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Summary

Ongoing interest in brain ischemia research has provided data showing that ischemia may be
involved in the pathogenesis of Alzheimer disease. Brain ischemia in the rat produces a
stereotyped pattern of selective neuronal degeneration, which mimics early Alzheimer disease
pathology. The objective of this study was to further develop and characterize cardiac arrest
model in rats, which provides practical way to analyze Alzheimer-type neurodegeneration.
Rats were made ischemic by cardiac arrest. Blood-brain barrier (BBB) insufficiency,
accumulation of different parts of amyloid precursor protein (APP) and platelets inside and
outside BBB vessels were investigated in ischemic brain up to 1-year survival. Ischemic brain
tissue demonstrated haphazard BBB changes. Toxic fragments of APP deposits were
associated with the BBB vessels. Moreover our study revealed platelet aggregates in- and
outside BBB vessels. Toxic parts of APP and platelet aggregates correlated very well with
BBB permeability. Progressive injury of the ischemic brain parenchyma may be caused not
only by a degeneration of neurons destroyed during ischemia but also by chronic damage in
BBB. Chronic ischemic BBB insufficiency with accumulation of toxic components of APP in
the brain tissue perivascular space, may gradually over a lifetime, progress to brain atrophy

and to full blown Alzheimer-type pathology.
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Introduction

Ongoing interest in brain ischemia study has provided data showing that ischemia may
be involved in the pathogenesis of Alzheimer disease (Pluta et al. 1994c, Zlokovic 2002,
Malm and Koistinaho 2007, Pluta 2007, Yang and Simpkins 2007, Pluta et al. 2010b).
Experimental brain ischemia produces a stereotyped pattern of selective neuronal
degeneration, which imitates with Alzheimer disease neuropathology (Pluta 2000, Pluta et al.
2009, Pluta et al. 2010a). Some animals that survive 1 year after brain ischemia developed
brain atrophy that is indicative of active, slowly progressing pathological processes
(Hossmann et al. 1987, Andjus et al. 2010). More recently, it has become recognized by us
that pathological processes continue well beyond the acute stage (Pluta 2000, Pluta 2002,
Jabtonski et al. 2010, Pluta et al. 2010a). The profile of brain pathology, which is observed in
an experimental brain ischemia, shares a commonality with degeneration processes in
Alzheimer disease (Table 1) (Yang and Simpkins 2007, Pluta et al. 2009). The objective of
this study was to further develop and characterize cardiac arrest model in rats (Pluta et al.
1991) that provides practical way to analyze Alzheimer-type neurodegeneration. On the other
hand, this model provides a bridge between experimental and clinical research that greatly
facilitates the interpretation of complex disease processes i.e. in dementia after brain ischemia

and Alzheimer disease.

Materials and Methods

We used 16 females Wistar rats (3 months old, weight 150-180g). The animals were
divided for two groups. First group with 10-min cardiac arrest (n=8) (Pluta et al. 1991) and
second was used as sham-operated control (n=8). All rats underwent behavioral tests:
neurological examination, rotarod, elevated plus maze, open field, novel object recognition

and object location memory, T-maze and Morris water maze 1 year after brain ischemia
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(Jabtonski et al. 2010, Pluta et al. 2010c). At the end of 1 year observation brains of animals
were fixed by perfusion (Pluta et al. 1991, Pluta et al. 1994c, Pluta et al. 1996). Some brains
were used for blood-brain barrier investigation (Pluta et al. 1994a, Pluta et al. 1994b), other
were stained for evaluation of the ischemic neuronal pathology and amyloid precursor protein
changes (Pluta 2000, Pluta 2002) and small pieces were used for platelets studies in electron
microscope (Pluta et al. 1994a). Animal experimentation was in accordance with the
European Guidelines on Laboratory Animal care. All procedures were approved by the First

Warsaw Ethical Committee on Animal Research.

Results

Behavioral examination

One year after brain ischemia rats showed: hearing dysfunction, hyperactivity,
problems with adaptation to new environment, reduced anxiety, learning and memory

impairment in a battery of hipocamppal dependent tests.

