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ABSTRACT 

. In recent ye~s results of several clini~al studies. have indicated that pati~nts with 

uncontrolled elevated blood pressure may develop deficits _in cognitive performance. The 

results of several animal studies in which Spontaneously Hypertensive Rats (SHR) were 

examined for cognitive deficits appear to be conflicting. This study was undertaken to 

determine whether the SHR exhibit impaired performance in a spatial memory task and a 

passive avoidance task compared to two normotensive strains, Wistar Kyoto rats (WKY) 

and Wistar rats. The resting systolic blood pressures of 12 week old SHR were 

maintained at hypertensive levels, and were significantly increased compared with age-

~ 

matched normotensive WKY and Wistar rats. SHR exhibited impaired performance 'in 

both the learning and re-learning phases of the water maze and passive avoidance tasks as . 

compared to WKY and Wistar rats. 

It has also been reported that individuals with a family history of hypertension, but 

who do not yet exhibit the symptoms may also exhibit diminished cognitive performance. 

In this situation, the cognitive deficit may have its basis in some genetic defect linked to, 

but perhaps not as a consequence of uncontrolled hypertension. To determine whether the 

cognitive.impairment observed in SHR was directly related to the development of 

hypertension two experiments were conducted. First, four week old prehypertensive SHR 
. ' 

were tested in two behavioral paradigms and thei,r performance was compared with age-

matched WKY and Wistar rats. The resting level of systolic blood pressure was similar in 

all 3 strains of 4 week old rats. The immature rats from all 3 strains were deficient in 

behavioral task performance as ·compat;"ed ':"ith t)ieir adult counterparts. Despite this 
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developmental difference between young and adult rats, SHR were more impaired than 

either WKY or Wistar rats in their performance of the re-learning phase of the maze task; 

and in the passive· avoidance task. Therefore, the deficits in task performance exhibited by 

SHR precede the development of hypertension in this strain. Second, an antihypertensive 

drug, hydralazine was chronically administered to prevent the development of 

hypertension in SHR. The performance of memory-related tasks of these rats was 

compared with untreated SHR and hydralazine treated and untreated WKY. Chronic 

administration of hydralazine from 4 through 12 weeks of age prevented the development 

of hypertension in SHR. Despite the normotensive level. of blood pressure in SHR, this 

group also exhibited impaired performance in memory-related tasks. Thus, the 

hypertensive state is neither sufficient nor necessary to obtain the impairment of task 

performance by SHR. 

The neurochemical basis for the impairment of cognitive ability in SHR is 

unknown. However, deficits in central cholinergic function that are either disease related 

or experimentally induced generally result in cognitive disturbances and/or memory 

impairment. Therefore, the density of the central cholinergic receptors was assessed in 

SHR and compared with those of normotensive WKY. The autoradiographi~ density of 

M1 and M2 muscarinic receptors was significantly altered in several brain regions from 

SHR as compared with WKY. However, the anato.micallocation of these changes in 

muscarinic receptor expression were localized to;regions more involved in autonomic 

regulation, rather than for those undetlying cognition. The autoradiographic density of 

cholinergic nicotinic receptors was decreased in most brain regions from 12 week old 
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SHR as compared with those from age-matched WKY and Wistar rats. · Significant inter

strain differences in the levels of [3H]-cytisine binding of up to 25% of control were 

obtained in about 50% ofthe brain regions examined. The binding levels ofP25I]a

bungarotoxin to brain slices also were decreased in SHR, however, only certain brain 

areas exhibited significant inter-strain differences. The alterations in the expression of 

cholinergic receptors in SHR. were not due to changes in the density of cholinergic 

neurons since there were no inter-strain differences in the autoradiographic densities of 

[
3H]-vesamicol binding which labels vesicular acetylcholine uptake sites. To determine 

whether the decrease in [3H]-cytisine binding sites in SHR. was directly related to the 

elevated blood pressure, four week old prehypertensive SHR and hydralazine treated SHR 

and their respective controls (as .described in previous behavioral experiments) were used. 

The autoradiographic density of cholinergic nicotinic receptors ([3H]-cytisine binding) was 

decreased in most brain regions from 4 week old SHR. as compared with those from age

matched WKY and Wistar rats. The inter-strain diflerences were not as great as those 

from respective brain regions from 12 week old nits. Therefore, the reduced expression of 

high affinity nicotinic receptors, like behavioral impairment, preceded the development of 

hypertension. Chronic.adniirustration of hydralazine from 4 through 12 weeks of age 

prevented the development of hypertension in SHR.. DespJte the normotensive level of 

blood pressure in SHR, this group also exhibited a reduced expression of high affinity 

nicotinic receptors in the frontal cortex and striatum. These results support the contention 

that the hypertensive state does not. directly contribute to the reduced expression of 

nicotinic receptors in SHR. 
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Finally, to determine whether the population of decreased levels of brain nicotinic 

receptors exhibited by SHR was reflected by a decrease in receptor function, nicotine
( 

stimulated rubidium eftltix was assessed in synaptosomes. derived from cortex or s~riatum 

ofSHR and WKY. Nicotinic cholinergic:receptors are ligand gated channels, and when 
. . ' 

stimulated with nicotinic agonists they permit simultaneous .movement ofN a+ into and K+ 

out of the cell. Nicotinic receptor mediated ion flux is nonselective for several cations 

thus allowing the use of radio labeled tracers such as rubidium, a potassium analog, to 

measure the functional status of nicotinic receptor~. The magnitude of the nicotine

stimulated eftlux of rubidium from synaptosomes derived from frontal cortex or striatum 

of 12 week old SHR was decreased compared with that from aged matched WKY. Thus, 

this decrease in receptor function assessed in vitro. is reflected by a decreased expression 

of brain high affinity nicotinic receptors. Chronic administration of hydralazine from 4 

through 12 weeks of age prevented the development ofhypertension in SHR. Despite the 

normotensive level of blood pressure in SHR, this group continued to exhibit a reduction 

in the magnitude ofthe nicotinic stimulated eftlux.ofrubidium in vitro. 

