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Abstract OBJECTIVES: The entorhinal cortex (EC) presents the major interface of cortico-hippo-
campal circuits. EC-hippocampus system is a constant object of pathology in studying of 
Alzheimer`s disease (AD). AD is a progressive, irreversible neurodegenerative disorder 
that results in massive hippocampal and neocortical neuronal loss leading to dementia 
and eventual death. The exact cause of AD is not fully explored, although a number of 
risk factors have been recognized, including stroke as well as high plasma concentration of 
homocysteine (Hcy). Hyperhomocysteinemia (hHcy) is considered a strong, independent 
risk factor for both stroke and dementia. However, the molecular background underlying 
these mechanisms is not fully understood.
MATERIAL & METHODS: After 2 weeks of subcutaneous injection of Hcy in the dose of 
0.45 μmol/g of animal weight/day, adult male Wistar rats underwent global brain ischemia 
induced by 4-vessels occlusion lasting for 15 minutes followed by reperfusion period of 
72 hours and 7 days. Cresyl violet was used to detect the neuronal histo-morphology. The 
learning and spatial memory deficit was evaluated by Morris water maze test.
RESULTS: The results showed that ischemia-reperfusion injury (IRI) after induced hHcy 
might aggravate the neural cell death in the EC-hippocampus system. We demonstrated 
occurrence of degeneration of selective vulnerable neurons after induced IRI as well as 
in combined insult (IRI + hHcy). We observed impaired spatial orientation and memory 
deficits in both IRI and hHcy groups.
CONCLUSION: These findings suggest that combination of risk factor hHcy with IRI aggra-
vates neurodegenerative processes and might lead to development of AD-like pathology.
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Introduction
The brain harbours a large variety of neuron types and 
sub-types, besides a large number of glial cells. These 
neurons can differ strongly in their physiological tasks 
and capacities, and can be very specialized. In addi-
tion, different neuron types also display a quite special-
ized response to pathophysiological influences what is 
strongly exemplified in neurodegenerative disorders. 
Ultimately, the cause of both differing physiology, as 
well as different vulnerability to pathophysiologic stim-
uli is still unknown (Wang & Michaelis, 2010).

The entorhinal cortex (EC) as an essential compo-
nent of medial temporal lobe functioning as a centre in 
a widespread network for memory, navigation and the 
perception of time. The EC plays a crucial role as a gate-
way connecting the neocortex and the hippocampal for-
mation. The deep layers of EC, especially layer V, receive 
one of the three main outputs of the hippocampal CA1 
and subiculum and, in turn, reciprocate connections 
from other cortical areas that project to superficial EC 
(Criscuolo et al 2017; Witter et al 2017; Tsao et al 2018). 
The EC-hippocampus system is an invariant focus of 
pathology in all cases of Alzheimer’s disease (AD). The 
findings of some works reveal that EC is the most heav-
ily damaged cortex in AD with selective changes that 
alter some layers more than others (Mattson & Magnus 
2006; Stranahan & Mattson, 2010, Criscuolo et al 2017). 

AD is a complex, chronic, neurodegenerative disease 
which leads to the breakdown of nerve fibers, damage 
of nerve cells and atrophy of the brain. In recent years, 
there has been increased evidence of the role of brain 
ischemia in pathogenesis of AD. However, the mecha-
nism of how brain ischemia could lead to the pro-
gression of AD remains unclear. Remarkably, similar 
neuropathological features are noted in cerebrovascu-
lar diseases and AD (Pluta et al 2009). Cerebral isch-
emia and amyloid plaque can interact with vascular 
changes in the brain and progress AD (Seshardi et al 
2002; Rabaneda et al 2008). Generation and deposition 
of β-amyloid protein (βA) and tau protein pathology 
are important key players involved in mechanisms in 
ischemic neurodegeneration as well as in AD (Nobakht 
et al 2011). Moreover, Honig et al (2003) found that a 
history of stroke was associated with the subsequent 
development of AD, primarily in the presence of other 
risk factors related to both cardiovascular and cerebro-
vascular disease. One of the risk factor which could 
portray a link between brain stroke and development of 
AD might comprise homocysteine (Hcy). 

Hcy is a  sulfur containing amino acid and inter-
mediate product of the methionine cycle. High level 
of Hcy in plasm (hyperhomocysteinemia – hHcy) is 
known as an independent risk factor for brain ischemia 
(Li et al 2014; Kovalska et al 2015, 2018; Lehotsky et al 
2016; Petráš et al 2017; Tóthová et al 2017, 2018). Fur-
thermore, hHcy was significantly associated with the 
early stages of AD with lesions in the white matter (Lin-

nebank et al 2010). Recent experimental studies have 
demonstrated the simultaneous effect of high levels of 
Hcy on the phosphorylation of tau-protein (Persson et 
al 2014) and caused occurrence of amyloid plagues in 
blood vessels as well as in brain parenchyma (Zhang et 
al 2008). 

