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Chapter 5

Abstract

Chronic hypertension during aging is a serious threat to the cerebral vasculature. The
larger brain arteries can react to hypertension with an abnormal wall thickening, a loss of
elasticity and a narrowed lumen. However, little is known about the hypertension-induced
alterations of cerebral capillaries. The present study describes ultrastructural alterations of
the cerebrocortical capillary wall, such as thickening and collagen accumulation in the
basement membrane of aging spontaneously hypertensive stroke-prone rats. The ratio of
cortical capillaries with such vascular pathology occurred significantly more frequently in
hypertensive animals.

Nimodipine and nifedipine are potential drugs to decrease blood pressure in
hypertension but their beneficial effects in experimental studies reach beyond the control of
blood pressure. Nimodipine and nifedipine can alleviate ischemia-related symptoms and
improve cognition. These drugs differ in that nifedipine, but not nimodipine reduces blood
pressure at the here-used concentration while both drugs can penetrate the blood-brain
barrier. Here we show that chronic treatment of aging hypertensive stroke-prone rats with

nimodipine or nifedipine could preserve microvascular integrity in the cerebral cortex.

Key words: hypertension, cerebral capillary, ultrastructure, calcium channel antagonist,

cerebrovascular protection
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Cerebrovascular Breakdown in Hypertension

Introduction

Chronic hypertension has a profoundly detrimental effect on cerebral circulation and
brain function. For experimental approaches to study hypertension, the spontaneously
hypertensive stroke prone rat strain (SHR-SP) proved to be an apt animal model to
investigate the consequences of prevailing hypertension on behavior, neuronal integrity and
cerebrovascular parameters. Preliminary studies demonstrated that chronic hypertension in
60 weeks old SHR-SP evoked microvascular pathology such as capillary basement
membrane thickening and collagen deposits in the basement membrane (Farkas et al.,
2000a; Farkas et al.,, 2000b). Interestingly, similar cerebrovascular malformations and
related behavioral impairment were reported in nhormotensive, senescent rats (De Jong et
al., 1990a; De Jong et al., 1990b; De Jong et al., 1992a; De Jong et al., 1992b; Luiten et al.,
1994), which support the theory that chronic hypertension accelerates the progressive aging-
related deterioration of the central nervous system. In addition, both in hypertensive and in
aged animals it was observed that cognitive decline coincided with changes in neuronal
calcium homeostasis. Studies employing the L-type calcium channel antagonist nimodipine
demonstrated that nimodipine could remarkably moderate not only signs of
neurodegeneration as a consequence of hypertension or aging, but also the aging-related
microvascular abnormalities (De Jong et al., 1990a; De Jong et al., 1990b; De Jong et al.,
1992a; De Jong et al., 1992b; Luiten et al., 1994; Luiten et al., 1996).

Preliminary findings on morphological microvascular changes in SHR-SP (Farkas et al.,
2000a; Farkas et al., 2000b) raised further questions. First, is the severity of the pathological
changes in capillaries related to the age of the experimental animals? Second, does cerebral
microvascular breakdown directly stem from chronic hypertension or is it caused by a
neurogenic derangement of calcium homeostasis secondary to hypertension? To resolve
these questions, we analyzed the cerebral capillary ultrastructure of two age groups (40
weeks old and 60 weeks old) of hypertensive and normotensive rats. Furthermore, we
applied a long-term treatment of two dihydropyridine type calcium channel blockers
nimodipine and nifedipine on additional experimental groups.

The use of dihydropyridine type calcium channel blockers as anti-aging treatment was
based on the finding that calcium influx through voltage sensitive calcium channels appeared
to be a major contributor to the dysregulation of neuronal calcium concentration during aging
(Schuurman and Traber, 1994; Disterhoft et al., 1996; Luiten et al., 1996). The typical, aging-
related decline of neural functions (memory capacity, sensorimotor functions) can stem from

the imbalance of the intracellular calcium homeostasis, which became a target of
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pharmacological treatment (Schuurman et al., 1994). Nimodipine and nifedipine can protect
cellular integrity by binding to the L-type calcium channels thus blocking the potentially
harmful calcium influx to cells. We aimed at making use of the unique properties of the two
drugs that they penetrate the blood-brain barrier (BBB) (Janicki et al., 1988; Larkin et al.,
1992; Uchida et al., 1997) and can act on neural elements (Scriabine and van den Kerckhoff,
1988). Nimodipine does not affect blood pressure, while nifedipine lowers blood pressure in
the here used concentration. Based on the treatments, we evaluated the ultrastructural
lesions of the cerebral capillary basement membrane in the frontal cortex of 60 weeks old
SHR-SP rats and examined the potentially protective effects of the drugs on the cerebral

microvasculature.

