Journal of Alzheimer’s Disease 51 (2016) 1023-1031 1023
DOI 10.3233/JAD-151102
10S Press

Discrepancy in Expression of 3-Secretase
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Abstract. Brain ischemia may be causally related with Alzheimer’s disease. Presumably, 3-secretase and amyloid-3 protein
precursor gene expression changes may be associated with Alzheimer’s disease neuropathology. Consequently, we have
examined quantitative changes in both 3-secretase and amyloid-{ protein precursor genes in the medial temporal lobe cortex
with the use of quantitative rtPCR analysis following 10-min global brain ischemia in rats with survival of 2, 7, and 30 days.
The greatest significant overexpression of (3-secretase gene was noted on the 2nd day, while on days 7-30 the expression
of this gene was only modestly downregulated. Amyloid-f3 protein precursor gene was downregulated on the 2nd day, but
on days 7-30 postischemia, there was a significant reverse tendency. Thus, the demonstrated alterations indicate that the
considerable changes of expression of 3-secretase and amyloid-[3 protein precursor genes may be connected with a response
of neurons in medial temporal lobe cortex to transient global brain ischemia. Finally, the ischemia-induced gene changes
may play a key role in a late and slow onset of Alzheimer-type pathology.
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INTRODUCTION

The relation of an increased risk of post-ischemia
dementia to age, hippocampus atrophy, and medial
temporal lobe neurodegenerative atrophy with hem-
orrhages has been reported [1-3]. Neuropathological
alterations are somewhat similar in Alzheimer’s dis-
ease (AD) and, moreover, these lesions are associated
with cognitive dysfunction [4]. Medial temporal
lobe atrophy among ischemic brain survivors cre-
ates higher risks for memory dysfunction and the
diagnosis of dementia with Alzheimer phenotype.
The patients with moderate to severe medial tempo-
ral lobe atrophy demonstrated poor performance on
measures of learning, story recall, visual reproduc-
tion, visual spatial reasoning, and processing speed
[5]. The authors of the above data concluded that
among older patients with brain ischemia-induced
medial temporal lobe atrophy was very well cor-
related with memory and visual spatial functioning
[5]. Some reports suggest that patients with ischemic
brain alterations with severe medial temporal lobe
atrophy might have preclinical AD, which is clini-
cally revealed by ischemic brain lesions [2, 6].

Biopsies, autopsies, and other diagnostic studies
are in line with clinical examinations of patients indi-
cating that neuropathological processes underlying
AD begin within the brain structures involved in
memory and learning [7]. This brings the puzzling
question why the development of amyloid-f3 pro-
tein precursor and tau protein pathology selectively
damages neuronal fields associated with memory
and learning? Another ambiguous question emerges:
Where does the earliest process or do the processes
leading to dementia initially begin? AD patients
demonstrate neurodegenerative pathology in tempo-
ral lobe (disturbances in language) with diagnosed
AD dementia [8]. It has been suggested that the pri-
mary event of neurodegenerative pathology in AD
starts in the medial temporal lobe and proceeds to
entorhinal cortex and hippocampus [9, 10]. Some
studies underpin the fact that memory impairment
is directly linked to the atrophy of medial tempo-
ral lobe during development of AD [11, 12]. On the
other hand, a different study has implied that patho-
logical alterations start in the hippocampus [13] and
next spread to associate neocortical region of tem-
poral lobe, which is involved in the consolidation of
declarative memory [7].

The hippocampus is considered the major neuronal
structure underlying episodic memory impairments
that are the earliest and the most prominent

