand, an
excessive activation of PARP 1 causes depletion of
nicotinamide adenine dinucleotide and ATP, which
ultimately leads to cellular energy failure and necrotic
cell death [14, 22].

The present study showed that after ischemia,
the CASP3 gene was significantly increased within
7–30 days, the BECN1 gene was significantly overex-
pressed on the thirtieth day, and the BINP3 gene was
below control values during post-ischemic follow-up
period. As discussed above, the caspase-dependent
neuronal death in the CA3 region of the hippocampus
after ischemia is not accompanied by overexpression
of the BNIP3 gene. It is clear that one ischemic injury
can multiply more than one mode of neuronal damage
and death in the same population of neurons and dif-
ferent structures (see CA1 and CA3 areas) [21], and in
many cases one neuron can show signs of more than
one neuron death mode. Activated CASP3 gene pre-
cedes the activation of the autophagy gene (on 30th
day) to inhibit or reduce the survival of neurons pro-
vided by autophagy, and therefore the caspase may
enhance apoptosis [26, 27]. On the other hand, it inter-
feres with the processing of the A�PP and increases
the production of A� peptide [3, 4, 12, 28]. Above
supports the view that CASP3 gene overexpression
increases �-secretase activity [12, 24]. The currently
observed reduced expression of the BNIP3 gene may
indirectly cause disorders in the processing of the
A�PP and the clearance of dysfunctional mitochon-
dria and toxic proteins such as amyloid and altered
tau protein in neurons of the CA3 region. We need
more research on the mechanisms of autophagy and
mitophagy and therapeutic aspects that will use ani-
mal models, cell cultures and clinical trials of AD.

Age is a major non-modifiable risk factor for brain
ischemia and AD [29–32]. The incidence of cere-
bral ischemia and AD increases significantly with
age in both men and women, covering almost the

same number of cases occurring in persons over 65
years of age [29]. Although the entire older popula-
tion is at risk of ischemic stroke and AD, there are
significant gender differences in the occurrence of
brain ischemia and AD [29, 32]. In general, the inci-
dence of ischemic stroke is higher in men than in
women, but at the same age, the number of cases of
AD is higher in women than in men [29]. The above
evidence was the main justification for conducting
the current experiments on relatively young female
rats. As we already know, changes in AD develop
slowly and clinical symptoms appear at least a decade
from the beginning of the disease. Therefore, in our
model, we need adequate time for the development
of lesions characteristic of AD, which, as we know,
depends on the survival time, and in this case, the time
after the episode of cerebral ischemia. Experiments
on adults and/or old rats would be at risk of high
mortality [31] and no or limited development of AD-
related changes. The influence of age and sex on the
incidence of ischemic stroke, functional neurologi-
cal recovery of health and mortality after stroke have
been demonstrated in both human and animal models
[29]. Although local cerebral ischemia is technically
difficult to perform in older rodents, not to mention
complete cerebral ischemia, focal cerebral ischemia
in older animals is considered to be a clinically more
appropriate and mimicking stroke model in humans
[29, 30]. It should be noted that this does not apply
to ischemic models of AD.

Conclusion

Loss of neurons in the hippocampus is an early
morphological symptom of AD, and we have found
that the death of pyramidal neurons in the hip-
pocampal region of CA3 in an ischemic model of
AD develops in a manner dependent on overex-
pression of BECN1 and CASP3 genes at a very
early stages after cerebral ischemia. Our observa-
tions indicate the key role of brain damage caused
by ischemia-reperfusion in the development of AD
through primary neurodegeneration of the hippocam-
pus, including the CA3 region, which is associated
with progressive deterioration of cognitive function
together with prolonged survival. Thus, damage to
the above-mentioned area causes the deterioration of
short-term memory, which leads to the inability to
create new memories. Alterations in the CA3 area
in the post-ischemic brain are particularly important
in memory disorders, including AD. However, fur-
ther research is needed to determine whether injury
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and loss of pyramidal neurons in the CA3 area are
causative events or independent consequences of an
ischemic episode occurring in parallel and leading to
the development of dementia following an ischemia
with the AD phenotype. Apparently, the prevention
of cerebral ischemia-reperfusion injury and the early
start of stroke treatment in humans can reduce the
development of AD. Finally, the rodent model used in
this study appears to be a useful approach to determin-
ing the role of genes directly related to AD. In-depth
research into the common genetic mechanisms asso-
ciated with brain ischemia-reperfusion injury and
AD, accelerate the understanding of new patholog-
ical pathways in both diseases, and conduct future
research into brain ischemia or AD in new directions.
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Niewiadomska G, Jabłoński M, Kaczmarek L (2011) Tran-
sient brain ischemia due to cardiac arrest causes irreversible
long-lasting cognitive injury. Behav Brain Res 219, 1-7.

[7] Cohan CH, Neumann JT, Dave KR, Alekseyenko A, Binkert
M, Stransky K, Lin HW, Barnes CA, Wright CB, Perez-
Pinzon MA (2015) Effect of cardiac arrest on cognitive

impairment and hippocampal plasticity in middle-aged rats.
PLoS One 10, e0124918.

[8] Kim JH, Lee Y (2018) Dementia and death after stroke
in older adults during a 10-year follow-up: Results from
a competing risk model. J Nutr Health Aging 22, 297-301.
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