Journal of Alzheimer’s Disease 98 (2024) 151-161 151
DOI 10.3233/JAD-231333
10S Press

Alpha-, Beta-, and Gamma-Secretase,
Amyloid Precursor Protein, and Tau Protein
Genes 1n the Hippocampal CA3 Subfield in
an Ischemic Model of Alzheimer’s Disease
with Survival up to 2 Years

Stanistaw J. Czuczwar?, Janusz Kocki®, Barbara Miziak?, Jacek Bogucki®,

Anna Bogucka-Kocka® and Ryszard Pluta®*

aDepartment of Pathophysiology, Medical University of Lublin, Lublin, Poland

bDepartment of Clinical Genetics, Medical University of Lublin, Lublin, Poland

¢Department of Organic Chemistry, Faculty of Pharmacy, Medical University of Lublin, Lublin, Poland
dDepartment of Biology and Genetics, Medical University of Lublin, Lublin, Poland

Accepted 26 December 2023
Pre-press 19 February 2024

Abstract.

Background: Understanding the phenomena underlying the non-selective susceptibility to ischemia of pyramidal neurons in
the CA3 is important from the point of view of elucidating the mechanisms of memory loss and the development of dementia.
Objective: The aim of the study was to investigate changes in genes expression of amyloid precursor protein, its cleaving
enzymes and tau protein in CA3 post-ischemia with survival of 12-24 months.

Methods: We used an ischemic model of Alzheimer’s disease to study the above genes using an RT-PCR protocol.
Results: The expression of the amyloid precursor protein gene was above the control values at all times post-ischemia. The
expression of the a-secretase gene also exceeded the control values post-ischemia. The expression of the S-secretase gene
increased 12 and 24 months post-ischemia, and 18 months was below control values. Presenilin I and 2 genes expression
was significantly elevated at all times post-ischemia. Also, fau protein gene expression was significantly elevated throughout
the observation period, and peak gene expression was present 12 months post-ischemia.

Conclusions: The study suggests that the genes studied are involved in the non-amyloidogenic processing of amyloid
precursor protein. Additionally data indicate that brain ischemia with long-term survival causes damage and death of pyramidal
neurons in the CA3 area of the hippocampus in a modified tau protein-dependent manner. Thus defining a new and important
mechanism of pyramidal neuronal death in the CA3 area post-ischemia. In addition expression of fau protein gene modification
after brain ischemia is useful in identifying ischemic mechanisms occurring in Alzheimer’s disease.

Keywords: Alzheimer’s disease, amyloid, amyloid precursor protein, brain ischemia, CA3 area, genes, presenilin I and 2,
«-secretase, 3-secretase, tau protein

*Correspondence to: Prof. Ryszard Pluta, Department of Patho-
physiology, Medical University of Lublin, 20-090 Lublin, Poland.
E-mail: pluta2018@wp.pl.

ISSN 1387-2877 © 2024 — The authors. Published by IOS Press. This is an Open Access article distributed under the terms
of the Creative Commons Attribution-NonCommercial License (CC BY-NC 4.0).