In conclusion, the present data support the hypothesis that dysfunction of central 

nicotinic receptors leads to a loss of cognitive function in SHR and that the behavioral 

deficits exhibited by this strain are not subsequent to the sustained elevated blood 

pressure. Therefore, the SHR strain may provide an important model for the study of 

central nicotinic receptor dysfunction as occurs in several human diseases. 
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I. INTRODUCTION 

A. SIGNIFICANCE OF STUDY 

Over the past several years the results of a number of clinical studies have 

indicated that patients with uncontrolled elevated blood pressure may develop deficits in 

learning and memory. The most recent of these was the Honolulu-Asia aging study 

(Launer et al., 1995} whose results confirmed those of the earlier investigations and 

indicated that there exists a legitimate cause for concern. In addition, the results of several 

animal studies appear to support those of the human experiments. It is well known that 

uncontrolled hypertension can lead to CNS complications, including multi-infarct 

dementia. However, it has been reported that individuals with a fa~y history of 

hypertension, but who do not yet exhibit the symptoms also may exhibit diminished 

cognitive performance. In this situation, the cognitive deficit may have its basis in some 

genetic defect rather than as a consequence of uncontrolled hypertension. There exists 

substantial experimental evidence that the brain cholinergic system is one of the major 

transmitter systems involved in mediating normal cognitive function. Several disorders 

such as Alzheimer's disease, Parkinson disease, Kbrasakoff' s syndrome and amyotrophic 

lateral sclerosis-Parkinsonism-dementia complex are characterized by varying degrees of 

cognitive impairment and have been found to be associated with a severe decrease of 

cortical cholinergic neuronal markers that is concomitant with neuronal degeneration. 

Reports from this and other laboratories have indicated that brain cholinergic 

receptors are altered in Spontaneously Hypertensive Rats (SHR}, one of the most widely 

used animal models for human hypertension. SHR gradually develop hypertension as a 

1 
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function of age starting from 4 weeks old. The results of the few studies in which SHR 

have been employed to assess the effects ~f hypertension on cognitive processes have 

proven ambiguous. Certain differences in measured behaviors that exist between SHR and 

normotensive strains have been attributed to disorganization of the retro splenial cortex, 

which potentially disconnect~ the hippocampal formation from oth~r regions of the brain 

(Wyss et al., 1992), and changes in brain catecholamine function (Low et al., 1984). To 

date, however, the involvement of central cholinergic neurons in hypertension-induced 

deficits in cognitive performance have not_ been explored. On the basis of the previous 

literature and the preliminary work performed in our laboratory, the following hypothesis 

is proposed. 

The cognitive impairment exhibited by the spontaneously hypertensive strain of 

rat is due to a reduction in the expression of central cholinergic receptors. 

Therefore, the Specific Aims ofthis study are: 

1. To determine whether the h~pertensiv,e state present in SHll contributes to 

impaired performance on spatial memory tasks. This will be. accomplished by 

· examining the ability of these animals to perform the Morris water maze and passive 

avoidance tasks, a) during established:h}'Periension, b) at an early age, prior to the 

development of hypertension, and c) in rats with established hypertension, but whose 

blood· pressure is normalized with an anti-hypertensive drug. For each experiment, SHR 

will be compared to age-matched normotensive Wistar-Kyoto rat (WKY) and Wistar rats. 
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2. To determine whether SHR exhibit altered expression of cholinergic receptor 

subtypes in brain regions important for memory function. This will be accomplished 

by using autoradiographic techniques to estimate the expression of the major subtypes of 

muscarinic and nicotinic receptors throughout the brain in SHR rats, a) during established 

hypertension, b) at an early age, prior to the development of hypertension, and c) in rats 

with established hypertension, but whose blood pressure is normalized with an anti

hypertensive drug. For each experiment, SHR will be compared to age-matched 

normotensive WKY and Wistar rats. 

3. To determine whether the decreased expression of central nicotinic-cholinergic 

receptors observed in SHR have functional significance. This aim will be 

accomplished in vitro by measuring nicotine-induced rubidium efflux from synaptosomal 

preparations. 

B. LITERATURE REVIEW: 

Essential hypertension is the most prevalent cardiovascular disorder throughout 

the world. In the United States, over 60 million people suffer from hypertension. Almost 

40 percent of all black adults and more than half of the entire population over age 60 have 

hypertension (Kaplan, 1994). In spite of increasing public awareness, extensive research 

efforts and a rapidly expanding array of antihypertensive medications, hypertension ~ · 

remains one of the leading causes of cardiovascular morbidity and mortality (Kaplan, 

1994). 

Although a great deal is known about hypertension-related pathology of the heart, 
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kidney and vasculature, the r~l~ of the central nervous system which participates in 

elevating blood pressure remains poorly understood. Several-lines of evidence suggest 

that chronic elevation ofblood pressure is a significant risk factor for cerebral vascular 

disease and its complications, e.g., cerebral infarction, hemorrhage, transient ischemic 

attack and multi-infarct dementia (Kaplan, 1.994; JNC V, 1993). 

1. Hypertension and Cognition: 

a) Human studies: 

Despite extensive research efforts over the last two decades many questions 

remain unanswered regarding the role of hypertension in cognitive and behavioral 

function. The results of a number of clinical studies have revealed that subjects with 

established essential hypertension display lower levels of cognitive performance than 

subjects with normal resting blood pressure. Several studies during the 1960s and 1970s 

. established the effects of hypertension in the performance of neuropsychological tests. In 

general, certain hypertensive subjects exhibited a decrease in the performance of memory-

search tasks (Spieth, 1965; Light, 1975, 1978), as :well as impaired vigilance and attention 
• J 

span (Boller et al., 1977). Wilkie and Eisdorfer (1971) examined the ability of elderly 

hypertensive patients to perform the Wechsler Adult Intelligence test and found that 

increased blood pressure was associated with a significantly greater intellectual loss 

compared with age-matched healthy subjects. Schultz and co-workers (1979) reported 

similar results in younger hypertensives. Concomitant with these studies other workers 

have proposed that hypertension-associated cognitive deficits were due to the use of 
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antihypertensive medications, psychological factors such as anxiety and /or depression, 

smoking, hypercholesterolemia, etc. WNle these factors may play a significant role in 

some patients, the results of several recently published studies have provided strong 

evidence that the presence of hypertension alone may be causal in contributing to 

decreased cognitive.ability (Franceschi et al., 1982; Shapiro et al., 1982; Wallace et al., 

1985; Elias et al., 1986; 1987; Madden and Bluementhal, 1989; Waldstein et al., 1991a; 