Regardless the many experiments, it is not entirely 
clear if the hHcy can be regarded as an independent 
risk factor of the AD development (Van Dam &Van 
Cool, 2009). Whether stroke is directly involved in the 
pathogenesis of AD or acts indirectly as a contributor 
to the manifestations of AD in Hcy conditions needs to 
be established. 

In our previous papers we have shown, that mild 
hHcy when combined with ischemic insult caused sup-
pression of molecules related to survival of vulnerable 
neurons (Kovalska et al 2015; Petráš et al 2017). More-
over, previously we showed a possible neurodegenera-
tive effect of hHcy on more resistant neurons in brain 
motoric cortex (Kovalska et al 2018). The goal of this 
pilot study was to determine possible influence of mild 
hHcy conditions with the ischemic insult on the pro-
gression of AD-like pathology in EC-hippocampus 
system at morphological as well as behavioural point of 
view. As far as we know, no previous study has exam-
ined the effect of hHcy on AD-like pathological features 
in in vivo model of global brain ischemia focusing on 
EC-hippocampus system.

Material & methods
Ischemia-reperfusion injury (IRI) induction
Animals used in this study were carried out in accor-
dance with guideline for Animal Care and Health of the 
State Veterinary and Food Department of the Slovak 
Republic (approval number 727/12-221 for animal 
experiments). Experiment was implement according to 
Directive 2010/63/EU for European Parliement and of 
the Council on the protection of animals used for sci-
entific purposes.

In our experiments, adult male Wistar rats (Velaz, 
Prague, Czech Republic) 5–6 months old and weigh-
ing 300–400 g (mean body weight of 320 g, total n=30) 
were used. Animals were kept in air-conditioned rooms 
under the standard conditions, temperature (22±2 °C) 
and  12 hours day/night cycle. Food and water were 
available ad libitum. Global brain ischemia was induced 
by 4-vessel occlusion (4-VO) model according Pulsi-
nelli et al (1982). Concisely, rats were put to sleep with 
4.5% sevoflurane in a  mixture of 33% O2/ 66% N2O 
for induction of anesthesia. For maintaining the anes-
thesia throughout the operation, 3–3.5% sevoflurane 
was used. On the day one, both vertebral arteries were 
irreversibly occluded by thermo coagulation through 
the alar foramina. Next day, both common carotides 
were occluded for 15 minutes using small atraumatic 
clips under the same anesthetic conditions as described 
above. The rats then underwent 15 minutes ischemia 
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followed by 72 hours or 7 days of reperfusion. After 
particular reperfusion period were animals sacrificed 
by perfusion in a mild sevofluran anesthesia in accor-
dance with the ethical principles. Brains were rapidly 
dissected from the scull and processed for future pro-
cedures. Control groups were prepared in the same way 
as mentioned above except carotid occlusion. 

 
Chemically-induced mild hHcy by 14 
days subcutaneous injection of Hcy
Hcy (Sigma-Aldrich, Bratislava, Slovak Republic) 
was dissolved in 0.85% (w/v) NaCl solution and buff-
ered to pH 7.4. Animals were treated by Hcy solution 
(0.45 μmol/g body weight) which was administrated 
subcutaneously in dorsal folds of skin over the flank 
twice a day for 14 days according Matte et al (2010). 
Three experimental groups were established at day 15. 
Doses of Hcy were calculated from pharmacokinetic 
parameters as previously ascertain by Martins et al 
(2005). Concentration of Hcy in plasm in treated rats 
reached levels similar to those found in hHcy patients 
(mild hHcy; Persson et al 2014). 

Experimental groups of animals
Groups of rats were randomized as follows:

1. control (naive) animals (C, n=10)
2. naïve animals that underwent 15 minute isch-

emia and 72 hours or 7 days of reperfusion (IR-
72h rep, IR-7d rep, n=5) as described above

3. the animals after 14 days with induced hHcy that 
underwent 15 minute ischemia and 72 hours or 
7 days of reperfusion (hHcy-IR-72h rep, hHcy-
IR-7d rep, n=5)

Cresyl violet staining
Control, IR-72h rep and Hcy-IR-72h rep groups of 
animals (n=5/group) were placed in an anesthetic box 
and put to sleep by spontaneous inhalation of 3.5% 
sevoflurane as a mixture of oxygen and nitrous oxide 
(33/66%). Animals were subsequently transcardially 
perfused with 0.1 mol/l phosphate-buffered saline 
(PBS, pH 7.4) followed by 4% paraformaldehyde in 0.1 
mol/l PBS (pH 7.4; Kovalska et al 2018). After perfusion 
were all animals decapitated, the brains were removed 
from skull and submerged overnight in the same fixa-
tive at 4 °C. Lastly, the rat brains were placed in 30% 
sucrose for next 24 hours at 4 °C. The rat brains were 
embeded with embedding medium (Killik, Bio Optica, 
Milano, Italy) and promptly frozen by fast cooling 
boost in a cryobar of Shannon Cryotome E (Thermo 
Scientific Waltham, MA, USA) and sectioned at 30 μm 
thick sections. The sections were placed at Superfrost 
Plus glass (Thermo Scientific). Sections were after-
wards dehydrated with ethanol in descending grades 
(100–70%; v/v), and then washed in distilled water. The 
sections were stained with 0.1% (w/v) cresyl violet and 
examined under the light microscope (Olympus BX41, 
Tokyo, Japan). The number of surviving lateral EC neu-

rons per 1 mm2 was counted as the neuronal density in 
cerebral cortex and CA1 of hippocampus. Cells were 
counted in a double-blind manner by two observers on 
three random microscopic fields. 