Materials and methods

The study was designed to test the effect of aging and the potentially beneficial effects
of two L-type calcium channel antagonists, nifedipine and nimodipine on the ultrastructure of
cerebral capillaries in male hypertensive rats (SHR-SP, breeder: Mgllegaard, Skenevend,
Denmark). In order to assess age-related vascular malformations, four groups of rats were
used. These groups were the following: 40-week old SHR-SP rats (SP-40; n=6), 40-week old
Wistar Kyoto rats (WKY-40; n=6), 60-week-old WKY rats (WKY-60-plac; n=6) and 60-weel-
old SHR-SP rats (SP-60-plac; n=8). The WKY animals served as normotensive controls. The
animals were group-housed, lived under a standard 12 h light-dark cycle and had access to
water and food ad libitum.

The behavioral profile of the animals was characterized by a small open field test, a
novelty-induced behavioral arousal paradigm. The rats were individually placed into a new
cage (24.5 x 24.5 x 30 cm) and were observed for 60 min on week 40 (WKY-40, SP-40) or
week 60 (WKY-60, SP-60). The actual behavioral activity pattern they were displaying
(rearing, grooming, sniffing, walking, immobility) was registered every 10 seconds. A
behavioral score was calculated for each kind of explorative activity, which reflected how
often the animal showed that particular behavior in the frame of the 60 min observation time.

The systolic blood pressure values (SBP) of groups WKY-40 and SP-40 were taken on
week 40 before sacrifying the animals. The SBP of groups WKY-60-plac and SP-60-plac
were repeatedly measured on every fourth week between the age of 40 and 60 weeks. The
SBP values were assessed with the tail-cuff method on animals slightly anesthetized by
ether. Then the rats were anesthetized by an i.p. overdose of sodium pentobarbital and

sacrificed by a transcardiac perfusion of physiological saline containing 1 % heparin followed
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Cerebrovascular Breakdown in Hypertension

by a solution of 1 % paraformaldehyde, 0.05 % glutaraldehyde and 0.2 % picric acid in 0.1 M
phosphate buffer (PB) (pH 7.4). The brains were stored in 1 % paraformaldehyde and 2 %
glutaraldehyde in 0.1 M PB at 4 °C until further processing.

Other groups of WKY and SP animals running parallel with the above WKY-60-plac and
SP-60-plac groups received either a nifedipine or a nimodipine treatment for 20 weeks
between the age of 40-60 weeks. The compounds were mixed in the regular rat chow. The
daily drug-intake of the animals was defined as 20-25 mg. The small open filed test of
novelty-induced exploration was performed together with the above mentioned four groups.
SBP was also measured on every fourth week and the last value was used for later
correlation analysis. Three groups of SHR-SP rats were used: 6 animals were fed with
nifedipine-containing chow (SP-60-nife) and 6 animals with nimodipine-containing food (SP-
60-nimo). Each of these groups had their normotensive WKY controls, (WKY-60-nife, n=6;
WKY-60-nimo, n=6). The food and water_intake of the animals, as well as their body weight
was regularly monitored to verify comparable drug intake of the separate groups. Because of
group housing, the food and water intake of individual animals was calculated by dividing the
absolute amount of food and water consumed in a cage by the number of animals in the
cage. At the age of 60 weeks, the animals were anesthetized, perfused, and their brains
post-fixed as described above.

Brain slices were cut at 50 um with a vibratome, routinely dehydrated and embedded in
glycide ether. Samples of the frontal cortex at 0.2 mm rostral to Bregma were then selected
and mounted on glycide ether blocks. Non-serial, ultrathin sections were collected on 200
mesh copper grids and examined with a Philips 201 and a Philips CM 10 electron
microscope.

One hundred capillaries per case were screened throughout the cortical layers focusing
on the microvascular basement membrane (BM) and pericyte pathology as defined in detalil
previously (Farkas et al., 2000a). Briefly, the following categories of capillary abnormalities
were distinguished: local basement membrane thickening (BMT) if the luminal and abluminal
outline of the BM were not running parallel at a given segment of the membrane, as shown
in Fig. 5.1.B. BMT was additionally characterized by measuring the thickness of the BM: the
width of a healthy BM segment ranged between 50-100 nm while thickening typically varied
between 150-550 nm. Fibrosis referred to excessive collagen type IV accumulation between
two layers of the BM identified by its periodicity, or collagen invasion to the vascular
pericytes from a split BM (Fig. 5.1.C). When a capillary demonstrated both BMT and fibrosis,

fibrosis overruled BMT and the capillary was counted only as one with fibrosis. Degenerative
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pericytes showed abnormal, membranous-appearing inclusion bodies or swelling (Fig.
5.1.D). The region investigated did not show signs of cerebrovascular infarcts.

The density of capillaries was determined as the number of transversal capillary profiles
counted on a standard surface area of 0.2 mm? spanning all cortical layers. The diameter of
the capillary lumen of 15-24 microvessels of a standard surface area was also measured.
The surface areas were standardized with the help of the grid mesh.