1991b; Battersby et al., 1993; Elias et al., 1993; Karla et al., 1993; Starr et al., 1993). A 

community-based study in Iowa found that elderly subjects with diastolic, but not systolic 

hypertension, had significantly lower performance on a memory-related· task after 

controlling for other factors (Wallace et al., 1985) .. In contrast, Perez-Stable and co

workers (1992) suggested that the effect of untreated mild hypertension on cognitive 

function was of questionable clinical significance. Consequently, an investigation 

employing a relatively large study group (n=2,123) from the Framingham study, 

conducted by Farmer and co-workers (1987) and Elias and co-workers (1993), concluded 

that untreated blood pressure is inversely related to cognitive functioning. The recently 

published Honolulu~Asia aging .study also confirmed these previous results in that elevated 

blood pressure was negatively correlated With performance on tests of general cognition 

(Launer et al., 1995). Furthermore, Pierce and co-workers (1993) reported that subjects 

with a family history of-hypertension exhjbited impaired short term memory to a greater 

extent than did non-family history subjects. In contrast, after testing the adults with a 

family history and non-family history of hypertension, McCann and co-workers (1990) 

concluded that the deficits observed in neuropsychological tests in hypertensive subjects 
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arise subsequent to the onset of elevated blood pressure. These results were supported by 

the observation that neuropsychological performance improved in patients when their 

hypertension was treated and controlled (Goldman et al., 1974; Miller et al., 1984). 

b) Animal studies: 

Although the results of many of the clinical· studies cited above are consistent with 

the possibility of hypertension-induced cognitive impairment, they do not permit a 

straightforward approach regarding the relationship between blood pressure extremes and 

cognitive performance because of variations in medication, diet, situational stress, genetic 

background, and other life history variables which may co-vary with elevated blood 

pressure. One alternative approach would be to employ an animal model. The 

spontaneously hypertensive rat is one of the most widely used animal models for human 

essential hypertension and this strain has been part of several studies of the effects of 

hypertension on cognition. These rats develop high blood pressure ·gradually from 4 

weeks old onward without surgical, pharmacological or dietary interventions, and they 

present with many of the long term problems associated with human hypertension. This 

SHR model was originally developed by Okamoto in 1959. Okamoto and co-workers 

began selective breeding by using a male Wistar rat with mild hypertension (systolic 

pressure 145-175 mmHg) and a female with relatively high blood pressure (systolic 

pressure 130-140 mmHg). After 20-25 generations of selective inbreeding, they 

established a colony of SHR with high blood pressure (Okamoto, 1969). The genetically

induced hypertensive rats share several characteristics with essential hypertension patients. 
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In addition, SHR. also exhibif. variety of phenotypes which may or may· not relate to clinical 

hypertension. 

The ability of SHR. to perform .memory related tasks may differ depending on the 

type of task and the age of the animal. Hecht and co-workers (1978) used a conditional 

reflectory locomotor avoi~anc.e reaction task in 8, 10, 12,. ~4, 16, 20, 24, and 50 week old 

rats -with spontaneous hypertension. They found that a strong inverse correlation existed 

between the level ofblood pressure and the performance of the task. Wyss and co

workers (1992) observed that acquisition of the eight-arm radial maze task was impaired 

in 48 week old SHR.. Mori and co-workers (1995) confirmed these results in that both 

young (12 week). and old (65 week) SHR. exhibited reduced acquisition of the eight-arm 

radial maze task. Sutterer and co-workers (1980) found that at ages 9,13 and 30 weeks, 

SHR. exhibited lower performance in a two-way shuttle box avoidance task. Chronic 

captopril·treatment (which nonrtalized blood pressure) significantly prevented the learning 

and memory deficits observed in SHR. (Wyss et al., 1992). The above findings by several 

researchers suggest that ·elevated blood pressure might be responsible for the impairment 

in learning and memory performance exhibited by SHR: On the other hand, it has been 

reported th~t even during the pre-hypertensive stage ( 4-7 weeks old), SHR. were impaired 

in the performance of the passive avoidance (Knardhal and Karlsen, 1984) and two-way 

shuttle box avoidance paradigms (Sutterer et al., 1981). These findings suggest that the 

impairment in memory-related tasks in SHR. might be due to some other factor/factors 

inherent in the SHR that are not directly related to the high blood pressure. 

In_ contrast to the results of the above studies, it has been reported that SHR. 
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exhibit superior performance iii several-behavioral tasks such as running wheel avoidance 

(24 weeks old) (Campbell and Di Carla, 1977), lever press avoidance (9-30 weeks old) 

(Sutterer et al1980), conditioned suppre-ssion and responsivityto thermal stimulation (12 

weeks old) (Randich and Maxiner, 1981; Berger and Starzec, 1988), two~way active 

avoidance (6 weeks old) (Knardhal and Sagvolden, 1982); and the Morris water maze task 

(12 weeks old) (Widy-Tyszkiewicz et al., 1993). The observations that SHR. exhibit a 

variety of phenotypes such as locomotor hyperactivity, hyper-exploratory behavior, hyper

reactivity to averse stimuli (Low et al., 1984; Knardhal and Karlsen, 1984) and 

hyperalgesia when tested with noxious thermal sti~uli (Whitehorn et al., 1983) challenge 

the. relevance of the above results. For example, in water maze experiments Widy

Tyszkiewicz and co-workers used a small pool (120 em diameter) to evaluate spatial 

navigational memory. Since SHR can exhibit locomotor hyperactivity, a random search 

strategy may have allowed the early location of the platform compared with a normally 

active normotensive control group. In order to resolve this issue, well designed 

experiments are needed, and those experiments should correlate age, elevated blood 

pressure, cognition and pathophysiological changes. 

There are at least two explanations for altered cognitive functions in hypertensive 

patients and animals. First is the possibility of a genetic predisposition with its associated · 

structural and functional changes in central nervous system. Few reports supporting the 

genetic predisposition hypothesis in hypertension are present in the literature for either 

human (Pierce et al.,1993) or animal studies (Knardhal and Karlsen,-1984; Sutterer et al., 

1981 ), and little evidence exists to suggest that impaired task performance is associated 
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with some neurochemical abnormality. Second, neurochemical and neuroanatomical 

changes in the central nervous system may be the direct result of the sustained levels of 

high blood pressure. Franceschi and co-workers (1982), and Goldman and co-workers 

(1974) hypothesized that impairment in cognitive performance in hypertension is caused 

by damage to the specific regions of the brain. Wyss and co-workers (1992) speculated 

that disorganization of the retro splenial cortex in SHR develops as blood pressure 

increases, and this disarrangement might be responsible for impaired learning and memory 

performance in SHR. Although several ·hypotheses exist postulating a relationship 

between hypertension and cognition, none of these definitively establish a 

pathophysiological link between hypertension related pathology and cognitive functioning. 