Blood-brain barrier examination

One year following brain ischemia brain areas contained single and scattered regions
of horseradish peroxidase extravasations (Fig. 1A.). Horseradish peroxidase extravasations
involved small arterioles, venules and intraparenchymal capillaries and leptomeningeal pial
microvessels. Extravasated horseradish peroxidase appeared to be restricted to branches and
bifurcations of leaking blood-brain barrier vessels. In summary ischemic brain presented
random/haphazard blood-brain barrier permeability mainly in the hippocampus, brain cortex
and white matter. Control brains showed no horseradish peroxidase staining outside blood-

brain barrier microvessels.

Amyloid precursor protein examination



One year after brain ischemia staining only for the neurotoxic B-amyloid peptide and
C-terminal of amyloid precursor protein was noted (Fig. 1B.) (Table 1). Multiple and
abundant B-amyloid peptide and C-terminal of amyloid precursor protein accumulations
embraced or adjoined the blood-brain barrier neurovessels (Fig. 1B.). The staining size was
different and irregular in shape. Mircovessels lumens and their inner and outer side of walls
were also stained. After ischemia brains demonstrated widespread and multifocal diffuse C-
terminal of amyloid precursor protein/B-amyloid peptide plaques predominantly in the
hippocampus, brain and entorhinal cortex, and corpus callosum (Fig. 1B.) or around the
lateral ventricles. Endothelial, pericyte, ependymal and neuronal cells were labeled, too.
Additionally astrocytes exhibited strong reaction for C-terminal of amyloid precursor protein
and B-amyloid peptide. Especially perivascular astrocytes showed very intense labeling of
numerous very long, delicate, thin processes, which embraced or adjoined the capillaries. The
halo of B-amyloid peptide and C-terminal of amyloid precursor protein immunoreactivity in
the perivascular space of blood-brain barrier vessels suggests that both proteins can easy cross
walls of blood-brain barrier neurovessels (Fig. 1B.). In general, perivascular deposits of
different fragments of amyloid precursor protein took the same forms as extravasated

horseradish peroxidase. Above kind of pathology was not observed in sham-operated rats.

Platelets examination

Examination by electron microscope leaky sites of blood-brain barrier neurovessels
demonstrated single or aggregating platelets sticking and adhering to the blood-brain barrier
vessel walls 1 year after brain ischemia. Inside vessels aggregates of platelets predominated in
blood-brain barrier neurovessels branches and bifurcations that correlated very well with
blood-brain barrier permeability. Many microvessels were plugged by platelets what

completely stopped blood flow. Additionally platelets were observed on the abluminal side of
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blood-brain barrier neurovessels. Platelets pathology was single, scattered and random. These
kind of changes occurred in small arterioles, capillaries, venules and veins mainly of
hippocampus, brain cortex and white matter. Platelet pathology and toxic parts of amyloid
precursor protein correlated very well with blood-brain barrier changes. Above kind of

pathology was not observed in sham-operated rats.

Neuropathological examination

In ischemic rats significant atrophy associated with diffuse selective and nonselective
neuronal loss was evident in the bilateral brain cortex, basal ganglia and striatum in addition
to CA1 sector of hippocampus (Fig. 1C.). Long-term survival after brain ischemia results in
chronic neuronal changes and death in hippocampus sectors of nonselective vulnerability like
CA2, CA3 and CA4 areas. Striatal changes are mainly located in the dorsolateral area and
influence medium-sized neurons. In the brain cortex, the layers 3, 5 and 6 presented neuronal
pathology. Neuronal loss was superimposed with degenerating neurons, which at that time
became even more intense and diffuse. The latter was localized in hippocampus, brain cortex
and striatum. Borderline zones of the brain cortex were also the site of severe changes. One
year after ischemia in addition to localized neuronal loss different types of degenerative
changes of neurons were present. The first one took the form of chronic neurons degeneration
and their calcification seemed to represent the residual stage of changes noted in the early
postischemic period. Curiously other changes were of a nature typical for the early
postischemic stage, but they appeared in those areas of the brain that were not involved early
e.g. the CA2, CA3 and CA4 sectors of hippocampus. After ischemia disappearing neurons
were replaced by naked astrocytic nuclei and glial nodules. Hypertrophic and proliferating
astrocytes were localized in areas of mild and severe neuronal loss. In some animals mixed

astrocytic microglial nodules were present. Within above areas of selective and nonselective



neurons damages strong activity of astrocytes and microglia were noted. Gross pathological
examination revealed hydrocephalic features of brain (Fig. 1C.). They were expressed by
almost complete atrophy of dorsal hippocampus (Fig. 1C.) and striatum leading to
enlargement of the ventricular system (Fig. 1C.). Brain cortex in most regions was narrow
showing increased neuronal density. White matter revealed advanced spongiosis leading to
profound cavitations. These changes have been seen mainly in the subcortical and
periventricular areas. Diffuse astrocytic proliferation in white and grey matter was observed.