The data was statistically analyzed by the computer program SPSS. The quantitative
results of capillary ultrastructure were calculated as percentages of the total number of
vessels investigated, expressed as median values and evaluated using the Mann-Whitney-U
test. SBP was analyzed by repeated measurement ANOVA, changes in capillary diameter

and density by one-way-ANOVA while the correlation graphs were tested with the Pearson
correlation test.
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Figure 5.1. Schematic drawings demonstrating the transversal profile of an intact cerebral capillary
(A), local basement membrane thickening indicated by arrowheads (B), fibrosis pointed at by
arrowheads (C) and pericytic degeneration (D). Abbreviations: e: endothelial cell, en: endothelial
nucleus, |: capillary lumen, p: pericyte, pn: pericytic nucleus, *: basement membrane.
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Results

The analysis of the novelty-induced exploration showed that two of the behavioral
parameters, namely rearing and grooming, significantly differed between groups. Figure
5.2.A represents the frequency of rearing behavior. Age-related decrease of rearing could
not be detected when comparing WKY-40 with WKY-60-plac or SP-40 with SP-60-plac but
clear and significant reduction was seen in SP-40 and SP-60-plac when compared to their
WKY controls. In addition, nimodipine or nifedipine treatment could increase rearing
behavior to normotensive levels. Grooming activity presented in Figure 5.2.B also appeared
to be independent of age under normotensive conditions (WKY), but was considerably
reduced in SP-60-plac compared to SP-40 and also to WKY-60-plac. Thus, the decrease in
grooming activity in old SP could be associated with both age and hypertension. Nimodipine
and nifedipine administration restored the grooming score to normotensive values in the SP-

60-nimo and SP-60-nife groups.
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The SBP values are presented in Figure 5.3.A & B. The SBP of the onset SP-40 group

was about 60 mmHg higher than in WKY-40. During the experimental period (20 weeks) the

SBP did not increase in any of the groups. Neither nimodipine, nor nifedipine administration
altered the SBP of aging WKY animals while nifedipine — but not nimodipine — decreased the

SBP in the aging SHR-SP animals already 1 month after the beginning of the treatment.
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Figure 5.4. Average food- and water intake per animal, and body weight expressed as group mean
values during the 20 weeks experimental period. A: food intake of the WKY animals. B: food intake of
the SP animals. C: water intake of the WKY animals. D: water intake of the SP animals. E: body
weight of the WKY groups. F: body weight of the SP groups. Significant differences in body weight
based on repeated measurement ANOVA: WKY-60-plac x SP-60-plac: F=43.363, ##p<0.000; WKY-
60-nife x SP-60-nife: F=12.48, #p<0.005; SP-60-plac x SP-60-nimo: F=7.156, *p<0.02.

95



Chapter 5

Figure 5.4.A &B is showing the food intake of the six 60 weeks old experimental groups
while Figure 5.4.C & D is demonstrating the water intake throughout the calcium antagonist-
treatment period. It is important to notice that comparing the WKY-60-nimo and WKY-60-nife
groups, and the SP-60-nimo and SP-60-nife groups also with each other, the animals ate
and drank the same amount indicating comparable drug intake. There was no difference in
body weight among the WKY groups (Fig. 5.4.E) but when comparing the SP groups, SP-60-
nimo rats were significantly heavier than SP-60-plac animals as analyzed by repeated
measurement ANOVA (F=7.156, #p<0.02). There was no difference between the SP-60-
nimo and SP-60-nife groups (Fig. 5.4.F).

Figure 5.5 provides electron microscopic photomicrographs of microvascular
degenerative features assessed in this study. The age-related changes in capillary integrity
were assessed by comparing the 40 and 60 weeks old groups. Figure 5.6 shows that the
WKY-60-plac demonstrated an increased level of BMT, an unchanged degree of fibrosis,
and a significantly higher incidence of pericytic degeneration when compared to WKY-40.
When comparing SP-40 and SP-60-plac, the difference in capillary basement membrane
pathology appeared to be more pronounced than that seen in the normotensive WKY rats.
Capillaries with BMT occurred three times more frequently in the SP-60-plac than in the SP-
40 and the ratio of fibrosis doubled. An increased percentage of microvessels with
degenerating pericytes was also found, which was similar to the WKY groups.

Hypertension-related microvascular degeneration could be investigated by evaluating the
differences between the SHR-SP and WKY animals (Fig. 5.6.A, B & C). The analysis was
completed in both age groups. At the age of 40 weeks, we found no change in BMT while we
saw increased fibrosis in the SP-40. The level of pericytic degeneration was basically not
altered. The difference in the percentage of the individual morphological aberrations
between WKY-40 and SP-40 rats did not reach significance. At 60 weeks of age, the
percentage of both BMT and fibrosis remarkably increased in the SP-60-plac compared to
the WKY-60 while the occurrence of degenerative pericytes remained similar.