Behavioural tests analysis
In order to evaluate the reference memory through 
a  spatial search strategy, Morris water maze test was 
performed 7 days after the induction of cerebral IRI. 
Apparatus. The circular open field water maze (Ugo 
Basile, IT) was built of blue fibre-glass with diameter 
of 1.8 m and height of 60 cm. The tank was filled with 
tap water (25±1 °C) to a depth of about 30 cm. The only 
possibility for the animals to escape was a clear Plexi-
glas platform (10 cm in diameter). This platform was 
immersed approximately 2 cm below the water surface. 
The tank was divided into four equal imaginary quad-
rants and four positions for starting (N: north, W: west, 
S: south, E: east,). A circular platform was put into the 
water tank in the centre of NW quadrant (target quad-
rant). For making the water opaque we used non-fat 
dry milk. Experimental procedure. The rats underwent 
3 training trials each day for 4 successive days. The rats 
were adventitiously placed into the water maze at start-
ing positions facing the wall of the tank in each trial, 
Day before the trial beginning the rats were adapted for 
stay in the pool without the platform for 1 minute. The 
time and the length of path necessary to reach the plat-
form was recorded. Once rats receive and climbed onto 
the platform, the trial was terminated and the animal 
stayed on the platform for 20 sec. The limit for reach-
ing the platform was set up to 2 minutes. If rats did not 
find the platform within this time, they were guided to 
it. A maximum of 60 seconds was assigned as latency. 
Thereafter, rats were returned to the home cage until 
being released for the next trial. The whole testing lasted 
for 6 days. For probe trials, the platform was removed 
and rats were released for free swim in duration of 60 
seconds. The times of swim path crossing the platform 
area and path length were recorded. Swimming paths 
were monitored by an infrared camera connected to a 
tracking system. For each training trial as well as for 
day 1 was recorded the swimming time to find the 
platform (escape latency). At the end of the trials, the 
animals were dried using a clean towel and placed 
under a heating lamp in a holding cage before they were 
returned to their home cages (Moghimi et al 2016). 

Quantitative image analysis
The brightness and contrast of each image file was 
uniformly calibrated using Adobe Photoshop CS3 
Extended, version 10.0 for Windows (Adobe Systems, 
San Jose, CA, USA). Particle analysis was completed 
based upon size restrictions of 0 cm2 – infinity leav-
ing morphology unspecified. The counting parameters 
for Cresyl violet in 3 different areas of EC region of rat 
brain cortex as well as for CA1 of hippocampus were: 
sampling grid size: 0.06×0.06 cm, counting frame size: 
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0.03×0.03 cm. All counts are expressed as the total 
numbers of labelled cells per mm2. 

Data Analysis
Data obtained from image analysis of brain sections were 
analysed using GraphPad Prism software, version 6.01 
for Windows (La Jolla, CA, USA). Data are expressed as 
the mean±SEM. The significance of inter-group mean 
differences was evaluated by one-way analysis of vari-
ance (ANOVA), followed by a Student-Newman-Keuls 
test to compare the means of naïve control (C), naïve 
IRI group (IR-72h rep, IR-7d rep) and hHcy IRI group 
(hHcy-IR-72h rep, Hcy-IR-7d rep). A value of p<0.05 
was considered to be statistically significant. 

Results
Cresyl violet staining
In order to assess the impact of hHcy in association 
with ischemia-reperfusion injury (IRI) to the extent of 
neuronal damage, we used cresyl violet staining that is 
commonly used to identify the neuronal structure in 
brain and specifically stains Nissl bodies. In the control 
group (C), neural cells in the CA1 and EC brain region 
appeared round with pale stained nuclei and purple 
Nissl bodies (Figures 1 a, b). 

On the other hand, the earliest neuronal alteration 
after ischemia (micro vacuolation of the cytoplasm) 
was detected in naïve IR-72h rep group (Figures 1 c, d). 