clinical manifestation of post-ischemic dementia
of Alzheimer phenotype [14-16]. Additionally,
ischemia is also responsible for a severe injury to
the temporal cortex [1] being the main axonal output
network from the hippocampus. Both structures are
reciprocally interconnected and are necessary for
fundamental processes in learning and memory. At
the synaptic level, dysfunction induced by ischemia
in hippocampus and amyloid-B (AB) peptide [17]
cause aberrant patterns of activity in the associated
neural circuits, destabilize neuronal networks, and
impair oscillatory activity. This scenario, ultimately,
seems responsible for the early alteration of the
processes implicated in learning and memory tasks
observed in AD patients [13] and post-ischemic
dementia with Alzheimer phenotype [14—16, 18].
However, the specific mechanisms involving
pathological neurotransmission at the molecular
level, synaptic circuits, or systems that consistently
explain soluble A peptide neurotoxic effects and
associated neurological deficits remain unknown.
Different parts of the amyloid- protein precursor
impair neuronal function and are found in AD brain
and in human brains following ischemia [19, 20],
as well as in animal brains [21-25]. Brain ischemia
is suggested as an etiological factor for AD [21,
24-28]. Some evidence indicates that it is a two-
way street as the incidence rate of brain ischemia
is significantly higher in AD patients and the disease
itself is more severe [4, 29] and often co-exists with
typical ischemic neuropathology [26, 30]. At least
one-third of postmortem AD brains exhibited micro-
and macroinfarctions and ischemic diffuse alterations
in the white matter [26, 30] with a weighted average of
43% [31]. Moreover, clinical and experimental stud-
ies imply that the interaction of AD pathology and
ischemic brain insults might be bidirectional [32].
The results indicate that the AD neuropathology
with ischemic pathological metabolism of amyloid-f3
protein precursor (A3 peptide generation) increases
ischemic vulnerability in various brain areas [33].
The exact mechanism how these conditions con-
tribute to the progression of AD is unknown. To
investigate the effect of ischemic brain insult on
spreading of AD neuropathology and overall inter-
action of AD pathology with ischemic brain insults,
we used a neuropathologically and behaviorally well-
defined model of global brain ischemia [15, 34].
Unfortunately, the relationship between hippocam-
pus neuronal injury and medial temporal lobe injury
in brain ischemia and AD has received little attention.
On the basis of the known anatomical connectivity
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between the hippocampus and medial temporal lobe,
we hypothesized that in ischemic brain injury of
hippocampus there would be an association with neu-
ronal pathology in temporal cortex as measured by
regional related metabolism of amyloid-3 protein
precursor genes [35, 36]. What is more, we intended
to understand how A peptide deposition induces
ischemic remodeling in medial temporal lobe cortex.

In this pioneer study, we presented the time course
of amyloid-f protein precursor and (3-secretase gene
expression levels, all of which are implicated in AD,
by quantitative reverse-transcriptase PCR assay pro-
tocol in the medial temporal lobe cortex subjected to
transient global brain ischemia due to cardiac arrest.

MATERIALS AND METHODS

Animals and global brain ischemia

Two-month-old female Wistar rats (n=>54,
160-180 g) were submitted to 10-min global brain
ischemia due to cardiac arrest [34]. The rats were
maintained in pairs per cage in a room temperature
of 24 £ 2°C, with 55 4= 5% humidity, and witha 12h
light-dark cycle. All animals had free access to com-
mercial laboratory chow and tap water ad libitum.
All experimental procedures were performed during
the light phase, between 13:00 and 17:00 under
identical conditions. The rats used for experiments
were treated in strict accordance with the NIH Guide
for Care and Use of Laboratory Animals (1985)
and European Communities Council Directive 142
(86/609/EEC), as well as with the approval of the
local Ethical Committee. All efforts were made to
minimize animal suffering and to reduce the number
of rats used.

Our animal model of global brain ischemia in
rats clinically represents reversible cardiac arrest.
Global brain ischemia was performed by cardiac
arrest of 10-min duration [34]. The animals were
allowed to survive 2 (n=11), 7 (n=18) days, and
1 month (rn=25) after recirculation. Sham-operated
rats (n=54) were exposed to the same procedures as
ischemic animals but without induced cardiac arrest
and thus served as controls.

Determination of gene expression

Prior to sampling, the brains were perfused with
cold 0.9% NaCl via the left ventricle in order to
flush blood vessels. After removing the brain from the
skull, the brain was put on an ice chilled Petri dish.

The ischemic and control pooled samples circa 1 mm?

volume of medial temporal lobe cortex left and right
(all cortical layers) were taken with a narrow scalpel.
Pooled left and right cortical areas were immediately
placed in RNALater solution (Life Technologies,
USA). Gene expression of amyloid-[3 protein precur-
sor (App) and B-secretase (Bace 1) was determined
by the reverse-transcription quantitative PCR (RT-
gPCR) method. Genes were quantitatively assessed
in each sample taken from the ischemic group and
referred to gene expression determined in the corre-
sponding samples in the control group — 1:1.