, 2. The Cholinergic System and C~gnition 

Acetylcholine (ACh) is one ofthe major neurotransmitters in the mammalian brain. 

It's role as a neurotransmitter has been appreciated since the tum of the century (Dale, 
' . 

1914). ACh is synthesize4 from choline and acetyl CoA in· a reaction catalyzed by choline 

acetyltransferase (ChAT). Acetyl CoA for this reaction is derived from glucose through 

glycolysis and the pyruvate oxidase system, whereas choline is~ derived from 

phospholipids. Transport of choline from the synaptic junction to the presynaptic nerve 

terminal is accomplished by a high affinity and a low affinity transport system. The high 

affinity sodium dependent transport of choline is unique to cholinergic neurons, and is 

competitively inhibited by hemicholinium. Choline uptake is the rate limiting factor in 

ACh biosynthesis. ACh in the presynaptic terminal is transported into, and stored in 
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synaptic vesicles via the ACh transport system. This active transport of ACh into synaptic 

vesicles can be blocked by a selective inhibitor, vesamicol (Parsons et al., 1993). 

Radiolabeled hemicholinium and vesamicol, and antibodies raised against ChAT have 

proven to be very useful in the autoradiographic and histochemical identification of 

cholinergic neurons. In response to nerve depolarization and calcium influx, synaptic 

vesicles fuse with the cell membrane and release ACh by exocytosis. Once in the 

extracellular space, ACh can interact with the appropriate receptors. A rapid degradation 

of ACh takes place in the synaptic junction that is catalyzed by acetylcholinesterase. 

A more complete understanding of the anatomical organization of central 

·. cholinergic neurons has been made possible as a result of the development of 

immunohistochemical methods (Woolf, 1991 ). Cholinergic cells located in the basal 

forebrain appear to be involved in memory and arousal. These neurons innervate the 

hippocampus, hypothalamus; amygdala, .. and most other 'cortical areas. Similarly, 

pontomesencephalic neurons innervate the frontal cortex, hypothalamus, substantia nigra 

and locus coeruleus. These neurons play a role in sleep-wakefulness, locomotor behavior, 

and memory. In addition, there are several interneurons localized in the striatum that play 

a role in variety of voluntary locomotor behaviors (see Woolf, 1991 for review). 

Anatomical and pharmacological evidence suggests that receptors activated by 

ACh belong to two major classes. As early as 1914, Dale distinguished these two classes 

of receptors by their responsiveness to different plant alkaloids (Dale, 1914). The plant 

alkaloid muscarine, derived from Amanita muscaria, acts selectively on 

parasympathetically innervated organs such as smooth muscle cells, cardiac muscle cells 
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and exocrine gland cells and mimics the effects of ACh. Similarly, another plant alkaloid 

nicotine, derived from Nicotiana tabacum, acts selectively on autonomic ganglia and the 

adrenal medulla and mimics the effects of ACh. Dale (1914) suggested that ACh has dual 

actions, mediated through stimulation of receptors termed muscarinic and nicotinic. The 

ability of atropine and tubocurarine to antagonize the muscarinic- and nicotinic-like effects 

of ACh, respectively, further supported the possibility of two different sub-types of ACh 

receptors. 

a) Muscarinic receptors 

Evidence derived from pJtarmacological and molecular studies have suggested that 

multiple classes of muscarinic receptors exist in the central nervous system. An important 

finding was that the muscarinic receptor antagonist pirenzepine selectively antagonized 

high affinity brain muscarinic receptors and ganglionic muscarinic receptors, whereas it 

appeared to. have almost a hundred- fold lower affinity for cardiac muscarinic receptors 

(Hammer et 8.1., 1980). This discovery and consequently studies with other agonists and 

antagonists, followed by rapid advancements in the molecular biology of receptor proteins 

made it possible to identify five subtypes of muscarinic receptors. These muscarinic 

receptor genes have been cloned and termed ml, m2, m3, m4 and m5. The M1, M2, M3 

and M4 subtypes of muscarinic receptors are pharmacologically defined equivalents of m1, 

m2, m3 and m4 genes, whereas m5 gene awaits its pharmacological equivalent (Kubo et 

al., 1986; Bonner et al., 1987; 1988; Peralta et al., 1987). The primary sequences of these 

receptor proteins indicate that they are members of a large super family of G protein-
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linked receptors: All members of the G. protein-linked receptors are characterized by a 

protein molecule that spans the plasma membrane seven times, resulting in seven 

hydrophobic transmembrane regions connected by three intracellular and three 

extracellular hydrophilic loops. The amino acid sequences of the five muscarinic receptors 

exhibit 90% sequence similarity in their hydrophobic transmembrane domains_ (Bonner, 

1989). However, the amino acid sequences of the third cytoplasmic loop which connects 

the fifth and sixth transmembrane regions· are significantly different among these receptors 

(Bonner et al., 1987, 1988). The uniqueness of the cytoplasmic domains of muscarinic 

receptors appears to play an important role in the pharmacological diversity of receptor 

subtype-mediated actions. 

As with other members of the G-protein super family of receptors, muscarinic 

receptors trigger cellular responses by interacting with heterometric G proteins resulting in 

an increase or decrease in cell membrane ionic conductance or altered second messenger 
. . 

levels. The M1, M3 and MS. receptors are considered to mediate primarily excitatory 

synaptic transmission through activation of phospholipase C via a pertussis toxin-

insensitive G protein. The M2 .and M4 receptors are thought to mediate inhibitory 

synaptic transmission through inhibition of adenylate cyclase activity via a pertussis toxin-

sensitive G protein (McKinney and Coyle, 1991}. Participation of each muscarinic 

receptor subtype in various aspects of brain function.has yet to be established. 

M1 receptors bind pirenzepine with affinity (Kd) in the low to mid nM ra~ge. 