The graphs seen in Figure 5.6.D, E & F also characterize the relationship between
microvascular morphological degeneration and SBP. (Here, not only the placebo
experimental groups but also the treated groups, which are described in detail bellow, were
plotted.) BMT and fibrosis showed a positive and significant correlation to SBP while the

percentage of microvessels with degenerative pericytes appeared to be independent of SBP.
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Figure 5.5. Scanned images of original electron microscopic photographs. A: intact cerebral capillary
of a WKY-40 animal. B: BMT of an SP-40 rat. C: BMT seen in the cortex of an SP-40 rat. D & E:
fibrosis as it appears in SP-60-plac animals. F & G: degenerative pericytes in SP-60-plac rats.
Abbreviations: e: endothelial cell, p: pericyte, *: capillary lumen, arrowheads: vascular basement
membrane.
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The protective effects of nimodipine and nifedipine on cortical capillary ultrastructure can
be visualized if we compare control and treated animals (Fig. 5.6.A, B & C). In WKY, the
influence of either of the two drugs on BMT or fibrosis could not be demonstrated. However,
nifedipine appeared to be able to decrease pericytic degeneration in WKY-60-nife when
compared to WKY-60-plac. Thus, it seems that at physiologically optimal SBP values,
nimodipine and nifedipine do not alter the ultrastructure of the capillary basement membrane
but nifedipine appears to be a drug that acts on pericytes. Treatment of the hypertensive
animals with the two drugs yielded to remarkable improvement in capillary morphology.
Nimodipine decreased the incidence of BMT from 40 % (SP-60-plac) to 33 % (SP-60-nimo)
but the compound had no significant effect either on fibrosis, or on degenerating pericytes.
Nifedipine treatment led to observations similar to that of nimodipine. BMT was significantly
decreased in SP-60-nife while fibrosis was unaffected. Interestingly, nifedipine improved the
condition of pericytes (SP-60-nife), which finding was not seen after nimodipine treatment
(SP-60-nimo).

Figure 5.7.C & D show the average capillary diameters calculated for each experimental
group. The values ranged between 9.955 um (SP-60-nimo) and 10.91 um (WKY-60-nife).
The microvascular lumen was consistently narrower in the hypertensive animals than in the
normotensive controls, which neither nimodipine nor nifedipine treatment could noticeably
influence. When capillary diameters were related to SBP of the individual rats, a negative
correlation was established. The density of capillaries considerably varied but when the
three WKY-60 groups and the three SP-60 groups were combined, an increased number of
capillary profiles was detected in the given cortical area in the hypertensive animals. The
correlation of capillary number per area unit with SBP did not reveal clear correspondence

with an elevated SBP.

Discussion

Here we have assessed ultrastructural damage of rat cerebrocortical capillaries under
chronic hypertensive conditions. The morphological abnormalities described in this study,
namely fibrosis and BMT were also identified in larger brain vessels in hypertensive humans
(Roggendorf et al., 1998). Similar microvascular abnormalities were reported previously in

the cerebral cortex of aging, spontaneously hypertensive rats, which was, however,
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restricted to a qualitative description of capillary pathology (Knox et al., 1980). The present

study provides quantitative data, which show that BMT and collagen deposits occur

considerably more frequently in aging hypertensive rats than in normotensive age-matched

controls. Moreover, such vascular irregularities were not increased in 60 weeks old
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normotensive rats when compared to a 40 weeks old normotensive group. On the other
hand microvascular BMT and fibrosis markedly increased in 60 weeks old hypertensive
animals compared to 40 weeks old SHR-SP rats. Based on this finding, it may be concluded
that hypertension accelerates capillary damage in the brain.

Our results also indicate that chronic nifedipine or nimodipine treatment can prevent the
progression of capillary wall damage in the rat cerebral cortex. It is known that
dihydropyridines decrease blood pressure by binding to L-type calcium channels on vascular
smooth muscle cells and inhibit vascular contractility (Katz et al., 1985; Fleckenstein and
Fleckenstein-Grun, 1988; Alborch et al., 1995), which, in turn, gives rise to vasodilatation
and reduced vascular resistance (Van Zwieten and Pfaffendorf, 1993). However, the two
drugs have selective effects: varying doses of nifedipine have been shown to consistently
decrease blood pressure while nimodipine action on tension appeared to be concentration
dependent (Grabowski and Johansson, 1985; Freedman and Waters, 1987; Scriabine and
van den Kerckhoff, 1988; Liu et al., 1989; Frohlich, 1991). At the dose used in the present
study, only nifedipine, but not nimodipine decreased SBP. Although both compounds
improved the condition of cerebral capillaries in a similar fashion, only the nifedipine-
mediated microvascular protection correlated with decreasing SBP while nimodipine action
was independent of pressure. Thus, the processes underlying the protective effect of the two
drugs on cortical capillaries must be based on more than just lowering blood pressure.

The location of L-type calcium channels in the microvascular domain, which are the
principal targets of nimodipine and nifedipine, may offer further explanations for the different
protective mechanisms of the two drugs. The primary building blocks of capillaries are the
endothelial cells, which seem not to be endowed with L-type channels, although the
occurrence of the L-type channels on the endothelium is a matter of conflicting evidence.
Preparations of isolated bovine vessels or rat pulmonary artery indicated either the presence
(Bossu et al., 1992; Murphy et al., 1994) or the absence (Harrison et al., 1991) of L-type
calcium channels on endothelial cells but a generally promoted concept claims the latter
conclusion (Alborch et al., 1995). Accepting the lack of L-type channels on the endothelial
surface, it is doubtful that nifedipine or nimodipine can directly act on the endothelium.