Isolation of total cellular RNA

Total cellular RNA isolation was performed
according to the method described by Chomczyn-
ski and Sacchi [37] with own modification, using
TRI-Reagent Solution (Ambion, USA). During this
process, the samples of medial temporal lobe cor-
tex were homogenized in 1 ml TRI-Reagent buffer
(Ambion, USA) to obtain homogenous suspensions.
The suspensions were incubated for 5 min at room
temperature until complete dissociation. At the next
stage, 200 pl chloroform (Sigma-Aldrich, USA) per
1 ml of TRI-Reagent buffer was added to the sam-
ple and shaken for 15 s to completely mix the phases.
Next, the samples were left for 15 min to incubate at
room temperature after which they were centrifuged
for 15min at 14,000 rpm at 4°C in 5415R Eppen-
dorf centrifuges. After the separation, the aqueous
phase was placed in a new tube and 500 .1 2-propanol
(Sigma-Aldrich, USA) was added per 1 ml of TRI-
Reagent buffer. The samples were thoroughly mixed
and incubated for 20 min at room temperature. Fol-
lowing that, the mixtures were centrifuged for 20 min
at 14,000 rpm at4°C in 5415R Eppendorf centrifuges.
Aqueous phase containing RNA was removed from
the above precipitate. The RNA phase was washed
in cool 80% ethanol and next, obtained RNA sam-
ples were stored in 80% ethanol at —20°C for further
analysis.

Quantitative and qualitative analysis of RNA

The RNA concentration and purity were measured
by spectrophotometry on NanoDrop 2000 (Thermo
Scientific, USA). Precipitate of RNA in 80% ethanol
was taken out of —20°C and next centrifuged for
15min at 14,000rpm at 4°C in 5415R Eppen-
dorf centrifuges. The liquid part was removed, and
RNA pellets were left to dry completely at room
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temperature. Subsequently, the precipitate was dis-
solved in DNase-, RNase-, and protease-free water
(Sigma-Aldrich, USA) at 4°C, the volume depending
on RNA concentration.

The cDNA synthesis

The cDNA was synthesized using High-Capacity
cDNA Reverse Transcription Kit, according to man-
ufacturer’s instructions (Applied Biosystems, USA).
Each reactive mixture contained the following set of
reagents: 1 x RT buffer, 20 U RNase inhibitor, 50
U reverse transcriptase (Multiscribe Reverse Tran-
scriptase), 1 x RT Random Primers, 4 mM of each
deoxynucleotide: dATP, dGTP, dTTP, and dCTP
plus examined 1 wg RNA in DNase-, RNase-, and
protease-free water (Sigma-Aldrich, USA) to com-
plete the volume required for reaction. The final
volume of reactive mixture was 20 pl. Afterwards,
the reactive components were thoroughly mixed and
centrifuged to fuse them well. The cDNA was synthe-
sized on Veriti Dx (Applied Biosystems, USA) under
the following conditions: Stage I: 25°C, 10 min, stage
II: 37°C, 120 min, stage III: 85°C, 5 min, stage IV:
4°C.

The qPCR protocol

The cDNA, which was obtained by reverse tran-
scription (RT) procedure, was amplified by real-time
gene expression analysis (qQPCR) on 7900HT Real-
Time Fast System (Applied Biosystems, USA), using
the manufacturer’s SDS software. Triplicate qPCR
reactions were conducted for each sample. To exclude
reagent contamination by foreign DNA, a blind trial
was always performed without DNA target. Reaction
components included: 1.25 pl mixture of probe and
oligonucleotide starters specific for genes examined,
12.5 pl buffer TagMan Universal PCR Master Mix,
1 pl cDNA, DNase-, RNase- and protease-free water
(Sigma Aldrich, USA) to complete the required reac-
tive volume. The reaction was performed on an optic
25 pl-well reaction plate, using probe sets of Tag-
Man Gene Expression Assays (Applied Biosystems,
USA) with FAM-NFQ markers and oligonucleotide
starters for rat genes: App, Bace 1, and the house-
keeping gene: Rpl13a was used as an internal control
gene [38]. Amplification protocol included the fol-
lowing cycles: Initial denaturation: 95°C, 10 min and
40 cycles, each composed of two temperatures: 95°C,
15 s and 60°C, 1 min. The number of copies of DNA
molecules was monitored and calculated on 7900HT