Fig. 1. Cresyl violet stained rat brain sections and statistical evaluation of changes in number of vital neurons in the CA1 region of 
hippocampus and lateral EC region of rat brain cortex. Bright-field micrographs of CA1 region of hippocampus representing naive control 
(a), naive IR-72h rep (c), Hcy-IR-72h rep (e) and micrographs of EC region of rat brain cortex representing naive control (b), naive IR-72h 
rep (d) and Hcy-IR-72h rep (f). Cytoarchitecture of brain cortex in lateral EC organized in layers I, II, III, IV, V, IVa and VI. In the left corners 
are details of corresponding group focusing on the V. layer. Dashed arrows indicate morphologically changed neurons, arrows show 
vital neurons, while arrow heads showed glia cells. RF points on the rhinal fissure. Bar=50, 20 and 10 μm; n=5/group. Schematic coronal 
rat brain section, adapted from Paxinos & Watson (2006) representing CA1 area of rat hippocampus (red rectangle) and EC region (blue 
rectangle) of cerebral cortex. Number of vital neuronal cells in the CA1 area of hippocampus (g) and EC region of rat brain cortex (h) in 
naive control, naive IR-72h and Hcy-IR-72h. Results are presented as mean±SEM, n=5/group. *** p<0.001 and ** p<0.01 versus the control 
value; + p<0.05 versus the corresponding reperfusion period.
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Neurons in CA1 brain area showed obvious morpho-
logical changes with signs of swelling and intracellular 
organelles damage in naive IR-72h rep group (Figure 
1 c) where the number of intact neurons decreased 
significantly to 56% (177.5±9.2; p<0.001) when com-
pared to the control (C). Neurons in the CA1 region 
of Hcy-IR-72h rep group demonstrated more eminent 
damage then the naive IR-72h group (Figure 1 e). More 
specifically, we observed massive loss of neurons and 
total disintegration accompanied by cytoplasm shrink-
age and vacuolization. The number of surviving neu-
rons in the Hcy-IR-72h rep group declined to 42.8% 
(134.75±9; p<0.001) when compared to the control 
(C) in CA1 hippocampal area. Moreover, the number 
of intact neurons was significantly decreased to 75.9% 
(p<0.05) when compared to the naive IR-72h rep group 
(Figure 1 g). 

Thereto, we detected a diminished number of vital 
neurons in naïve IR-72h rep group to 72.8% (255.25±28; 
p<0.01) in EC brain area when compared to the control 
(C). These morphological changes occurred in all layers 
of brain cortex in this region probably as a response of 
neurons to ischemic conditions. Remarkably, in the 
Hcy-IR-72h rep group, neural cells localized in EC 
brain region showed more severe signs of damage, but 
these morphological changes were confined obligated 
to II, III as well as to the V layer of EC. Enlarged and 
dystrophic, swelling nuclei, micro vacuolization of 

the cytoplasm and dystrophic fibres were the promi-
nent features seen in this group. It seems that cortical 
neurons in II. and V. layer of the EC region lost their 
vitality after IRI. Furthermore, if combined with hHcy, 
only scattered neurons remained intact (Figure  1 f). 
Compared to the naive control (C), the number of 
surviving neurons in this brain area declined to 62.4% 
(218.25±19.5; p<0.001). Furthermore, there was a sig-
nificant decrease by 15% (p<0.05) between the naive 
IR-72h rep and Hcy-IR-72h rep groups in the EC brain 
region (Figure 1 h). Elevation in number of glia cells 
(arrow head) as well as indications of blebbing in sev-
eral cells was also present in groups after ischemia with/
without Hcy treatment in both surveyed brain areas 
(Figures 1 c–f; dashed arrow).

Behavioural tests
An impaired spatial memory in rats induced by global 
cerebral IRI in combination with induced hHcy was 
determined by the Morris Water Maze testing in con-
trols and ischemic animals 7 days after reperfusion 
with/without induced hHcy (Figure 2). Analysis of 
variance for repeated measurements indicated a day 
effect in the acquisitions phase of learning (a latency to 
find the platform). 

On day 1 (visible platform trials), we have detected 
elevated latency times in the hHcy animals compared 
to the control groups (Figure 2 a) indicating different 

Fig. 2. Spatial and working memory testing Path length (Distance removed) is shown as an index of spatial learning at control animals and 
animals after IRI with and without induced hHcy. Escape latency at first day of training (a), escape latency during the whole training week 
at day 2–5. (b), swim path crossing the platform area (c) and path length spent in the target quadrant after removing the platform (d). 
Results are presented as mean±SEM for n=5/group. *p<0.05 indicates statistically significant difference as compared to the control.
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motor and visual capabilities. This elevation was not 
statistically significant. It seems that the ability of ani-
mals to see the flagged-platform and the cues in sur-
rounding environment in hHcy rats is decreased. 

In a  later period days 2–5 (Day 1 to 4 of hidden 
platform trials) we did not observed a difference in 
the escape latency. As it is shown in Figure 2 b animals 
progressively improved performance over days as indi-
cated by a reduction in time to find the submerged plat-
form. There was no reliable difference between control 
and hHcy group as a factor confirming that all groups 
learned the paradigm to a similar degree.

 In the probe trial conducted on the 6th day that lasted 
60s with removed platform, statistical analysis showed 
significant difference regarding passing times over 
hidden platform in hHcy group. We detected decreased 
platform area crossing in 33% (4±0.7; p<0.05) when 
compared to the control animals. Distance swam in the 
target quadrant was also statistically significant in hHcy 
group. The path length increased in 122.2% (640±100; 
p<0.05) when compared to the controls (Figures 2 c, d). 

These findings indicate for the affected spatial ori-
entation and memory after global brain ischemia with 
induced hHcy.