These receptors are prominent in autonomic ganglia, secretory glands and several brain 

areas such as cerebral cortex, olfactory tubercle, caudate putamen, amygdaloid body and 
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hippocampal forination (Mash and Potter; 1986; Spencer et al., 1986; Quirion et al., 1989; 

Dorje et al. 1991). M2 receptors bind AFDX 384, AFDX 116, himbacine and 

methoctramine with high affinity and bind pirenzepine with low affinity (Regenold et al., 

1987, 1989; Vilaro et al., 1992a). M2 receptors are mainly concentrated in the caudate 

putamen, various thalamic nuclei, superior colliculli, interpeduncular nuclei and pontine 

nuclei as well as various motor nuclei of the brain stem (Araujo et al., 1989; Aubert et al., 

1992). In the periphery, M2 receptors predominate in the myocardium and are also found 

in smooth muscle. M3 receptors bind 4-diphenylacetooxy-N-methylpiperidine 

methbromide (4-DAMP) and hexahydrosiladifenidol; however, these ligands do not clearly 

differentiate among M3, M4 and M5 receptors (Araujo et al., 1991). M3 receptors are 

predominantly localized in superficial cortical laminae, caudate putamen, oWactory tubercle 

and hippocampal formation (Araujo et al., 1991). M3 and M4 receptors are also located 

in smooth muscle and secretary glands. However, less is known regarding the localization 

ofM3, M4 and M5 receptors in CNS. The results of in situ hybridization studies suggest 

that M4 mRNA is abundant in caudate putamen and in olfactory nuclei, whereas M5 

receptor mRNA is abundant in substantia nigra and ventral tegmental area of the rat brain 

(Buckley et al., 1988; Vilaro et al., 1991, 1992b). 

b). Nicotinic receptors: 

Nicotinic receptors are ligand gated ion channels- that permit the passage of cations 

through the post-synaptic membrane in response to the binding of ACh. Much of the early 

evidence of biochemical and pharmacological characterization of nicotinic receptors comes 
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from the study of these receptors in the electric organ Torpedo calif~mica and the fresh 

water teleost Electrophorus electricus (Popot and Changeux, 1984; for review). 

Subsequently, molecular approaches have clearly demonstrated that nicotinic receptors 

are oligomeric proteins composed of five subunits (Changeux, 1990; Cooper et al., 1991). 

In muscle, nicotinic acetylcholine receptors are comprised of four subunits according to 

the mole ratio, a2PY a. The subunits are oriented like barrel staves around a central pore 

and all subunits contribute to the lining of the channel (Brisson and Unwin, 1985). All 

subunits are glycosylated and they span the membrane four times, resulting in four 

hydrophobic regions (Unwin, 1993). The individual subunits are about 40% identical in 

their amino acid sequence and the a subunit can be distinguished by presence of a cystine 

at the 192 and 193 positions in second hydrophobic region. The ACh binding sites are 

also located on the extracellular surface of a subunits. Thus far, eleven members of the 

nicotinic receptor subunit gene family are known to exist in the CNS. These genes and 

their products are termed a2, a3, a4, a5, a6, a7, a8, a9, P2, Pl and P4 (Boulter et al., 

1986, 1987, 1990; Deneris et al., 1987, 1988; Lindstorm et al., 1987; Luetje et al., 1990; 

Goldman et al., 1987). These subunits are known to form two classes of receptors, 

homooligomers and heterooligomers. ·Association of a7, a8 and a9 subunits can form 

homooligomeric receptors, whereas the combination of a2/P2, a3/P2, a2/P4, a4/P2, 

a3/P4, and a4/P4 subunits can form heterooligomeric receptors. 

The functional roles of these different sub-types of nicotinic receptors in the 

central nervous system are not completely understood. Although every potential subtype 

of the central nicotinic receptor has not yet been fully pharmacologically characterized, 
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using radioligand binding techniques, at least three major classes have been identified in 

rodent brain. One class of receptor binds agonists such as nicotine, cytisine, methyl 

carbamylcho1~ne, ABT- 418 and epibatidine with high affinity (Marks et al., 1986; Boksa 

and Quirion, 1987; Whiting and Lindstorm, 1988; Pabreza et al., 1991; Pauly et al., 1989; 

Sullivan et al., 1994). These receptors are localized throughout the rat brain in discrete 

regions which include the medial habenula, interpenduncular nuclei, thalamic nuclei, 

substantia nigra pars compacta, cortical areas and striatum. One other major class of 

receptors exhibits a high affinity for a-bungarotoxin and very low affinity for nicotine or 

cytisine. The labeling of a-bungarotoxin sites exhibit strikingly different anatomical 

localization compared with cytisine sites. The a-bungarotoxin binding sites are located 

mainly in deep layers of the cerebral cortex, hippocampus, hypothalamus, and superior and 

inferior cqlliculli (Pauly et al., 1989; Marks et al., 1986; Clarke et al., 1985). The results 

of ligand binding or immunoaffinity and/or immunoprecipitation studies indicate that the 

former subtype of nicotinic receptor is composed of the a4/P2 subunits (Whiting and 

Lindstorm, 1986, 1987; Flores et al., 1992; Schoepfer et al., 1988), whereas the a

bungarotoxin subtype is an a7 homooligomer (Schoepfer et al., 1988; Clarke et al., 1992; 

Seguela et al.; 1992). Recent evidence indicates that kappa toxin or toxin F binds to a3 

containing nicotinic receptors both on ganglia and on receptor-rec.onstituted oocytes 

(Deneris et al., 1991), however its brain distribution is not closely associated with the 

distribution of a3 mRNA (Schultz et al., 1991). 

In general, continued stimulation of most neurotransmitter receptors with agonists 

results in 1) decreased number of binding sites, and 2) the development of tolerance to the 
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effects that follows subsequent exposure to the same concentration of drug. Chronic 

treatment of rodents with relatively high doses of nicotine can result in a state of receptor 

desensitization, and the development of tolerance to the nicotinic effects such as increased 

locomotor activity and decreased body temperature. However, the numbers of nicotinic 

receptors as measured by standard ligand binding techniques are increased in several areas 

such as cortex, .midbrain, hindbraiti, hippocampus and hypothalamus (Schwartz and Kellar, 

1983; Marks et al., 1983, 1985). Nicotinic receptor upregulation is also produced by 

chronic treatment With several nicotine agonists such as anatoxin and 

methylcarbamylcholine (Rowell and Wonnacott, 1990; Xiaohong and Buccafusco, 1994). 