Real-Time Fast System (Applied Biosystems, USA)
in each amplification cycle. To calculate the number
of examined DNA molecules present in the mixture at
the onset of reaction, the number of PCR cycles after
which the level of fluorescence exceeded the defined
threshold cycle (Ct) RQ Study Software (Applied
Biosystems, USA) was used. The Ct value for each
sample of endogenous control gene (Rpll3a) was
used to normalize the level of the examined gene
expression. The relative level of gene expression was
calculated according to the formula [39]: 1. Calculat-
ing Cr differences between the target gene and the
reference gene are presented below: For the exam-
ined after ischemia of medial temporal lobe cortex:
ACT ischemic sample = Cr target gene from ischemic sample
— CT reference gene, ischemic sample and for the calibrator
(control sample): ACT calibrator= CT target gene from
control sample — CT reference gene, control sample- 2. Nor-
malizing ACt of the ischemic sample to the
ACr of the calibrator AACt = ACr ischemic sample —
ACT calibrator- 3- Relative expression (RQ) of rat
genes was calculated by the formula: RQ =2"24C,
The RQ defines the expression of the examined
gene in the medial temporal lobe cortex taken from
an ischemic rat with reference to the gene expres-
sion in the same structure of a control rat. Finally,
the RQs were analyzed after their logarithmic con-
version into logarithm of RQ (LogRQ) [40]. Thus,
the obtained results were more legible. LogRQ=0
means that gene expression in the calibrated sample
and the ischemic one are the same. LogRQ < 0 points
to decreased gene expression in the ischemic sample,
whereas LogRQ >0 points to signal increased gene
expression in the ischemic sample compared to the
calibrated one.

Statistical analyses

The results were statistically analyzed by SPSS
v. 17 software by means of the non-parametric
Mann-Whitney U test and Spearman rho correlation
analysis. Data were presented as means == SEM. The
level of statistical significance was set at p < 0.01.

RESULTS

B-Secretase gene expression increased to a maxi-
mum of 4.039-fold, and the expression of amyloid-f3
protein precursor gene decreased to a minimum
of —0.678 two days after 10-min complete brain
ischemia. The median values of gene expression at
2-day survival, following ischemia, were as follows:
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Fig. 1. The mean gene expression levels of B-secretase in the
medial temporal lobe cortex in rats 2, 7, and 30 days after 10-
min of global brain ischemia. Marked SEM - standard error of
the mean. Indicated statistically significant differences in levels of
gene expression between 2 and 7 and between 2 and 30 days after
10-min of global brain ischemia (Mann-Whitney U test). *p < 0.01.

B-secretase 1.002 and amyloid-f protein precursor
—0.564. The mean expression levels of genes at that
time were as follows: 3-secretase 1.785 £0.518, and
amyloid-f3 protein precursor —0.457 4 0.069 (Figs. 1
and 2).

[B-Secretase gene expression decreased to a min-
imum —0.710, and the amyloid-f3 protein precursor
gene increased - to 0.457 seven days after 10-min
complete brain ischemia. The median values of gene
expression at 7-day survival, following ischemia,
were as follows: B-secretase —0.159 and amyloid-
B protein precursor 0.217. The mean expression
levels of genes at that time were the following:
B-Secretase —0.049 4= 0.125, and amyloid-@ protein
precursor 0.236 = 0.039 (Figs. 1 and 2).

[B-secretase gene expression decreased to a mini-
mum of —0.894, and the amyloid-[3 protein precursor
gene expression increased to 1.010 30 days after 10-
min complete brain ischemia. The median values
of gene expression at 30 days, following ischemia,
were as follows: 3-secretase 0.02 and amyloid-{ pro-
tein precursor 0.269. The mean expression levels
of genes at that time were as follows: (3-secretase
—0.079+0.084 and amyloid- protein precursor
0.316 £0.061 (Figs. 1 and 2).