Nifedipine was described to block cellular calcium influx by binding to L-type calcium
channels on peripheral vascular smooth muscle. By doing so, nifedipine attenuates the
contractility of these vascular elements, which leads to decreased blood pressure (Katz et
al., 1985; Fleckenstein and Fleckenstein-Grun, 1988; Alborch et al., 1995). Thus, it seems
attractive to reason that vascular protection in our nifedipine treated animals was achieved

by reducing SBP, which assumption would agree with the correlation found between the
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percentage of intact vessels and SBP. However, the finding that nimodipine treatment
achieved similar microvascular protection in our paradigm without lowering SBP asks for
another explanation. Since nimodipine and nifedipine were described to penetrate the brain
(Janicki et al., 1988; Scriabine and van den Kerckhoff, 1988; Scriabine et al., 1989; Larkin et
al., 1992; Uchida et al., 1997) where they can block calcium influx at neuronal elements
(Scriabine et al., 1989; Schuurman and Traber, 1994; Disterhoft et al., 1996), the
mechanisms stimulated by the drugs to preserve capillary integrity may very well lie at CNS
level. Astrocytes are closely related to cerebral microvessels and participate in the formation
and maintenance of the BBB. The astrocytic endfeet embrace the vascular basement
membrane and were described to be able to regulate the intracerebral vascular tone and
cerebral blood flow indicated by the expression of serotonergic and cholinergic_receptors on
the perivascular endfeet (Janzer, 1993; Cohen et al., 1996; Luiten et al., 1996; Cohen et al.,
1999; Elhusseiny et al., 1999; Pardridge, 1999). Furthermore, astrocytes were also reported
to secrete basement membrane components (Zarow et al., 1997).

The calcium homeostasis of brain cells including astrocytes can be compromised in
ischemia. A mild, chronic ischemic condition in hypertension may emerge from a reduced
cerebral blood flow (CBF) reported in hypertensive patients as well as hypertensive rats
(Nobili et al., 1993; Fujishima et al., 1995; Nakane et al., 1995; Katsuta, 1997). The here-
used dihydropyridines nimodipine and nifedipine were shown to increase CBF in SHR rats
and rabbits (Tanaka et al., 1986; Thorane et al., 1986; Ooboshi et al., 1990; Weinstein,
1995) while clinical trials with nimodipine demonstrated that the drug improved CBF without
having an influence on systemic blood pressure (Freedman and Waters, 1987; Scriabine
and van den Kerckhoff, 1988; Frohlich, 1991). These latter results are intriguing in the light
of our data which show that nimodipine prevented microvascular breakdown without
affecting SBP.

Cerebral hypoperfusion, thus also occurring in hypertension, is known to impose a mild
ischemic condition. The metabolic effects of reduced cerebral blood flow were studied in
animal models of chronic bilateral carotid artery occlusion. Using this hypoperfusion model,
De la Torre and co-workers reported, for example, a decreased cytochrome oxidase activity
in neuronal mitochondria suggesting a mild ischemic condition in chronic cerebral
hypoperfusion (de la Torre et al., 1997), which implies an increased intracellular calcium
concentration that can impose harmful effects on mitochondrial function. Furthermore, the
elevated calcium concentration is known to activate detrimental metabolic cascades and is
accompanied by free radical generation (Siesjo et al., 1995). The calcium-generated

synthesis and accumulation of the easily translocating NO and its toxic products (Beckman,
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1991; Love, 1999) can attack the integrity of the BBB: it may cause astrocytic dysfunction
[43] and increased endothelial permeability (Wei et al., 1986; Imaizumi et al., 1996,
Lagrange et al., 1999). The here presented microvascular pathology in SHR-SP animals can
be associated with such a chain of events. Nimodipine treatment can supposedly prevent the
intracellular calcium accumulation, thus moderating free radical production (Zhu et al., 1999)
and consequent cerebral capillary injury.

The possibility that a decreased CBF-induced, mild but persistent ischemic condition
would contribute to the capillary damage seen here could be reflected by changes in
capillary density since cerebral ischemia has been shown to promote microvascular
proliferation. For example, hypoxia has been demonstrated to lead to the enlargement and
proliferation of the microvascular endothelial cells and a consequent increase of cerebral
capillary density (Harik et al., 1995). Capillary density was also reported to correlate with the
metabolic rate for glucose (Hudetz, 1997). Our data indicate a hypertension-related
decrease in capillary diameter and an increase of capillary density in the cortical region
investigated. These observations can raise the following assumptions. Considering that the
endothelial cells and pericytes presumably possess contractile properties (Kelley et al.,
1987), a generally narrower capillary lumen may reflect vasoconstriction typically associated
with hypertension. The decreased capillary diameter can be responsible for a lower CBF,
which would give rise to a mild, chronic ischemia represented by the elevated capillary
density. Of course, such hypothesis can only be fully appreciated if the detection of typical
indicators of ischemia (reduced glucose utilization and oxygen consumption) gives support
to the vascular observations. Nevertheless, a persisting but moderate ischemic condition
may well be causal to the here-described capillary damage, which could be prevented by
dihydropyridines.