One possible explanation for t~e up-regulation of nicotinic receptors is that receptor 

number is increased as a regulatory response· to co~tinued receptor desensitization. 

Chronic nicot;,ne-treated rats exhibit decreased nicotine-induced release of ACh from 

cortical and hippocampal slices (Lapchak et al., 1989); decreased dopamine release from 

striatal sy~aptosomes (Marks et.al., 1993) and decreased effiux of rubidium from midbrain 

synaptosomes (Marks et al., 1993). In contrast to the decrease in dopamine release to 

chronic nicotinic receptor stimulation, Rowell and Wonnacott (1990) reported that rats 

chronically treated with-the nicotinic receptor agonist, anatoxin, exhibited increased 

sensitivity to nicotine-induced dopamine release. Marks and colleagues ( 1983) reported 

that after chronic treatment of mice with nicotine for 10 days, a significant correlation 

existed between the decrease in body temperature to i. v. nicotine and the increased 

binding of selective ligand to nicotinic receptor in several brain regions. They also 

suggested that this increased population of receptors were functional. 
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c). Cholinergic receptors and cognition: 

Over the past two decades, considerable evidence has accumulated from both 

·animal and human studies suggesting that central cholinergic systems are involved in the 

process of learning and memory. Several pharmacological studies have demonstrated that 

antimuscarinic agents such as scopolamine and atropine can disrupt both acquisition and 

\ ' 

re-call in rodents and primates in a variety of learning and memory tasks (for review, 

Hagan and Morris, 1988). Direct injection of the M1-selective antagonist pirenzepine into 

the hippocampus produced memory deficits in rats performing an elevated T maze task 

(Messer et al., 1987). Similarly, when this drug was administered by intraventricular 

injection, memory deficits were observed in rats performing water maze (Hagan et al., 

1987) and passive avoidance tasks (Caulfield et al., 1983). Other studies have suggested 

that M2 receptors also participate in learning and memory processes (Sen and 

Bhattacharya, 1991; Messer et al., 1991). Conversely, inhibitors of acetylcholinesterase 

such as physostigmine, which enhance cholinergic neurons tone, also enhance the 

perfotinance of several memory related tasks (Hagan and Morris, 1988; Aigner and 

Mishkin, 1986). A variety of muscarinic receptor agonists also have been shown to 

enhance the performance of animals in tests oflearning and memory (for review, Hagan 

and Morris, 1988). Over last several years there has been a developing interest in the 
.. 

importance of nicotinic receptors in cognitive function. Nicotine and several other 

nicotinic receptor agonists interact with presynaptic nicotinic ACh receptors to facilitate 

the release of a variety of neurotransmitters such as ACh, dopamine, serotonin, GAB A, 

norepinephrine and glutamate and many of these play a role in mediating a number of 
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behavioral tasks (Wonnacott et al., 1990). A variety of human studies (Anderson and 

. Post, 1974; Houston et al., 1978; Wesnes et al., 1'983; Warburton et al., 1986; West and 

Hack 1991) and animal studies (Buccafusco and Jackson 1991; Elrod et al., 1988; Jackson 

and Buccafusco 1989; Jackson et al., 1989; Levin et al1990; Clarke 1987; Levin and Rose 

1990, 1991) have reported that central nicotinic receptor stimulation can facilitate aspects 

of cognitive function. Both acute (Sansone et al., 1991; Sakai et al., 1991; Nordberg and 

Bergh 1985} and chronic (Levin et al., 1990, 1992; Levin and Rose 1990) treatment with 

nicotine significantly improved the performance of memory-related tasks. Under certain 

experimental conditions nicotine administration has been found to have persisting 

mnemonic effects for 24 hours to 2 weeks after administration (Buccafusco and Jackson 

1991; Levin et al., 1990, 1992; Levin and Rose 1990}. Acutely administered doses of 

nicotine effectively reversed the amnestic effects of brain lesions in experimenta~ animals 

(Tilson et al., 1988; Decker and Majchrzac 1991; Sjak-Shie et al., 1991). In addition, 

several other nicotinic agonists such as ABT-418, arecolone, isoarecolone, lobeline, S-

1663 and RJR-140 1 have been proven to be useful in improving the performance of 

memory-related tasks (Arneric et al., 1996, for review). In considering the beneficial 

. effects of nicotine on the performance of memory-related tasks, it would be anticipated 
' . . . 

that nicotinic antagonists produce the opposite effect. Mecamylamine, a nicotinic receptor 

antagonist, produced performance defiCits in animals performing a variety of cognitive 

tests (Elrod and.Buccafusco-1991; Levin·et al:, 1987; Levin and Rose 1990; Decker and 

Majchrzac 1992). The beneficial effects of nicotine are mediated through drug 

interactions with nicotinic receptors present in several brain regions that are critical for 
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normal cognitive function. Of particular importance may be the cholinergic nicotinic 

systems in the cortex, striatum, hippocampus and ventral tegmental area. This body of 

research has provided strong evidence that cholinergic systems in the brain play important 

roles in learning and memory. 

3. Hypertension and the Cholinergic system: 

Human essential hypertension is often associat~d With enhanced sympathetic drive 

to peripheral organs and the vasculature. Several cardiovascular complications have been 

attributed to exaggerated sympathetic activity, including chronic heart failure, 

atherosclerosis, angina, and cardiac arrhythmias. Central cholinergic neurons appear to 

play an important role in cardiovascular regulation along with several other 

neurotransmitters, peptides and hormones. Evidence from this laboratory and others 

indicates that activation of central muscarinic receptors in several species, including 

humans evokes a hypertensive response (Brezenoff and Giuliano, 1982; Buccafusco and 

Brezenoff, 1986; Buccafusco, 1992; for review, see Buccafusco, 1996). Central 

cholinergic stimulation by direct receptor agonists such as arecoline and oxotremorine, 

and by inhibition of acetylcholinesterase such as physostigmine and neostigmine elicits a 

hypertensive response (Aronstam et al., 1988; Marshall and Buccafusco, 1987; Magri and 

Buccafusco, 1988; Buccafusco et al., 1990). Similarly, muscarinic receptor antagonists 

such as atropine prevents and reverses the pressor response elicited by receptor agonists 