Figures 1 and 2 show changes in the mean expres-
sion levels of genes with statistical significance:
B-secretase (Fig. 1) and the amyloid-p protein pre-
cursor (Fig. 2) after 10-min total cerebral ischemia
in rats with survival of 2, 7, and 30 days. Significant
(negative) correlations between the levels of Bace 1
and App gene expression in rat medial temporal lobe
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Fig. 2. The mean gene expression levels of amyloid-[3 protein pre-
cursor in the medial temporal lobe cortex in rats 2, 7, and 30 days
after 10-min of global brain ischemia. Marked SEM - standard
error of the mean. Indicated statistically significant differences in
levels of gene expression between 2 and 7 and between 2 and 30
days after 10-min of global brain ischemia (Mann-Whitney U test).
*p <0.01.

cortex 2, 7, and 30 days after global brain ischemia
were evident (Spearman rho correlation test p < 0.01).

DISCUSSION

In this paper, we evaluated alterations in the expres-
sion of amyloid-f3 protein precursor and (3-secretase
Alzheimer-related genes in rats subjected to a brief
transient global brain ischemia. Our pioneer study
shows the time course of amyloid-[3 protein precursor
and [3-secretase genes dysregulation in post-ischemic
medial temporal lobe cortex. Our data provide the first
known in vivo role of the Alzheimer-related genes
dysregulation in cortical neurons during recirculation
time. Additionally, our results demonstrate that brain
ischemia activates delayed neuronal changes in tem-
poral cortex in an A3 peptide-dependent manner, thus
defining a new and important mode of regulation of
ischemic cortical neuronal cell damage/death.

After global brain ischemia, some cortical layers
of the brain become more susceptible to neuronal
damage/death, a phenomenon known as a selective
delayed neuronal death and/or selective vulnerability
[23]. Selective vulnerability of cortical layers 3, 5,
and 6 [23] is subject to intensive studies, and these
are the cortical layers of the brain most sensitive to
ischemic pathology in rodents and humans where
no final mechanisms involved have been explained.
The molecular processes of events engaged in the
specific disappearance of cortical layers 3, 5, and 6
have been disappointingly limited. To the best of our
knowledge, our data constitute the first link between
ischemic injury and acute, quantitative expression-
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selected Alzheimer-related genes (amyloid-[3 protein
precursor and -secretase), which might support the
hypothesis that the AP peptide generated by ischemia
may be well involved in the ischemia-related AD
development and progressive damage/death of neu-
rons in cortical layers [14, 25-28, 32, 41-46].

Our analysis has evaluated for the first time parallel
ischemic alterations in gene expression of amyloid-f3
protein precursor (substrate) and amyloid-3 protein
precursor metabolism-related genes [3-secretase in
the medial temporal lobe cortex of rat submitted to
transient global brain ischemia. In the present study,
we have demonstrated that 2 days post-ischemia
resulted in a quick and huge overexpression of -
secretase (maximal increase of 4.039 fold) while at
the same period of time, amyloid-f3 protein precursor
was downregulated (respectively —0.678 fold). The
investigated protease was impressively changed fol-
lowing 2 days after ischemia (3-secretase). The level
of expression of amyloid-3 protein precursor inves-
tigated gene did not coincide with the earlier data
concerning staining of different parts of amyloid-8
protein precursor in the rat cortex [17, 21]. Our results
indicate that there is a discrepancy between both
B-secretase and amyloid-f3 protein precursor, which
was regulated down in the ischemic temporal cortex
following 2 days after ischemia. It is clear now that
this time necrotic neuronal cell death is associated
with post-ischemic neuropathology [47, 48]. During
necrotic neuronal death, a loss of all cell membranes
integrity was finally noted [49, 50]. Amyloid-3 pro-
tein precursor is present in large quantities in all cell
membranes [51], and, in the above situation, there
may be an excess of protease substrate, which is
the amyloid-f protein precursor. Loss of membrane
integrity allows necrotic cells the ability to trigger an
amyloid-[3 protein precursor uncontrolled release and
metabolism [52].

Our data also proved that in the following 7 days,
the 3-secretase gene expression dropped below its
normal value (—0.710 fold). In parallel, the results
indicate an increase in amyloid-8 protein precursor
gene expression (0.457 fold) in the medial tempo-
ral lobe cortex after 10-min global brain ischemia.
These figures are not complementary to the increase
noted in different parts of amyloid-3 precursor pro-
tein immunostaining after 7 days of recirculation
[21]. However, after 30 days gene expression of
B-secretase was below normal level (-0.894 fold)
and amyloid-3 protein precursor was overexpressed
(1.010fold). During 30 days post-ischemia, there was
a huge cortical damage and disappearance of lay-

ers 3, 5, and 6 of neuronal population in the medial
temporal lobe cortex and, therefore, amyloid-f3 pro-
tein precursor gene expression was increased at that
time. The dysregulation of all studied genes at this
time negatively correlates with intra- and extracellu-
lar immunostaining of the respective gene products
[17, 21, 41, 43]. Intra- and extracellular A3 peptide
immunoreactivity increases for as long as a year after
injury [43], indicating that AP peptide accumulation
may continue long after amyloid-3 protein precur-
sor metabolism processing gene expression drops to
below normal value [17, 35, 53].