In summary, it has been shown in this study that hypertension can accelerate age-
related, ultrastructural capillary malformations. Microvascular degeneration appears in the
form of vascular basement membrane pathology, such as BMT and fibrosis. Chronic
treatment with dihydropiridine drugs, in this case with nimodipine and nifedipine can prevent
the progression of microvascular damage by reducing the ratio of cerebral capillaries
featuring BMT. Thus, in addition to the well-described beneficial effects of dihydropiridines
on neuronal networks, nimodipine and nifedipine have been shown to improve the condition
of cerebral capillaries in chronic hypertension. The underlying mechanism of the process
may be related to an increase in CBF, which leads to an improved neural regulation of

cerebrovascular function. The precise chain of events, however, is still to be elucidated.

103



Chapter 5

References

1. Alborch, E., Salom, J.B. and Torregrosa, G. (1995) Calcium channels in cerebral arteries.
Pharmacol. Ther. 68(1), 1-34.

2. Beckman, J.S. (1991) The double-edged role of nitric oxide in brain function and superoxide-
mediated injury. J. Dev. Physiol. 15(1), 53-59.

3.  Bossu, J.L., Elhamdani, A., Feltz, A., Tanzi, F., Aunis, D. and Thierse, D. (1992) Voltage-gated
Ca entry in isolated bovine capillary endothelial cells: evidence of a new type of BAY K 8644-
sensitive channel. Pflugers Arch. 420(2), 200-207.

4. Cohen, Z., Bonvento, G., Lacombe, P. and Hamel, E. (1996) Serotonin in the regulation of brain
microcirculation. Prog. Neurobiol. 50(4), 335-62.

5. Cohen, Z., Bouchelet, I., Olivier, A., Villemure, J.G., Ball, R., Stanimirovic, D.B. and Hamel, E.
(1999) Multiple microvascular and astroglial 5-hydroxytryptamine receptor subtypes in human
brain: molecular and pharmacologic characterization. J. Cereb. Blood Flow Metab. 19(8), 908-
17.

6. De Jong, G.l., de Weerd, H., Schuurman, T., Traber, J. and Luiten, P.G.M. (1990a)
Microvascular changes in aged rat forebrain. Effects of chronic nimodipine treatment.
Neurobiol. Aging 11(4), 381-389.

7. De Jong, G.l., Horvath, E. and Luiten, P.G.M. (1990b) Effects of early onset of nimodipine
treatment on microvascular integrity in the aging rat brain. Stroke 21(12 Suppl), IV113-611.

8. DeJong, G.l., Jansen, A.S.P., Horvath, E., Gispen, W.H. and Luiten, P.G.M. (1992a) Nimodipine
effects on cerebral microvessels and sciatic nerve in aging rats. Neurobiol. Aging 13(1), 73-
81.

9. De Jong, G.l., Traber, J. and Luiten, P.G.M. (1992b) Formation of cerebrovascular anomalies in
the ageing rat is delayed by chronic nimodipine application. Mech. Ageing Dev. 64(3), 255-
272.

10. dela Torre, J.C., Cada, A., Nelson, N., Davis, G., Sutherland, R.J. and Gonzalez-Lima, F. (1997)
Reduced cytochrome oxidase and memory dysfunction after chronic brain ischemia in aged
rats. Neurosci. Lett. 223(3), 165-8.

11. Disterhoft, J.F., Thompson, L.T., Moyer, J.R. Jr. and Mogul, D.J. (1996) Calcium-dependent
afterhyperpolarization and learning in young and aging hippocampus. Life Sci. 59(5-6), 413-
420.

12. Elhusseiny, A., Cohen, Z., Olivier, A., Stanimirovic, D.B. and Hamel, E. (1999) Functional
acetylcholine muscarinic receptor subtypes in human brain microcirculation: identification and
cellular localization. J. Cereb. Blood Flow Metab. 19(7), 794-802.

13. Farkas, E., De Jong, G.l., de Vos, R.A.l, Jansen Steur, E.N.H. and Luiten, P.G.M. (2000a)
Pathological features of cerebral cortical capillaries are doubled in Alzheimer's disease and
Parkinson’s disease. Acta Neuropathol. (Berl.) in press.

14. Farkas, E., De Jong, G.l., Apro, E., de Vos, R.A.l, Jansen Steur, E.N.H. and Luiten, P.G.M.
(2000b) Similar ultrastructural breakdown of cerebrocortical capillaries in Alzheimer’s disease,
Parkinson’s disease, and experimental hypertension. Ann. N. Y. Acad. Sci. 903, 72-82.