Discussion
Several prospective studies (Zhang et al 2008; Dorsze-
wska et al 2013; Li et al 2014), but also the results of our 
previous experiments (Kovalska et a l 2015, 2018; Petráš 
et al 2017; Lehotsky et al 2016) suggest that the hHcy 
conditions predispose neuronal tissue to the progres-
sive neurodegeneration. As generally proved by many 
studies, global and focal IRI lead to degeneration of 
neurons in CA1 of hippocampus and cerebral cortex 
(Zhu et al 2012; Kovalska et al 2012, 2014, 2015; Blanco-
Suárez et al 2014; Petráš et al 2017; Lehotsky et al 2016; 
Pluta et al 2016). 

Remarkably, outcomes from our previous studies 
indicated that combination of IRI with mild hHcy leads 
to the exaggerated degeneration and altered morphol-
ogy in PtA (parietal association cortex) and M1 (pri-
mary motor cortex) region of rat brain cortex (Kovalska 
et al 2015, 2018; Petráš et al 2017). There is increasing 
evidence from human pathology that ischemic stroke is 
an emerging factor for later development of AD histo-
pathology (Zhang et al 2008) such as βA proteinosis and 
tau protein hyperphosphorylation (Nobakht et al 2011). 
Furthermore, according to results of Honig et al (2003), 
Hcy is one of risk factor which could comprise interface 
between brain ischemia and development of AD. 

As seen in human AD pathology, brain alterations 
follow a pathological predictive pattern. The first struc-
ture affected by AD presents hippocampus. It is also 
known that cortical and subcortical neurons undergo 
an early cell loss in development of this disease (Honig 
et al 2003; Arendt et al 2015). In addition, there is evi-
dence that early AD pathology may start in the EC, 

then progress to the hippocampus (Du et al 2001). In 
our previous works, we detected that cerebral cortex 
underwent neurodegenerative changes already 3 days 
after ischemia in mild hHcy conditions (Kovalska et al 
2015, 2018; Petráš et al 2017). In this study, we provide 
experimental evidence that induction of mild hHcy 
combined with IRI can mimic some typical pathologi-
cal aspects of the AD-like phenotype, such as altered 
cellular morphology and impaired memory.

Notably, our histo-morphological analysis docu-
ments an increased amount of disintegrated neurons, 
disintegrated neuronal processes and glia elements, 
preferentially in hHcy group in EC-hippocampal 
system as one of the putative features typical for the AD 
development (Honig et al 2003). Ischemic insult in our 
study apparently aggravates effect of Hcy, probably by 
exacerbation of cholinergic deficit due to the interfer-
ence with the metabolism of sulphur amino acids and 
mitochondrial damage (Matte et al 2010; Kovalska et al 
2012; Pluta et al 2016). 

These results are consistent with the conclusions of 
Mattson & Magnus (2006) who suggested that higher 
sensitivity of EC to neurodegeneration is a particular 
vulnerability of the superficial layer II neurons, that are 
susceptible to the deleterious consequences of aging 
and AD. We detected morphological changes also in V. 
layer which receives hippocampal projections. Based on 
the work of Witter et al (2017), we suggest that neuro-
degeneration in hippocampus could in turn be reflected 
in V. layer and vice versa. The destruction of neurons 
and axons in particular EC layer could play a prominent 
role in the memory deficits that herald the onset of AD. 

Pathological studies of brains from patients with 
AD showed the greatest neurodegenerative changes in 
the EC and hippocampus compared with other brain 
regions (Frisoni et al 1999). It seems, that in our in vivo 
rat model of global brain ischemia in hHcy conditions 
are the morphological signs of neurodegenerative alter-
nations more severe in EC when compared to CA1 hip-
pocampal region. Du et al (2001) measured volumes of 
the EC and hippocampus in AD patients manually based 
on coronal T1 weighted Magnetic Resonance (MR) 
images and showed that both EC and hippocampal vol-
umes were reduced (EC 39%, hippocampus 27%) com-
pared with patients with normal cognition performance. 
Furthermore, AD showed greater quantitative volume 
losses in the EC than in the hippocampus with cortical 
grey matter loss and ventricular enlargement which was 
seen in AD correlates with results of our experiment.

Besides, increased Hcy level in plasma was inversely 
associated with shrinking volume of hippocampal and 
cortical matter, what has been observed in patients 
by MR imaging examination as well (Linnebank et al 
2010). High levels of Hcy were associated with atrophy 
of the hippocampus and temporal lobe (Williams et al 
2002), with the early stages of AD following by the ath-
erosclerotic changes in the carotid arteries or lesions in 
the white matter (Linnebank et al 2010). Snowdon et al 
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(1997) found a worsening of progression of dementia 
in patients after stroke. Coppen & Bolander-Gouaille 
(2005) highlighted the direct link between hHcy and 
brain matter volume.