(Xiao and Brezenoff, 1988). The areas sensitive to muscarinic receptor stimulation were 

localized to only a few areas such as the posterior hypothalamus .and rostral ventrolateral 



medulla (Buccafusco and Brezenoff, 1979; Giuliano et al., 1989). Results from several 

previous studies indicate that this increase in blo~d pressure to central cholinergic 

stimulation is maintained predominantly by .excessive sympatho-adtenal tone (Brezenoff 

and .Giuliano, 1982; Buccafusco and Brezenoff, 1986; Buccafusco, 1992; Gotoh and 

Smythe, 1991). 
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The magnitude of this pressor response to central cholinergic stimulation in SHR is 

significantly greater than the increases elicited from normotensive controls (McCaughran 

et al., 1983; Kubo and Tatsumi, 1979; Hofinann et al., 1978; Buccafusco et al., 1990; 

Magri and Buccafusco, 1988; Buccafusco and Spector, 1980). It has been suggested that 

this increased pressor responsiveness to central cholinergic stimulation in SHR might be 

mediated through pre- and/or post-synaptic mechanisms. Muscarinic receptor density has 

been reported to be altered in specific brain regions of SHR such as the rostral 

ventrolateral medulla and posterior hypothalamus compared with their normotensive 

controls (Hershkowitz et al., 1987; Wei et al., 1994; Yamada et al., 1987). The above 

cited receptor binding experiments were directed primarily at regions related to 

cardiovascular regulation. No information is available regarding alterations in the 

expression of muscarinic receptors in cognitive related areas in the SHR strain. 

Although most of these studies have concentrated on the muscarinic receptor

evoked pressor response, there exists significant evidence that central nicotinic receptor 

stimulation also evokes a hypertensive re_sponse (Giuliano and Brezenoff, 1992). 

Recently, Tseng and coworkers (1994) and Khan and coworkers (1994) demonstrated 

that nicotine or the nicotinic receptor agonist cytisine elicits a pressor response upon 
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direct injection into the R VL. It has been reported that the density of nicotinic receptors 

was lower in several grQss brain regions such as cortex, thalamus, striatum and spinal ·cord 

ofSHR compared with their normotensive control (Yamada et al., 1987; Kubo and Misu, 

198.1; Khan et al., 1994). However, the full anatomical extent of such differences in 

nicotinic receptor expression has not yet been studied. Although Khan and coworkers 

(1994) suggested that the enhanced pressor responsiveness to spinal nicotinic receptor 

stimulation in SHR was related to reduced number of spinal nicotinic receptors, the role of 

the reduced number of central nicotinic receptors either in normal cognition or in 

cardiovascular regulation has not been addressed. 

In summary, the results of previous studies from different laboratories indicate that 

uncontrolled hypertensive patients exhibited relatively decreased performance in several 

cognitive tasks compared to healthy volunteers. With few exceptions, similar results were 

obtained in animal studies. However, some other clinical studies suggest that the impaired 

learning and memory performance may relate to factors (possibly genetic in nature) apart 

from the hypertension itself One goal of the present study is to determine whether SHR 

exhibit impaired learning and memory deficits in the water maze task, and if so, whether 

this impairment is a strain related phenomenon or the consequence of hypertension. 

Similarly, nicotinic receptor density as estimated by [3H] cytisine binding has been 

reported to be decreased· in several gross brain regions in SHR compared to normotensive 

WKY. Another goal of the present study is to determine whether this decrease in nicotinic 

receptors is a strain related phenomenon or the consequence of the hypertensive state. 

Nicotinic receptors are known to participate in the processes of learning and memory. 



Since SHR may exhibit both a decreased number of nicotinic receptors and impaired 

learning and memory performance, it is possible that this decreased nicotinic receptor 

function might be responsible for the learning and memory impairment exhibited by this 

strain. 
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II. MATERIALS AND METHODS 

A. Animals: 

Twelve and four week old male SHR and age-matched normotensive WKY 

weighing approximately 325 and 75 g respectively were obtained from Taconic Farms, 

Germantown, NY and age-matched Wistar rats (325 g) were obtained from Harlan 

Sprague Dawley, Indianapolis, IN. The rats were housed in separate cages and maintained 

on a 12 hr light-dark cycle. The animals were housed in our animal care facilities for at 

least 5-7 days prior to experimentation. They had access to standard laboratory rodent 

chow and tap water ad libitum. All animal procedures were conducted in strict 

compliance with approved institutional Committee for Anllnal Use for Research and 

Education (CAURE) protocols. 

B. Drugs: 

Radio-labeled ligands, [3H]-pirellZepine,-eH]-AFDX-384, [3H]-cytisine, eHJ

vesamicol, P251]-a-bungarotoxin and 86RbCl were purchased from Du Pont-NEN Products 

(Boston, MA). Chemical reagents, nicotine bitartrate, atropine sulfate, vesamicol, gelatin, 

trizma hydrochloride~ trizma base, sodium chloride, potassium chloride, calcium chloride, 

cesium chloride, magnesium sulfate, HEPES hemisodium salt, sucrose, albumin and 

tetrodotoxin were purchased from Sigma Chemical Company (St.Loius, MO). Chromium 

potassium sulfate and isopentane were purchased from Aldrich Chemical Company, Inc. 

(Milwaukee, WI). Lipshaw ml embedding matrix was purchased from Shanden 

(Pittsburgh, .p A). 
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C. Measurement of blood pressure: 

Two different methods for blood pressure measurements were used: intra-arterial 

catheter placement for direct pressure measurement, or tail cuff electrosphygmomano

metry for indirect pressure measurement were used depending on the experimental 

paradigm. Although both methods provide accurate and reproducible measurements, 

intra-arterial catheter placement produces a more precise and sensitive measurement than 

the tail cuff method. Also, the direct method requires no restraint of the animal during the 

measurement. The intra-arterial method was used to measure blood pressure where a 

highly accurate one-time measurement of phasic arterial pressure was required, but where 

frequent or long-term monitoring of blood pressure was required or where surgical 

catheterization interfered with other procedures, the tail cuff measurements were used. 