15. Farkas, E., de Vos, R.A.l, Jansen Steur, E.N.H. and Luiten, P.G.M. (2000) Are Alzheimer’s
disease, hypertension and cerebrocapillary damage related? Neurobiol. Aging 21, 235-43.

16. Fleckenstein, A. and Fleckenstein-Grun, G. (1988) Mechanisms of action of calcium antagonists
in heart and vascular smooth muscle. Eur. Heart J. 9 Suppl H, 95-99.

17. Freedman, D.D. and Waters, D.D. (1987) ‘Second generation’ dihydropiridine calcium
antagonists. Greater vascular selectivity and some unique applications. Drugs 34(5), 578-598.

18. Frohlich, E.D. (1991) Calcium antagonists. Their physiological differences. Am. J. Hypertens. 4(7
Pt 2), 430S-433S.

19. Fujishima, M., Ibayashi, S., Fujii, K. and Mori, S. (1995) Cerebral blood flow and brain function in
hypertension. Hypertens. Res. 18(2), 111-117.

20. Grabowski, M. and Johansson, B.B. (1985) Nifedipine and nimodipine: effect on blood pressure
and regional cerebral blood flow in conscious normotensive and hypertensive rats. J.
Cardiovasc. Pharmacol. 7(6), 1127-1133.

21. Harik, S.I., Hritz, M.A. and LaManna, J.C. (1995) Hypoxia-induced brain angiogenesis in the

104

adult rat. J. Physiol. (Lond.) 485 ( Pt 2), 525-30.



Cerebrovascular Breakdown in Hypertension

22.

23.

24,

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42,

43.

Harrison, D.G., Treasure, C.B., Mugge, A., Dellsperger, K.C. and Lamping, K.G. (1991)
Hypertension and coronary circulation. With special attention to endothelial regulation. Am. J.
Hypertens. 4(7 Pt 2), 454S-459S.

Hudetz, A.G. (1997) Blood flow in the cerebral capillary network: a review emphasizing
observations with intravital microscopy. Microcirculation 4(2), 233-52.

Imaizumi, S., Kondo, T., Deli, M.A., Gobbel, G., Joo, F., Epstein, C.J., Yoshimoto, T. and Chan,
P.H. (1996) The influence of oxygen free radicals on the permeability of the monolayer of
cultured brain endothelial cells. Neurochem. Int. 29(2), 205-211.

Janicki, P.K., Siembab, D., Paulo, E.A. and Krzascik, P. (1988) Single-dose kinetics of nifedipine
in rat plasma and brain. Pharmacology 36(3), 183-187.

Janzer, R.C. (1993) The blood-brain barrier: cellular basis. J. Inherit. Metab. Dis. 16(4), 639-647.

Katsuta, T. (1997) Decreased local cerebral blood flow in young and aged spontaneously
hypertensive rats. Fukuoka Igaku Zasshi 88(3), 65-74.

Katz, A.M., Hager, W.D., Messineo, F.C. and Pappano, A.J. (1985) Cellular actions and
pharmacology of calcium-channel blockers. Am. J. Emerg. Med. 3(6 Suppl), 1-9.

Kelley, C., D’Amore, P., Hechtman, H.B. and Shepro, D. (1987) Microvascular pericyte
contractility in vitro: comparison with other cells of the vascular wall. J. Cell Biol. 104(3), 483-
90.

Knox, C.A., Yates, R.D., Chen, I. and Klara, P. (1980) Effects of aging on the structural and
permeability characteristics of cerebrovasculature in normotensive and hypertensive strains of
rats. Acta Neuropath. (Berl.) 51, 1-13.

Lagrange, P., Romero, I.A., Minn, A. and Revest, P.A. (1999) Transendothelial permeability
changes induced by free radicals in an in vitro model of the blood-brain barrier. Free Radic.
Biol. Med. 27(5-6), 667-672.

Larkin, J.G., Thompson, G.G., Scobie, G., Forrest, G., Drennan, J.E. and Brodie, M.J. (1992)
Dihydropiridine calcium antagonist in mice: blood and brain pharmacokinetics and efficacy
against pentylenetetrazol seizures. Epilepsia 33(4), 760-769.

Liu, L.S., Zhao, Y., Lei, Y.P., Wang, W., Zhang, X.E. and Jin, L. (1989) Calcium antagonists in
prevention of hypertension and stroke in stroke-prone spontaneously hypertensive rats. Chin.
Med. J. (Engl.) 102(2), 106-113.

Love, S. (1999) Oxidative stress in brain ischemia. Brain Pathol. 9(1), 119-131.

Luiten, P.G.M., De Jong, G.I. and Schuurman, T. (1994) Cerebrovascular, neuronal, and
behavioral effects of long-term Ca2+ channel blockade in aging normotensive and
hypertensive rat strains. Ann. N. Y. Acad. Sci. 747, 431-451.