mailto:pluta2018@wp.pl
https://creativecommons.org/licenses/by-nc/4.0/

152 S.J. Czuczwar et al. / Brain Ischemia Versus Alzheimer’s Disease

INTRODUCTION

The hippocampus, a brain structure central to
memory encoding, exhibits numerous neurochem-
ical, electrophysiological, neuropathophysiological,
neuropathological, structural and cognitive changes
in neurodegenerative diseases such as ischemia [1,
2] and Alzheimer’s disease (AD) [3-6]. All these
changes underlie the memory loss typical of advanced
age, ischemia, and AD [4-6]. The hippocampus is a
unidirectional net-work with a trisynaptic pathway
that originates in the entorhinal cortex, connecting
the dentate gyrus with pyramidal neurons of the CA3
and CAl areas. Area CA3 receives signals from the
dentate gyrus by mossy fibers and connects to the
ipsilateral CA1 region through the Schaffer collat-
eral pathway and further connects to the contralateral
CALl area by the commissural association pathway
[4]. Additionally, the CA1 area receives signals from
the entorhinal cortex by the perforant pathway and
connects to the subiculum. Moreover, there is a
monosynaptic connection of the prefrontal cortex
with the CA3 and CA1 areas of the hippocampus that
is able to induce contextual memory retrieval. Areas
CALl and CA3 form a continuum in the hippocampus
and have parallel inputs, but these areas have different
output pathways and different network architectures
[4]. Therefore, these two regions play different roles
and process different information [4]. CA1 pyramidal
neurons are important for mediating associations with
temporal components and have the ability to maintain
short-term memory, while CA3 neurons are involved
in processes related to the rapid formation of spatial or
contextual memory [4, 7]. The hippocampal CA3 and
CAl regions, despite being linked by Schaffer collat-
erals and forming a continuum, have been shown to
respond differently to ischemic episodes [2, 3, 8, 9].

In this article, we focus on changes in the CA3 area
as one part of a specific hippocampal pathway. Stud-
ies have shown acute and chronic alterations in the
CA3 subfield of pyramidal neurons in animals surviv-
ing after ischemia for up to 2 years [2, 10], which were
identical to changes in AD [4-6, 11]. Elevated extra-
cellular glutamate levels have been demonstrated
by microdialysis in this structure immediately after
ischemia, indicating a disorder in the neuronal or
astrocytic glutamate uptake system [12, 13]. The
increase in extracellular glutamate after ischemia led
to the activation of glutamate receptors and neuro-
toxicity with a 74% decrease in basal calcium levels
in this space [11]. In addition, persistent dysfunc-
tion of the blood-brain barrier caused extravasation

of blood elements such as T lymphocytes, platelets,
amyloid, tau protein, immunoglobulins, complement,
fibrinogen, and pro-inflammatory factors and affected
the production of free radicals [4, 14]. Fibrinogen
with pro-inflammatory pathway activating proper-
ties significantly activated astrocytes and microglia
in the CA3 area after ischemia in experimental
studies with survival up to 2 years [4, 15]. Experi-
mental studies have shown that neuroinflammatory
processes are supported by the activity of astro-
cytes and microglia even up to 2 years after cerebral
ischemia [11, 15]. Damage to the blood-brain barrier
results in impaired communication between astro-
cytes and vessels, which in turn leads to changes
in the cytoarchitecture of the blood-brain barrier,
changes in regional homeostasis and energy defi-
ciency, which in turn leads to an energy crisis [4,
16, 17]. In case of increased energy demand after
ischemia as itis in CA3 area of hippocampus, damage
to the blood-brain barrier affects the functionality of
energy-intensive neurons [18]. In addition, immuno-
histochemical studies after experimental cerebral
ischemia with survival up to 1 year showed deposits
of the C-terminal of the amyloid precursor protein and
amyloid-g peptide in the extracellular space around
the brain vessels [19].