Above kind of pathology was not observed in sham-operated rats.

Discussion

The main finding of the present study is that as late as one year after the ischemic
injury the atrophy of brain is still going with cognitive deficits as evidenced by a) creepy
brain cells damage and death, b) neuroinflammation, c) blood-brain barrier leakage, d)
platelets pathology which are main source of amyloid precursor protein and B-amyloid
peptide in blood, e) B-amyloid peptide and C-terminal of amyloid precursor protein
accumulation, f) the development of dementia features (Table 1). Ischemic brain injury
increases the expression of amyloid precursor protein (Koistinaho et al. 1996, Shi et al. 2000,
Nihashi et al. 2001). In addition to a net increase and accumulation of the amyloid protein,
also upregulation of the proteolytic processing of APP in response to ischemia has been
presented (Pluta et al. 1994c, Yokota et al. 1996, Lin et al. 1999, Nihashi et al. 2001, Badan
et al. 2004, Yang and Simpkins 2007). Interestingly, transient brain ischemia has been shown
to induce the expression of B-secretase (Wen et al. 2004a, Chuang et al. 2008, Ye et al. 2009)
and y-secretase (Polavarapu et al. 2008). Above increase was associated with markers of
apoptosis suggesting yet another link between ischemia and subsequent neurodegeneration
leading to dementia (Malm and Koistinaho 2007, Yang and Simpkins 2007). Aforementioned
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indicates that all B-amyloid-metabolism-related genes may participate in both the acute and
chronic B-amyloid peptide generation following brain ischemia and promote chronic
pathologic progress of brain ischemia (Pluta et al. 2009, Ye et al. 2009, Pluta et al. 2010b).
Several other laboratories have reported that ischemia induces the cleavage of amyloid
precursor protein into B-amyloid peptide in vivo and that increased amyloid precursor protein
cleavage results in the extracellular accumulation of B-amyloid peptide (Pluta et al. 1994c,
Yokota et al. 1996, Lin et al. 1999, Bennett et al. 2000, Lee et al. 2006). B-amyloid peptide
deposition in response to brain ischemia seems not to be a transient phenomenon, as f-
amyloid peptide aggregates and even plaque-like structures were found in ischemic animals as
late as 9 months after the ischemic injury (Van Groen et al. 2005). There are several factors
that influence the increase in amyloid precursor protein expression as a result of ischemic
insults. These include at least age, glucose and estrogens decrease (Shi et al. 1997, Simpkins
et al. 1997, Wise et al. 2001, Badan et al. 2004). For instance, transient brain ischemia
induces a higher increase in amyloid precursor protein expression with diminished functional
recovery in old rats compared to young rats (Badan et al. 2004). The aberrant amyloid
precursor protein processing into B-amyloid peptide probably is sufficient to induce neuronal
dysfunction. This concept is supported by findings indicating that in fact, the oligomeric,
soluble form of B-amyloid peptide is more neurotoxic than the aggregated, fibrillar form of f3-
amyloid peptide (Dahlgren et al. 2002). In addition, the appearance of B-amyloid peptide
plaques is not required for the development cognitive deficits in amyloid precursor protein

transgenic mice (Dodart et al. 1999, Koistinaho et al. 2002) .

Current investigations have been reported a site-specific hyperphosphorylation of tau
protein after brain ischemia in animals (Wen et al. 2004b, Yang and Simpkins 2007). Tau

protein can be phosphorylated at serine and threonine residues by several different kinases



(Avila 2006). Abnormal phosphorylation of tau protein leads to a loss of microtubule binding
capacity and it is thought to contribute to the subsequent formation of neurofibrillary tangles.
The hyperphosphorylated tau protein in ischemic female rats was found in neurofibrillary
tangle-like conformational epitopes (Wen et al. 2007), the formation of which was preceded

by signs of apoptosis in cortical neurons (Wen et al. 2004c).