Luiten, P.G.M., Stuiver, B., De Jong, G.l., Nyakas, C. and De Keyser, J.H.A. (1996) Calcium
homeostasis, nimodipine, and stroke. In: Clinical Pharmacology of Cerebral Ischemia.
Totowa, NJ: Humana Press Inc., Eds.: Ter Horst, G.J. and Korf, J. pp. 67-99.

Murphy, H.S., Maroughi, M., Till, G.O. and Ward, P.A. (1994) Phorbol-stimulated influx of
extracellular calcium in rat pulmonary artery endothelial cells. Am. J. Physiol. 267(2 Pt 1),
L145-151.

Nakane, H., Ibayashi, S., Fujii, K., Irie, K., Sadoshima, S. and Fujishima, M. (1995) Cerebral
blood flow and metabolism in hypertensive patients with cerebral infarction. Angiology 46(9),
801-810.

Nobili, F., Rodriguez, G., Marenco, S., De Carli, F., Gambaro, M., Castello, C., Pontremoli, R.
and Rosadini, G. (1993) Regional cerebral blood flow in chronic hypertension. A correlative
study. Stroke 24(8), 1148-1153.

Ooboshi, H., Sadoshima, S., Fujii, K., Yao, H., Ibayashi, S. and Fujishima, M. (1990) Acute
effects of antihypertensive agents on cerebral blood flow in hypertensive rats. Eur. J.
Pharmacol. 179(3), 253-261.

Pardridge, W.M. (1999) Blood-brain barrier biology and methodology. J. Neurovirol. 5(6), 556-
569.

Roggendorf, W., Opitz, H. and Schuppan, D. (1998) Altered expression of collagen type VI in
brain vessels of patients with chronic hypertension. A comparison with the distribution of
collagen IV and procollagen Ill. Acta Neuropathol. (Berl.) 77, 55-60.

Schubert, P., Keller, F., Nakamura, Y. and Rudolphi, K. (1994) The use of ion-sensitive
electrodes and fluorescence imaging in hippocampal slices for studying pathological changes
of intracellular Ca2+ regulation. J. Neural. Transm. Suppl. 44, 73-85.

105



Chapter 5

44,

45,

46.

47.

48.

49,

50.

51.

52.

53.

54,

55.

106

Schuurman, T. and Traber, J. (1994) Calcium antagonists in aging brain. Ann. N. Y. Acad. Sci.
747, 467-474.

Scriabine, A., Schuurman, T. and Traber, J. (1989) Pharmacological basis for the use of
nimodipine in central nervous system disorders. FASEB J. 3(7), 1799-806.

Scriabine, A. and van den Kerckhoff, W. (1988) Pharmacology of nimodipine. A review. Ann. N.
Y. Acad. Sci. 522, 698-706.

Siesjo, B.K., Zhao, Q., Pahlmark, K., Siesjo, P., Katsura, K. and Folbergova, J. (1995)
Glutamate, calcium, and free radicals as mediators of ischemic brain damage. Ann. Thorac.
Surg. 59(5), 1316-1320.

Tanaka, S., Tanaka, M. and Akashi, A. (1986) Effect of an antihypertensive drug, budralazine, on
the cerebral circulation in spontaneously hypertensive rats. Nippon Yakurigaku Zasshi 87(6),
655-663.

Thoren, P., Westling, H. and Skarphedinsson, J.O. (1989) Effect of the calcium antagonist
felodipine and nimodipine on cortical blood flow in the spontaneously hypertensive rat. J.
Hypertens. Suppl. 7(4), S153-159.

Uchida, S., Yamada, S., Nagai, K., Deguchi, Y. and Kimura, R. (1997) Brain pharmacokinetics
and in vivo receptor binding of 1,4-dihydropyridine calcium channel antagonists. Life. Sci.
61(21), 2083-90.

Van Zwieten, P.A. and Pfaffendorf, M. (1993) Similarities and differences between calcium
antagonists: pharmacological aspects. J. Hypertens. Suppl. 11(1), S3-11; 1993.

Wei, E.P., Ellison, M.D., Kontos, H.A. and Povlishock, J.T. (1986) O2 radicals in arachidonate-
induced increased blood-brain barrier permeability to proteins. Am. J. Physiol. 251(4 Pt 2),
H693-699.

Weinstein, G. (1995) Effects of nimodipine and verapamil on cerebral blood flow and
cerebrovascular reactivity in conscious rabbits. Ann. N. Y. Acad. Sci. 765, 334-335.

Zarow, C., Barron, E., Chui, H.C. and Prelmutter, L.S. (1997) Vascular basement membrane
pathology and Alzheimer’s disease. Ann. N. Y. Acad. Sci. 826, 147-160.

Zhu, D, Li, R., Liu, G. and Hua, W. (1999) Nimodipine inhibits calcium-independent nitric oxide
synthase activity in transient focal cerebral ischemia rats and cultured mouse astroglial cells.
Life Sci. 65(15), PL221-231.