Nonetheless, we documented increased escape 
latency in IRI groups with hHcy with the longest time 
during the last training day. In this group, recognizable 
impairment of spatial and learning memory was also 
found. Nunn et al (1994) studied the impact of differ-
ent duration of ischemia on the same 4-VO model to 
the behavioural deficit with no unequivocal correlation 
between the ischemic time and behavioural deficit. 
Similarly, ischemic insult induced mixed behavioural 
responses in different tasks, testing the effectivity of 
working, spatial memory and learning in passive avoid-
ance task or radial maze (Kiyota et al 1991). Moghimi et 
al (2016) observed similar results after bilateral carotid 
occlusion of rats using Morris water maze. Moreover, 
studies focusing on the effect of chronic administra-
tion of hHcy to the behavioural changes after ischemic 
injury are limited. In our previous study, there were 
no significant differences between groups with global 
brain ischemia and with induced hHcy by methionin 
diet (Tóthová et al 2017). Subcutaneous administra-
tion of Hcy in newborn rat is likely to affect the ani-
mal’s CNS development whereas young healthy adult 
animals may be able to cope better with chronic hHcy 
challenge (Streck et al 2004; Algaidi et al 2006).

The fact that specific brain regions exhibit differ-
ential vulnerabilities to various neurodegenerative 
diseases is a reflection of both the specificity in the 
etiology of each disease and of the heterogeneity in 
neuronal responses to cell-damaging processes asso-
ciated with the particular diseases. Damage of the 
EC and related structures is associated with memory 
impairment (Criscuolo et al 2017; Witter et al 2017; 
Tsao et al 2018). Because memory impairment is fre-
quently the earliest symptom of AD, we reasoned that 
neuropathological changes and neuronal loss in the 
EC-hippocampus system might contribute to memory 
impairment at the very early stages of AD. Our sugges-
tions are in concordance with outcomes of Criscuolo 
et al (2017) who support the involvement of the EC 
in the development and progression of the synaptic 
and behavioural deficit during amyloid-dependent 
neurodegeneration.

Taking together, our data show the possible role 
of mild hHcy, (as an example of metabolic stress), in 
the onset and possible progression of AD-like pathol-
ogy in rats by affecting EC-hippocampus system, 
which is aggravated if combined with global brain 
ischemia-reperfusion.

Conclusion
Increased prevalence of hHcy in Western population 
and its role in the pathogenesis of cerebrovascular 
and neurodegenerative disorders makes this pathol-

ogy an interesting target for future research. Our study 
establishes an active role of mild hHcy in AD etio-
pathological changes, such as neurodegeneration in 
EC-hippocampal system and cognitive decline which 
are further aggravated if combined with the global IRI. 
In contribution, our results also bring an insight into 
the morphological and behavioural mechanisms how 
mild hHcy if combined with the ischemic stroke may 
promote or hasten AD-like pathology. Apparently, 
prevention of risk factors such as plasma hHcy, isch-
emic stroke and treatment of stroke antecedents might 
have important implications for AD development and 
deserve further investigation. 

Acknowledgements
This study was supported by Grants VEGA 1/0171/18, 
VEGA 1/0128/16, APVV 15/0107 from the Ministry 
of Education of the Slovak Republic, and by project 
‘‘Identification of novel markers in diagnostic panel of 
neurological diseases‘‘ code: 26220220114, co-financed 
from EU sources and European Regional Development 
Fund. The authors are grateful to Mrs. Greta Kondekova 
and Mrs. Agata Resetarova for their excellent help with 
histological procedures. 

REFERENCES

1  Algaidi SA, Christie LA, Jenkinson AM, Whalley L, Riedel G, Platt 
B (2006). Long-term homocysteine exposure induces alterations 
in spatial learning, hippocampal signalling and synaptic plastic-
ity. Exp Neurol. 197: 8–21. 

2  Arendt T, Brückner MK, Morawski M, Jäger C, Gertz HJ (2015). 
Early neurone loss in Alzheimer’s disease: cortical or subcortical? 
Acta Neuropathologica Communications. 3: 10 .

3  Blanco-Suárez E, Fiuza M, Liu X, Chakkarapani E, Hanley JG 
(2014). Differential Tiam1/Rac1 activation in hippocampal 
and cortical neurons mediates differential spine shrinkage in 
response to oxygen/glucose deprivation. J Cereb Blood Flow 
Metab. 34/12: 1898–1906. 

4  Coppen A, Bolander-Gouaille C (2005). Treatment of depression: 
time to consider folic acid and vitamin B12. J Psychopharmacol. 
19/1: 59–65. 

5  Criscuolo C, Fontebasso V, Middei S, Stazi M, Ammassari-Teule M, 
Yan SS, et al (2017). Entorhinal Cortex dysfunction can be res-
cued by inhibition of microglial RAGE in an Alzheimer’s disease 
mouse model. Scientific RepoRts. 7: 42370

6   Dorszewska J, Florczak-Wyspiańska J, Oczkowska A, Dezor M, 
Prendecki M, Kozubski W (2013). Homocysteine and asymmetric 
dimethylarginine concentrations in the plasma of Alzheimer’s 
disease patients with varying degrees of dementia. Advances in 
Alzheimer‘s Disease. 2/1: 1–6. 