Recent studies of the CA3 area of the hippocam-
pus showed significant changes in gene expression
associated with the death of pyramidal neurons after
cerebral ischemia with post-ischemic survival of 2 to
30 days [4, 20, 21]. Studies have shown that on day 2
during recirculation, the expression of the apoptosis
gene caspase 3 was under the control limit. But, it
was significantly expressed over the next 7-30 days
[4, 20, 21]. In the CA3 subfield, autophagy-related
genes have also been studied [22], which play an
important role in physiological and pathological con-
ditions through increased or decreased activity and
can lead to cell death [17, 21, 23-26]. Autophagy is
the main lysosomal pathway for the removal of pro-
teins, organelles, and microbes in eukaryotic cells.
Autophagy failure is indicated to occur in after
ischemia [17, 26-29] and AD [21, 23-25]. The dys-
function manifests itself as a reduced ability of cells
such as neurons, astrocytes and microglia to remove
abnormal protein aggregates for instance tau pro-
tein and amyloid [21, 23-25]. The consequence of
this phenomenon is excessive accumulation of mod-
ified tau protein and amyloid-g peptide [21, 23-25].
BECNI gene in the CA3 region remained below the
control value for 2-7 days and increased significantly
on day 30 after ischemia [20]. In contrast, the BNIP3
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gene was reduced throughout the follow-up period
after ischemia [20]. In addition, gene expression stud-
ies in the CA3 area with survival from 2 to 30 days
post-ischemia related to the processing of amyloid
precursor protein and tau protein showed signifi-
cant changes in expression, too [30]. Two and 30
days after ischemia, amyloid precursor protein gene
expression was near control values, but 7 days after
ischemia, amyloid precursor protein gene expression
was maximal. Throughout the observation period, the
a-secretase gene in this region was reduced. The
B-secretase gene was reduced during 2—7 days fol-
lowing ischemia, and 30 days after ischemia it was
above the control values. On the other hand, the
expression of the presenilin 1 gene after 2 and 7 days
was above the control values and fluctuated around
the control values on the 30th day after ischemia. On
the 2nd day post-ischemia, the expression of the pre-
senilin 2 gene oscillated around the control values, on
the 7th day it fell under the control values, and at the
30th day it significantly exceeded the control values.
Expression of fau protein gene was reduced 2 days
post-ischemia, and there was a significant maximal
increase in its expression after 7-30 days of survival
[30].

The data presented showed numerous and abun-
dant amyloid deposits in hippocampal tissue and
adjacent to or around blood-brain barrier vessels
spreading to adjacent tissue [19]. This indicates dis-
ruption of the blood-brain barrier for amyloid after
ischemia [4, 19]. There is also evidence that, like
amyloid, tau protein crosses the blood-brain barrier
from the systemic circulation to the hippocampus
after ischemia [31]. Blood-brain barrier permeabil-
ity occurred 1 year after ischemia and was associated
with the accumulation of amyloid, tau protein and
progressive death of pyramidal neurons and increased
numbers of activated neuroglial cells in hippocampal
regions [4, 10, 15, 19]. The development of neu-
roinflammation was observed in all sectors of the
hippocampus, even 2 years after ischemia [15]. Fol-
lowing ischemia, there is progressive and chronic
death of neurons in all sectors of the hippocampus
[2]. Available data indicate that neurodegenerative
processes in the hippocampus are chronic. These
processes end in the formation of amyloid plaques
and neurofibrillary tangles and ultimately resemble
the proteinopathy of AD with full-blown dementia
[32-34]. The observed changes after ischemia in hip-
pocampus are remarkably similar to changes in AD
hippocampus. Therefore, understanding new neu-
rodegenerative mechanisms causing post-ischemic

hippocampal neurodegeneration resembling AD pro-
teinopathy may be a significant step in elucidating the
etiology of AD.

Currently, we are observing an increase in interest
in research on brain ischemia in the context of the
development of a neurodegenerative disease such as
AD and the possibilities of its prevention or treatment
[2, 25, 35-40]. A large amount of research into the
causes, molecular processes and treatments of AD has
not yielded any breakthroughs [25]. This is because
the previously proposed etiology of the disease based
solely on amyloid and tau protein simply did not
explain the etiology of the disease [25]. However,
a growing body of literature indicates that ischemia
may play a key role in driving amyloid and tau protein
in the etiology of AD [2, 25, 35-40]. Therefore, the
aim of our research is to understand the specific mech-
anisms driving amyloid and tau protein after ischemia
at different times and structures, which may provide
interesting clues related to the development of AD
dementia.

This work is part of an ongoing series of exper-
imental studies focusing on the quantification of
AD-related genes using the RT-PCR protocol, such
as, 3-secretase, presenilin I and 2, a-secretase, amy-
loid precursor protein, and tau protein in the CA3
area of the hippocampus in rats that survived 12, 18,
and 24 months after an ischemic episode.