Another link between ischemia-induced changes and the development of Alzheimer-
related neuropathology is inflammation. Neuroinflammation undoubtedly is a major
component in the maturation of ischemic brain injury (Koistinaho et al. 2002, Pluta et al.
2009, Andjus et al. 2010). Brain ischemia may also exacerbate Alzheimer-related
inflammatory responses and therefore contribute to the progressive loss of neurons. In support
of above, brain ischemic injury induces more severe inflammatory responses in amyloid
precursor protein transgenic mice compared to their wild type littermates (Koistinaho et al.
2002). Ischemia-induced astrocytosis and microgliosis were also enhanced in rats receiving a
fragment of B-amyloid peptide into the lateral ventricles compared to rats without f-amyloid

peptide exposure (Whitehead et al. 2005).

Several lines of evidence also suggest that the integrity of blood-brain barrier
contribute to the pathology of Alzheimer-type. Besides protecting the brain tissue from
pathogens and toxic proteins in circulating blood stream, blood-brain barrier also actively
participates in the clearance of soluble B-amyloid peptide from the brain into the blood
stream, most likely via an LDL-receptor related protein-1 (Shibata et al. 2000, Ji et al. 2001).
Blood-brain barrier becomes chronically impaired for small and big molecules in ischemic
brain (Pluta et al. 1996, Pluta et al. 2009, Andjus et al. 2010, Pluta et al. 2010a) and similarly
the presence of p-amyloid peptide in the vessel walls of Alzheimer patients may disrupt the
proper function of blood-brain barrier, thereby altering the permeability of the blood-brain
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barrier to B-amyloid peptide (Pluta et al. 1996, Zlokovic 2002, Pluta et al. 2010a). Taken
together, data gathered from the studies in different animal models of ischemia suggest that
ischemic injuries result in the aberrant processing of amyloid precursor protein, the
enhancement of B-amyloid peptide production and abnormal tau phosphorylation (Table 1).
These molecular events may contribute to the creepy neurodegeneration (Pluta et al. 2010a)
and the development of cognitive impairment after ischemic insults (Table 1) (Jabtonski et al.

2010, Pluta et al. 2010c).

Strong body of evidence arising from the experimental models of brain ischemia
suggests common cellular and molecular mechanisms between brain ischemia and Alzheimer
disease. These studies demonstrate that ischemic injuries may have direct effects on the
development of Alzheimer-related neuropathology (Table 1) and, on the other hand,
Alzheimer disease linked pathological changes particularly in the expression of amyloid
precursor protein, clearly render the neurons more vulnerable to ischemic insults (Koistinaho
et al. 2002, Pluta et al. 2009) via complex mechanisms involving e.g. aggravated
inflammatory responses and direct neurotoxic and synaptotoxic effects of 3-amyloid peptide.
These molecular links between brain ischemia and Alzheimer disease may offer relevant
therapeutic targets for the prevention and treatment of neurodegeneration underlying the

clinically detected dementia.
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Table. 1. Alzheimer neuropathology in ischemic brain with 1 year survival.

Kind of pathology | Ischemic
brain
Blood-brain barrier 1
N-terminal of -
amyloid precursor
protein
-amyloid peptide +
C-terminal of +
amyloid precursor
protein
Tau protein +
Platelets 1
Amyloid plaques +
Neuroinflammation 1
Brain cells death 1
Gliosis 1
Leukoaraiosis 1
Atrophy of 1
hippocampus
Atrophy of cortex 1
Atrophy of brain 1
Dementia +

Pathology: — absent; + present; 1 progressing.

Legend for figure.
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Figure 1. A. Rat cortex showing extravasations of horseradish peroxidase (strokes). X 100.
B. C-terminal amyloid precursor protein deposits around vessels (asterisks) in the corpus
callosum. X 200. C. Enlargement of the ventricular system with atrophy of hippocampus and
in atrophic hippocampus complete disappearance of the CA1 area. (H&E) X 20.
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