7  Du AT, Schu N, Amend D, Laakso MP, Hsu YY, Jagust WJ, et al 
(2001). Magnetic resonance imaging of the entorhinal cortex 
and hippocampus in mild cognitive impairment and Alzheimer’s 
disease. J Neurol Neurosurg Psychiatry. 71: 441–447.

8  Frisoni GB, Laakso MP, Beltramello A, Geroldi C, Bianchetti A, 
Soininen H, et al (1999). Hippocampal and entorhinal cortex 
atrophy in frontotemporal dementia and Alzheimer’s disease. 
Neurology. 52: 91–100.

9  Honig LS, Tang MX, Albert S, Costa R, Luchsinger J, Manly J, et 
al (2003). Stroke and the Risk of Alzheimer Disease. Arch Neuro. 
60/12: 1707–1712. 



38 Copyright © 2019 Activitas Nervosa Superior Rediviva ISSN 1337-933X

Maria Kovalska, Barbara Tothova, Dagmar Kalenska, Anna Tomascova, Libusa Kovalska, Marian Adamkov, Jan Lehotsky

10  Kiyota Y, Miyamoto M, Nagaoka A (1991). Relationship between brain 
damage and memory impairment in rats exposed to transient forebrain 
ischemia. Brain Res. 538: 295–302. 

11  Kovalska M, Kovalska L, Mikuskova K, Adamkov M, Tatarkova 
Z, Lehotsky J (2014). P-erk involvement in the neuroprotec-
tion exerted by ischemic preconditioning in rat hippocampus 
subjected to four vessel occlusion. J Physiol Pharmacol. 65/6: 
767–776. 

12  Kovalska M, Kovalska L, Tothova B, Mahmood S, Adamkov M, 
Lehotsky J (2015). Combination of hyperhomocysteinemia and 
ischemic tolerance in experimental model of global ischemia in 
rats. J Physiol Pharmacol. 66: 887–897. 

13  Kovalska M,  Kovalska L,  Pavlikova M,  Janickova M,  Mikuskova 
K, Adamkov M, et al (2012). Intracellular signaling MAPK pathway 
after cerebral ischemia-reperfusion injury. Neurochem Res.  37: 
1568–77. 

14  Kovalska M, Tothova B, Kovalska L, Tatarkova Z, Kalenska D, 
Adamkov M, et al (2018). Association of Induced Hyperhomocys-
teinemia with Alzheimer’s Disease-Like Neurodegeneration in 
Rat Cortical Neurons After Global Ischemia-Reperfusion Injury. 
Neurochem Res. 43/9: 1766–1778

15  Lehotský J, Tóthová B, Kovalská M, Dobrota D, Beňová A, Kalen-
ská D, et al (2016). Role of Homocysteine in the Ischemic Stroke 
and Development of Ischemic Tolerance. Front Neurosci. 10: 538. 

16  Linnebank M,  Popp J,  Smulders Y,  Smith D,  Semmler A,  Farkas 
M,  et al (2010). S-adenosylmethionine is decreased in the cere-
brospinal fluid of patients with Alzheimer‘s disease. Neurode-
gener Dis. 7/6: 373–8. 

17  Li JG, Chu J, Barrero C, Merali S, Praticó D (2014). Homocysteine 
Exacerbates β-Amyloid Pathology, Tau Pathology, and Cognitive 
Deficit in a Mouse Model of Alzheimer Disease with Plaques and 
Tangles. Ann Neurol. 75/6: 851–863. 

18  Martins PJ, Galdieri LC, Souza FG, Andersen ML, Benedito-Silva 
AA, Tufik S, et al (2005). Physiological variation in plasma total 
homocysteine concentrations in rats. Life Sci. 76/22: 2621–9. 

19  Matte C, Mussulini BH, dos Santos TM, Soares FM, Simao F, Matte 
A, et al (2010). Hyperhomocysteinemia reduces glutamate 
uptake in parietal cortex of rats. Int J Dev Neurosci. 28: 183–187. 

20  Mattson, MP, Magnus, T (2006). Ageing and neuronal vulnerabil-
ity. Nat Rev Neurosci. 7: 278–294.

21  Moghimi M, Parvardeh S, Zanjani TM, Ghafghazi S (2016). Protec-
tive effect of α-terpineol against impairment of hippocampal 
synaptic plasticity and spatial memory following transient cere-
bral ischemia in rats. Iran J Basic Med Sci. 19/9: 960–969. 

22  Nobakht M, Hoseini SM, Mortazavi P, Sohrabi I, Esmailzade B, 
Rooshandel NR, et al (2011). Neuropathological Changes in Brain 
Cortex and Hippocampus in a Rat Model of Alzheimer’s Disease. 
Iranian Biomedical Journal. 15/1–2: 51–58. 

23  Nunn JA, Lepeillet E, Netto CA, Hodges H, Gray JA, Meldrum BS (1994). 
Global ischaemia: hippocampal pathology and spatial deficits in the 
water maze. Behav Brain Res. 62: 41–54. 

24  Paxinos G, Watson C (2006). The Rat Brain in Stereotaxic Coor-
dinates. Academic Press, London http://www.scribd.com/
doc/22822097/Rat-Brain-Atlas.