METHODS AND MATERIALS

Animals

Female Wistar rats (n=29) 2 months old, body
weighing 120-150g were subjected to 10-minute
cerebral ischemia by cardiac arrest with survival after
the ischemic episode at 12, 18, and 24 months [41].
The first group of rats tested (n = 10) consisted of rats
weighing 150-180 g that survived 12 months after
ischemia. The second group of rats tested (n=9)
consisted of rats weighing 180-200 g, which sur-
vived 18 months after ischemia. The third group of
tested rats (n=10) consisted of rats weighing more
than 200 g that survived 24 months post-ischemia.
Female Wistar rats (n=29), 2 months old, weigh-
ing 120-150 g, after sham surgery, without inducing
complete brain ischemia, served control groups. The
first control group consisted of rats (n = 10) weighing
150-180 g, which survived 12 months after sham-
operation. The second control group consisted of
rats (n=9) weighing 180-200 g, which survived 18
months after sham-operation. The third control group
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consisted of rats (n=10) weighing over 200 g that
survived 24 months after sham-operation.

Experimental procedures

2.0% isoflurane carried via oxygen was used to
anesthetize the animals [30]. Anesthesia was dis-
continued shortly before the initiation of the cardiac
arrest procedure. A hook made of an L-shaped steel
needle was introduced into the chest through the right
parasternal line and the third intercostal space. Next
the hook was then gently moved towards the spine
until slight resistance was felt. In the next stage, the
hook was gently tilted 10-20° towards the tail. This
meant that the hook in this position was under the
bundle of heart vessels. The hook was then pulled to
the sternum, which led to compression and closure
of the heart vessel bundle through the sternum. In
order to prevent chest movements and ensure com-
plete closure of the vessels, external pressure was
applied to the sternum with the index and middle
fingers, which resulted in complete hemostasis and
subsequent cardiac arrest. After 3.5 min, the hook
was removed from the chest and the rats remained
in this state for next 6.5 min until resuscitation starts
[17]. Resuscitation started of artificial ventilation
and external heart massage until cardiac function
returned and breathing occurred. During this time,
air was administered using a respirator through a
polyethylene tube inserted into the trachea. The heart
massage frequency range was from 150 to 240/min
[41].

Before and after ischemia, rats were housed in the
animal house under a 12-h light/dark cycle. All stud-
ies were done within the day, and rats were handled
in accordance with the NIH recommendations for
the Care and Use of experimental animals and the
Directive of the Council of the European Community.
In addition, the Local Ethics Committee for Animal
Experiments (31.12.2017, Nr 339/2017) approved all
planned experimental procedures. Every effort has
been made to minimize animal suffering and reduce
the number of rats used.

Immediately before collecting hippocampal sam-
ples from the CA3 area, brains were perfused through
the left ventricle with cold 0.9% NaCl to flush blood
from blood vessels. The brains were then removed
from the skulls and transferred on ice-cooled Petri
dishes. Samples with a volume of approximately
1 mm?> have been taken from the CA3 area of the
hippocampus after ischemia and from controls with
a narrow scalpel from both sides and immediately

placed in RNAlater-ICE solution (Life Technologies,
USA) [31].

The method described by Chomczyniski and Sac-
chi [42] was used to isolate cellular RNA. Assessment
of RNA quantity and quality was performed using a
Nano Drop 2000 spectrophotometer (Thermo Scien-
tific, USA) [20, 30]. The isolated RNA was stored
in 80% ethanol at —20°C for further analyses [21,
31]. In further studies, 1 wg of RNA was reverse tran-
scribed into cDNA. Veriti Dx (Applied Biosystems,
USA) was used for cDNA synthesis using the manu-
facturer’s SDS software [20, 30]. The cDNA obtained
was amplified by real-time gene expression analy-
sis (qPCR) using the manufacturer’s SDS software
[20, 30]. The tested gene was assessed in relation to
the control gene (Rpll3a), and the relative amount
(RQ) of the tested gene was presented using ACT,
and the final value was presented as RQ = 2~ 2ACT
[30, 43]. The final result is presented after loga-
rithmic conversion of the RQ values (LogRQ) [30].
LogRQ =0 means that the expression of the tested
gene after ischemia and in the control did not change.
LogRQ <0 meant decreased gene expression after
ischemia, and LogRQ >0 indicated increased gene
expression after ischemia compared to the control.