B-Secretase activity can lead to the generation of
AP peptide, which in turn may cause secondary dam-
age to the ischemic neurons in the brain. Our results
indicate that ischemia of medial temporal lobe cortex
may not influence the expression of B-secretase, for
all time periods after ischemia and may not potentiate
the course of amyloidogenesis in cortex during the
whole post-ischemic time. The obtained data seem
to provide a new complicated role of the investi-
gated Alzheimer-related genes in ischemic medial
temporal lobe cortex. Presumably, we can distinguish
local and global disturbances in amyloid-f3 protein
precursor processing. This phenomenon is probably
related to movement of soluble AP peptide from
blood into brain tissue [54, 55]. Finally, it was noted
that RAGE mediated additionally delayed neuronal
death by enhancing vascular wall injury and neuroin-
flammation [56].

Probably early post-ischemic Alzheimer-related
gene dysregulation triggers delayed gene dysfunc-
tion in post-stroke patients and old ischemic rats
[57-59]. Buga et al. [57-59] have identified an
age-related gene expression pattern following brain
ischemia. These studies indicated that genes specific
for anxiety, depression, stress, and neuropathic syn-
drome had harmful response to ischemia in aged
rats. Additionally, upregulation of DNA damage
and downregulation of anti-apoptotic and neuroge-
nesis genes were observed. Also, genes involved
in neuroinflammation, wound healing, scar forma-
tion, angiogenesis, and vascular remodeling were
upregulated in the aged ischemic rats. The consider-
able majority of genes associated with angiogenesis,
formation of a new basal lamina and involved
in maturation had a delayed overexpression in
these rats. Buga et al. [57-59] have suggested that
the angiogenesis response, in above circumstances,
was diminished by the continual overexpression
of neuroinflammatory and scar formation genes.
The ischemia-induced remodeling of brain tissue



R. Pluta et al. / Brain Ischemia and Alzheimer’s Disease 1029

presented above seems an important event for the final
development of neurodegenerative changes.

The most prevalent pathological hallmark of AD
is the accumulation of plaques formed by A3 pep-
tide, commencing in the hippocampus, and spreading
progressively throughout the brain [35, 60, 61]. It
is likely that this accumulation in temporal cor-
tex is caused by both increased inflow from blood
[54, 55] and impaired clearance of A peptide [62].
These data corroborate earlier immunohistochemi-
cal observations from animal models of global brain
ischemia and from brains after global brain ischemia
in humans, which all suggest a direct relationship
between ischemia and increased level of AP pep-
tide accumulation in the brain tissue [19-21]. The
findings presented above highlight a different and/or
delayed regulatory mode in ischemia-induced cell
death in temporal cortex as compared to hippocampus
through an A3 peptide-dependent manner [35, 36].
These observations will help to understand the grad-
ual postischemic damage in the brain, delayed A3
peptide deposition and slow and long-term ischemic
spreading neuropathology of AD from hippocam-
pus into medial temporal lobe cortex and other parts
of the brain [25, 35, 36, 60, 61]. The present data
may partly help to define the molecular mechanism
of higher occurrence of neuronal death in ischemic
layers 3, 5, and 6 of medial temporal lobe cortex.
Our study indicates that both transcription processes
negatively correlate with the ischemic condition of
neurons in the medial temporal lobe cortex and A3
peptide accumulation. We may identify more new
processes and individual molecules that contribute
to the death and complete disappearance of layers
3, 5, and 6 in the ischemic temporal cortex. The
detection of these lesions in vivo with the use of rat
model of global brain ischemia opens up the possibil-
ity of obtaining a better understanding of the ischemic
contribution of Alzheimer-related genes to the neu-
ropathophysiology and neuropathology of AD and
ischemic injury.
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