25  Persson T, Popescu BO, Cedazo-Minguez A (2014). Oxidative 
stress in Alzheimer’s disease: Why did antioxidant therapy fail? 
Oxid Med Cell Longev. 2014: 427318. 

26  Petráš M, Drgová A, Kovalská M, Tatarková Z, Tóthová B, 
Križanová O, et al (2017). Effect of Hyperhomocysteinemia on 
Redox Balance and Redox Defence Enzymes in Ischemia–Reper-
fusion Injury and/or After Ischemic Preconditioning in Rats. Cell 
Mol Neurobiol. 37/8: 1417–31. 

27  Pluta R, Ułamek M, Jabłonski M (2009). Alzheimer’s Mechanisms 
in Ischemic Brain Degeneration. Anat Rec. 292: 1863–1881. 

28  Pluta R, Kocki J, Ułamek-Kozioł M, Bogucka-Kocka A, Gil-Kulik 
P, Januszewski S, et al (2016). Alzheimer-associated presenilin 
2 gene is dysregulated in rat medial temporal lobe cortex after 
complete brain ischemia due to cardiac arrest. Pharmacol Rep. 
68: 155–161. 

29  Pulsinelli WA, Brierley JB, Plum F (1982). Temporal profile of neu-
ronal damage in a model of transient forebrain ischemia. Ann 
Neurol 11/5: 491–8. 

30  Rabaneda LG, Carrasco M, López-Toledano MA, Murillo-Carretero 
M,  Ruiz FA,  Estrada C,  et al (2008). Homocysteine inhibits pro-
liferation of neuronal precursors in the mouse adult brain by 
impairing the basic fibroblast growth factor signaling cascade 
and reducing extracellular regulated kinase 1/2-dependent 
cyclin E expression. FASEB J. 22/11: 3823–35. 

31  Seshadri S, Alexa Beiser A, Selhub J, Jacques PF, Rosenberg IH, 
D`Agostino RB, et al (2002). Plasma Homocysteine as a Risk 
Factor for Dementia and Alzheimer’s Disease. N Engl J Med. 346: 
476–483. 

32  Snowdon DA,  Greiner LH, Mortimer JA, Riley KP,  Philip A, Greiner 
PA, et al (1997). Brain Infarction and the Clinical Expression of 
Alzheimer DiseaseThe Nun Study. JAMA. 277: 813–817. 

33  Stranahan, AM, Mattson, MP (2010). Selective vulnerability of 
neurons in layer II of the entorhinal cortex during aging and 
Alzheimer’s disease. Neural Plast. 2010: 108190. 

34  Streck EL, Bavaresco CS, Netto CA, De Souza, Wyse AT (2004). Chronic 
hyperhomocysteinemia provokes a memory deficit in rats in the Morris 
water maze task. Behav Brain Res. 153: 377–381. 

35  Tóthová B, Kovalská M, Kalenská D, Beňová A, Lehotský J (2017). 
Effect of methionine-induced hyperhomocysteinemia on neu-
rodegeneration in experimental conditions. Act Nerv Super Redi-
viva. 59/2: 101–107.

36  Tóthová B, Kovalská M, Kalenská D, Tomašcová A, Lehotský J 
(2018) Histone Hyperacetylation as a Response to Global Brain 
Ischemia Associated with Hyperhomocysteinemia in Rats. Int J 
Mol Sci. 19: 3147. 

37  Tsao A, Sugar J, Lu L, Wang C, Knierim JJ, Moser MB, et al (2018). 
Integrating time from experience in the lateral entorhinal cortex. 
Nature volume. 561: 57–62. 

38  Van Dam F, Van Gool WA (2009). Hyperhomocysteinemia and 
Alzheimer’s disease: a systematic review. Arch Gerontol Geriatr. 
48/3: 425–430. 

39  Wang X, Michaelis EK (2010). Selective neuronal vulnerability to 
oxidative stress in the brain. Front. Aging Neurosci. 2/12: 1–13.

40  Williams JH,  Pereira EAC, Budge MM, Bradley KM (2002). Minimal 
hippocampal width relates to plasma homocysteine in commu-
nity‐dwelling older people. Age Ageing. 31: 440–444. 

41  Witter MP, Doan TP, Jacobsen B, Nilssen ES, Shinya Ohara S (2017). 
Architecture of the Entorhinal Cortex A Review of Entorhinal 
Anatomy in Rodents with Some Comparative Notes. Frontiers in 
Systems Neuroscience. 11/46: 1–12.

42  Zhang CE, Tian Q, Wei W, Peng JH, Liu GP, Zhou XW, et al (2008). 
Homocysteine induces tau phosphorylation by inactivating 
protein phosphatase 2A in rat hippocampus. Neurobiol  Aging . 
29/11: 1 654–1665.

43  Zhu H, Yoshimoto T, Imajo-Ohmi S, Dazortsava M, Mathivanan A, 
Yamashima T (2012). Why are hippocampal CA1 neurons vulner-
able but motor cortex neurons resistant to transient ischemia? J 
Neurochem. 120/4: 574–85. 