Statistica v. 12 was used to statistically evaluate
the data using the Kruskal-Wallis test with the “z”
test. Data in graphs are means & SD. p < 0.05 means
significant statistical changes in genes expression.

RESULTS

Expression of the amyloid precursor protein gene
post-ischemia

In the studied CA3 area, the expression of the amy-
loid precursor protein gene (APP) after ischemia with
a survival of 12, 18, and 24 months was higher than
the control values. On the 12th month post-ischemia,
the minimum was 0.688-fold change and maxi-
mum 2.354-fold change with a median of 1.607-fold
change. On the 1.5 year post-ischemia, the minimum
was 0.192-fold change and maximum 2.185-fold
change with a median of 1.877-fold change. On
the 2 year post-ischemia, the minimum was 0.268-
fold change and maximum 0.888-fold change with
a median of 0.476-fold change. Changes of the
expression of the APP gene illustrates Fig. 1. The
reduction in APP expression was statistically sig-
nificant between 1 and 2 (z=2.469, p=0.04) years
after ischemia (Fig. 1). However, between 12 and
18 months and 18 and 24 months after ischemia, no
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Fig. 1. The mean gene levels of APP gene expression in the CA3
region 12 (n=10), 18 (n=9), and 24 (n=10) months following
brain ischemia. Marked SD, standard deviation. Kruskal-Wallis
test. *p < 0.05.

statistically significant changes in gene expression
after ischemia were observed.

Expression of the a-secretase gene post-ischemia

In the CA3 subfield, the «-secretase gene
(ADAM10) expression after ischemia at 12, 18 and
24 months of recirculation remained over control val-
ues throughout the entire observation period. On the
12th month after ischemia, a median was 2.317-fold
change, the minimum was 0.423-fold change with
maximum 2.493-fold change. On the 18th month
post-ischemia, the maximum was 0.389-fold change
and minimum was 0.089-fold change and with a
median of 0.137-fold change. At the 2 years after
ischemia, the minimum was 0.112-fold change and
maximum 0.577-fold change with a median of 0.175-
fold change. Figure 2 demonstrates results of the
a-secretase gene expression. There were statisti-
cally significant differences in the gene expression
reduction between 12 and 18 (z=4.113, p=0.0001)
and 12 and 24 (z=3.204, p=0.01) months post-
ischemia (Fig. 2). However, between 18 and 24
months after ischemia, there were no statistically sig-
nificant changes in gene expression after ischemia.

Expression of the -secretase gene post-ischemia

In the structure studied, the level of the B-secretase
(BACEI) gene expression after ischemia was over
control values after 12 and 24 months of sur-
vival, while after 18 months the values were below
control. On the 12th month after ischemia, maxi-
mum was 2.120-fold change and the minimum was
0.314-fold change and with a median of 1.432-fold
change. On the 1.5 year post-ischemia, the minimum
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Fig. 2. The mean gene levels of ADAM10 expression in the hip-
pocampus CA3 region 12 (n=10), 18 (n=9), and 24 (n=10)
months after ischemia. Marked SD, standard deviation. Kruskal-
Wallis test. **p <0.01, ***p <0.0001.
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Fig. 3. The mean gene levels of BACE! expression in the hip-
pocampus CA3 region 12 (n=10), 18 (n=9), and 24 (n=10)
months following brain ischemia. Marked SD, standard deviation.
Kruskal-Wallis test. *p < 0.05, ***p < 0.00001.

was —0.487-fold change and maximum —0.121-fold
change with a median of —0.195-fold change. At the
2 years after ischemia, the minimum was 0.105-fold
change, maximum 0.576-fold change and a median
of 0.256-fold change. Figure 3 presents changes
in the level of the BACEI gene expression. There
were statistically significant differences in the reduc-
tion of gene levels between 12 and 18 (z=4.908,
p=0.00001) and 12 and 24 (z=2.469, p=0.04)
months post-ischemia. Moreover, statistically sig-
nificant differences were found in the increase in
gene expression levels between 18 and 24 (z=2.505,
p =0.04) months after ischemia.

Expression of the presenilin 1 gene post-ischemia

In the presented region, the expression of the prese-
nilin 1 gene (PSENI) after ischemia with a survival
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Fig. 4. The mean gene levels of PSEN! expression in the hip-
pocampus CA3 region 12 (n=10), 18 (n=9), and 24 (n=10)
months following brain ischemia. Marked SD, standard deviation.
Kruskal-Wallis test. *p <0.01, ***p <0.0001.

of 1, 1.5, and 2 years was higher compared to the
control values. On the 1 year following ischemia, the
minimum was 0.249-fold change, maximum 2.264-
fold change and a median of 2.038-fold change.
On the 1.5 year post-ischemia, the minimum was
0.063-fold change, maximum 0.242-fold change and
amedian of 0.142-fold change. On the 2 years follow-
ing ischemia, the minimum was 0.088-fold change,
maximum 0.587-fold change and a median of 0.185-
fold change. Figure 4 presents data changes in the
level of the presenilin 1 gene expression. There
were statistically significant differences in the lev-
els of gene expression reduction between 12 and
18 (z=4.042, p=0.0001) and between 12 and 24
(z=2.889, p=0.01) months after ischemia. However,
between 18 and 24 months after ischemia, there were
no statistically significant changes in gene expression
post-ischemia.

Expression of the presenilin 2 gene post-ischemia

In the CA3 area, presenilin 2 (PSEN2) gene
expression post-ischemia with recirculation after
12, 18 and 24 months was above control values.
On the 12 months post-ischemia, the minimum
was 0.449-fold change, maximum 2.390-fold change
and a median of 1.996-fold change. On the 18
month post-ischemia, the minimum was 0.015-fold
change, maximum 0.200-fold change and a median
of 0.125-fold change. On the 24 months following
ischemia, the minimum was 0.044-fold change, max-
imum 0.619-fold change and a median of 0.273-fold
change. Figure 5 presents levels of the presenilin
2 gene expression. There were statistically signif-
icant differences in the levels of gene expression
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Fig. 5. The mean gene levels of PSEN2 expression in the hip-
pocampus CA3 subfield 12 (n=10), 18 (n=9), and 24 (n=10)
months following brain ischemia. Marked SD, standard deviation.
Kruskal-Wallis test. *p < 0.01, ***p <0.0001.

reduction between 12 and 18 (z=4.482, p=0.0001)
and between 12 and 24 (z=2.863, p=0.01) months
post-ischemia. However, between 18 and 24 months
after ischemia, there were no statistically significant
changes in gene expression after ischemia.

Expression of the tau protein gene post-ischemia

In the studied region, fau protein (MAPT) gene
expression post-ischemia with recirculation after 12,
18 and 24 months was increased above control val-
ues. On the 1 year post-ischemia, the minimum was
1.100-fold change, maximum 2.338-fold change and
a median of 2.017-fold change. On the 1.5 year
following ischemic episode, the minimum was 0.143-
fold change, maximum 1.270-fold change and a
median of 0.934-fold change. On the 2 year follow-
ing ischemic injury, the minimum was 0.096-fold
change, maximum 0.750-fold change and a median
of 0.295-fold change. Figure 6 shows changes of the
tau protein gene expression. There were statistically
significant differences in the levels of gene expres-
sion reduction between 12 and 18 months (z=2.823,
p=0.01) and between 12 and 24 months (z=4.320,
p=0.0001) post-ischemia. However, there was no
statistically significant difference in the level of gene
expression reduction between 18 and 24 months after
ischemia.

DISCUSSION

In this work, we continue studies to investigate
temporal changes in the expression of amyloid pre-
cursor protein processing and tau protein genes in
an ischemic model of AD with survival up to 2
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Fig. 6. The mean gene levels of MAPT expression in the hip-
pocampus CA3 region 12 (n=10), 18 (n=9), and 24 (n=10)
months following brain ischemia. Marked SD, standard deviation.
Kruskal-Wallis test. *p <0.01, ***p <0.0001.

years. Our data provide for the first time, changes of
genes expression in: ADAMI10 and BACEI, PSENI
and PSEN2, and APP and MAPT connected with
AD in the CA3 subfield following 10-min ischemic
brain injury in animals with 1, 1.5, and 2 years of
survival. First of all, we observed post-ischemic,
non-amyloidogenic processing of amyloid precur-
sor protein in the CA3 area. Furthermore, our data
demonstrate that brain ischemia with recirculation
triggers neuronal cells alterations and loss in the
CA3 area in a tau protein-dependent manner, thus
identifying a novel way of regulating the survival
or loss of ischemic neurons at very late stages after
ischemia.

In the present study, ADAMI0 gene expression
was over control values throughout the observa-
tion period. However, the maximum level of the
BACE] gene expression was found after 12 months,
but after 18 months it was below control values,
and its another increase was observed 2 years after
ischemia. PSENI gene expression was significantly
increased over control values through 2 years of
recirculation. PSEN2 gene expression showed the
same trend as PSENI gene expression. Expression
of the APP gene was consistently over control values
following ischemia, with massive, significant over-
expression at 12 and 18 months. These data suggest
non-amyloidogenic processing of amyloid precur-
sor protein in the CA3 area of the hippocampus
after long-term post-ischemia, and this observation
contrasts markedly with amyloid production in this
region during 30 days after ischemia [30]. Overall,
the response of hippocampal CA3 genes expression,
such as amyloid precursor protein, a-secretase, 3-
secretase, and presenilin I and 2, found in this study

was opposite to the response of these genes expres-
sion in animals surviving after ischemia for up to
30 days [30]. The data show that after ischemia in
animals with a long-term survival up to two years,
at the same time three secretases responsible for
the metabolism of amyloid precursor protein,
i.e., alpha-, beta-, and gamma-secretase, showed
increased expression. These data suggest that after
long-term post-ischemic survival there is no pro-
duction and deposition of amyloid-B peptide in
hippocampal tissue; if amyloid does appear, it prob-
ably comes from the systemic circulation [14]. As
evidenced by a chronically open blood-brain barrier
and the presence of amyloid in the serum after cere-
bral ischemia in humans and animals [19].

Additionally, MAPT gene expression was above
control values throughout the post-ischemic follow-
up period, with a maximum value after 1 year of
recirculation. Another study found an increase in
phosphorylated tau protein in the CA3 area of the
hippocampus after bilateral common carotid artery
ligation [44]. Excessively phosphorylated tau protein
has a reduced ability to bind to microtubules, leading
to microtubule depolymerization [44]. Previous stud-
ies have shown that tau protein and glycogen synthase
kinase-33 (GSK-3f3) are also promoters of secondary
brain damage after ischemia [45, 46] as in the case
of AD [47]. Moreover, the increase in GSK-3(3 level
after focal brain ischemia in rats resulted in hyper-
phosphorylation of tau protein with hippocampal
neuronal death, increased blood-brain barrier perme-
ability, brain edema, increased neurological deficits,
and increased infarct size [48]. Consistent with the
above reports, a significant increase in the level of tau
protein phosphorylation (S404) and interaction with
GSK-3B was observed after transient local cerebral
ischemia [49]. This suggests that tau protein S404
phosphorylation is an indicator of neuronal dam-
age after ischemia [49]. The increase in the level
of total tau protein, which was assessed by brain
microdialysis after ischemia, has to be also mentioned
[50], and this increase correlated with immunostain-
ing [51] and with our study on fau protein gene
expression. Numerous studies have shown that after
ischemia, tau protein is hyperphosphorylated in neu-
rons and is closely related to the development of
their death through the mechanism of apoptosis [52,
53]. Finally, hyperphosphorylation of tau protein
causes the formation of paired helical filaments after
brain ischemia [54], neurofibrillary tangles-like [55],
and neurofibrillary tangles [33, 34] characteristic of
AD.
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The current data may help, at least in part, to eluci-
date the molecular mechanism(s) for the slower and
later appearance of neuronal cell alterations and loss
in the ischemic hippocampal region CA3 thanin CA1
[2]. This phenomenon correlated with the appearance
of acute and chronic neuronal cell alterations in the
CA3 subfield 1-2 years after ischemia [2]. Data indi-
cate that 2 years after ischemia in our ischemic model
of AD, neurodegenerative damage is slower and more
complicated in CA3 compared with CA1 [2]. Pro-
gressive damage to the CA3 region is associated with
the development of irreversible memory impairment
[20, 21]. Memory deficiency is an early symptom of
AD — our data indicate that neuronal death in the
early stages in the CA3 region after ischemia con-
tributes to memory impairment in an amyloid- and
tau protein-dependent manner [30], and in the late
stages post-ischemia only through modification of tau
protein [47].

The degree of neuronal loss, especially in the hip-
pocampus, is thought to influence the development
and clinical manifestations of AD [56]. In AD, the
number of pyramidal neurons is reduced by as much
as 45%, which correlates with the density of neurofib-
rillary tangles and senile amyloid plaques [56]. In
recent years, the tau protein and amyloid hypotheses
have become the dominant hypotheses explaining the
pathogenesis of AD [56]. However, a growing body
of literature supports the view that ischemia plays
a major role in driving tau protein and amyloid in
the neuropathophysiology and neuropathology of AD
[35, 3840, 52].

Thus, our model represents a progressive, time-
and area-specific development of neuropathology in
CA3 with genes expression of amyloid precursor
protein processing and fau protein and dementia
symptoms such as those found in patients with AD [2,
15,19, 30, 32, 57]. In spite of this, additional study is
necessary to settle whether the injury and loss of neu-
ronal cells in the CA3 area are causal phenomena or
self-regulating consequences post-ischemia happen-
ing in parallel and resulting in the development of
dementia due to ischemia. Lastly, our model appears
to be suitable for determining the role of AD-related
genes expression. By extensively examining the com-
mon genetic processes involved in these two diseases,
these data may help unravel phenomena associated
with the development of AD and neurodegeneration
after brain ischemia, and may lead future studies on
AD or brain ischemia in new directions. Thus, char-
acterization of an ischemic animal model may help us
better understand the mechanisms of AD and its neu-

ropathogenesis. The possibility of survival of rats for
up to 2 years in the presented model ensures continu-
ous research and long-term observation of processes
potentially influencing the development of AD at the
genomic, proteomic, neuropathological, structural,
functional and behavioral levels.

Our study has some strengths and limitations. First,
the strengths of our study include the ability of rats to
survive up to two years after an episode of complete
cerebral ischemia, which allowed for the first time to
assess selected genes expression associated with AD.
Second, this analysis allowed us to discover that tau
protein modification is important in the development
of neuronal death in CA3 after long-term survival.
Third, our study used three long observation peri-
ods, i.e., 12, 18, and 24 months, which increased the
accuracy of assessing changes in the expression of
selected genes. Four, for the first time we assessed
the association of the studied genes expression with
the progression of neurodegenerative changes after
ischemia, in association with long survival times.
The main limitation of our study, however, was the
small size of the experimental groups, which lim-
ited the availability of studied material from such a
small structure as the CA3 area of the hippocampus.
The last weak point was the use of young animals in
experiments, when it is known that brain ischemia is
rather age-related [58]. On the other hand, a factor
limiting the use of old animals was the long survival
time after ischemia. Moreover, our results require
confirmation in more extensive studies, especially
at the protein level, in order to link them to gene
expression changes. Western blot or immunohisto-
chemistry would help interpret better the data. This
would provide a comprehensive assessment of the
dysregulation of genes expression and their proteins
associated with AD and their impact in determining
the rate of progression from acute to chronic changes
after brain ischemia.
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