1. Direct measurement of phasic arterial pressure: 

Rats were anesthetized with methohexital ( ~0 mg/kg, i. p) for ·surgical implantation 

of an aortic catheter for the direct measurement of blood pressure in freely moving rats as 

described previously (Buccafusco et al., 1990). A midline abdominal incision.was made to 

expose the left iliac artery. A polyethylene catheter (PE 50), filled with heparinized (20 

units/ml) saline was inserted in the left iliac artery with its tip resting at the origin of the 

abdominal aorta. The opposite end of the catheter was plugged with a stylet and directed 

subcutaneously to emerge at the back of the neck where it was stabilized to an anchoring 

button. All animals were allowed to recover for at least 2 days prior to recording the 

blood pressure. 



Phasic blood pressure was recorded using the arterial catheter connected to a 

Statham transducer coupled to an 8 channel Western Graphtec thermal array recorder 

(Western Graphtec Inc., Irvine, CA). A digital output of mean, systolic and diastolic 

arterial pressure and heart rate were provided by a Buxco waveform digitizer (Buxco. 

Electronics Inc., Sharon, CT) .. These cardiovascular parameters were processed and 

stored on disk using an ffiM PC micro computer. 

2. Indirect tail-cuff measurement of systolic pressure: 
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Indirect tail cuff blood pressure was measured using a Narco Biosystems 

(Houston, TX) electrosphygmomanometer employing a pneumatic pulse transducer. All 

animals were pre-warmed in an environment maintained at 35°C for 5-10 min before blood 

pressure measurement to facilitate tail blood flow. Rats were then restrained in a small 

. plexiglass chamber which allows access to the tail. Tail blood was occluded by an 11 mm 

tubular cuff ( an 8 mm cuff was used for 4 week old rats) that was inflated by an 

automatic cycling cuff pump, that -deflates the cuff at approximately 20 mmHg/sec. The 

animals were acclimatized to the restraint and temperature elevation for at least 3 separate 

occasions prior to data collection. 

D. Behavioral testing 

1. Water maze task: 

Since its development by Morris in 1983, the water maze task has become one of 

the most commonly used behavioral paradigm for evaluating spatial learning and memory 
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in rodents. The basic principal of this task is to locate a submerged platform using the 

spatial cues situated around the pool. Performance of the task through the normal 

learning of spatial strategies has been shown to be dependent upon intact central 

cholinergic neurons. In general, the water maze experiment is performed over 4-7 

consecutive days, with each rat receiving 4 trials per day. In order increase the challenge 

to the rats, the water maze experiments were divided into two phases: phase i (learning) 

and phase 2 (relearning). This experiment consisted of2 trials per day for 4 days. On day 

5, a transfer test and visual acuity test were conducted. After a four day interval, the 

platform was transferred from original location to opposite quadrant, and relearning of the 

new platform location was evaluated. 

The water maze experiment was conducted as described by Morris (1983). Maze 

testing was performed in a circular plastic pool (diameter: 180 em, height: 76 em) (Bonar 

Plastics, Noonan, GA) with the inner surface painted black. The pool was filled to a depth 

of35 em of water (maintained at 25 ± 1 °C) that covered an invisible (black) 10 em square 

platform. The platform was submerged approximately 1 em below the surface of the water 

and placed in the center of the northeast quadrant. The pool was located in a room with a 

number of extra-maze visual cues, including brightly colored geometric images (squares, 
\ 

triangles circles etc.) which were mounted on the wall. Diffuse lighting and black curtains 

were used to hide the experimenter and the awaiting rats .. Swimming activity of each rat 

was monitored via a ccTV camera mounted overhead,- which relayed the latency to find 

the p~atfomi as well as the distance traveled to a video tracking ·system (Poly-Track, San 

Diego Instruments, San Diego, CA). 
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For the hidden platform test, each rat was given 2 trials per day for 4 consecutive 

days. The first 2 trials of day 1 were considered as acclimatization trials, and the 

remaining trials on consecutive days were considered learning trials. A trial was initiated 

by placing the rat in the water facing the pool wall in one of-the four quadrants. 

(designated NE, NW, SE, SW). The daily order of entry into individual quadrants was 

randomized such that all 4 quadrants were us~d once every two days. For each trial, the 

rat was allowed to swim a maximum of 90 sec, in order to find the hidden platform. When 

successful the rat was allowed a 30 sec rest period on the platform. If unsuccessful, within 

the allotted time period, the rat was given a score of 90 sec and then physically placed on 

the platform and also allowed the 30 sec rest period. In either case the rat was 

immediately given the next trial (Inter Trial Interval [ITI] = 30 sec) after the rest period. 

On day 5, transfer and visual acuity tests were conducted. The transfer test consisted of a 

90 sec trial in which the hidden platform was removed. During this trial, the number of 

entries within the platform's former location were recorded. In the visual acuity test, a 

highly visible (neon colored) cover was attached to the platform which was raise~ above 

the surface of the water (approximately 1.0 em). Lighting was changed so that extra-maze 

cues were no longer visible to the rat. Each rat was given one trial in order to acclimate to 

the new set of conditions and to visually locate the platform. This was accomplished by 

lowering the rat into the water in the NE quadrant and allowing the animal to locate the 

platform. No time limit was placed on this first trial. The rat was then immediately given a 
' 

second trial in the same manner _and the latency to find the platform measured as a test of 

visual acuity. After four days delay, a re-learning experiment (phase 2) was conducted as 
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described above except the location of the platform was transferred from the northwest 

quadrant to the southeast quadrant. 

2. Passive avoidance: 

The passive avoidance task is a widely-employed behavioral paradigm used to 

access the component of working memory. The objec~ oft~~_task is for the animal to 

__ avoid an inescapable grid shock located In a preferred dark environnient by remaining in a 

non-preferred bright environment. A rat that has learned (remembered) the task (from its 

previous experience) will associate punishment with the dark environment and will remain 

in the non-preferred bright environment. ··An animal which has not learned the task will 

move to the dark environment. A passive avoidance task was conducted as described 

previously (Elrod and Buccafusco, 1991). A standard shuttle cage (Coulbourn 

Instruments), 6.5" X 14" X 8", was used with a guillotine door dividing the cage into 

equal compartments, one of which was darker and designated as the unsafe, . shocking side 

and the other one was the brightly lit, safe side. Before initiating the experiment, rats were 

allowed at least 15 min to adapt to the dark testing room. A 60 sec acclimation period in 

the safe compartment was allowed for each rat to become accustomed to the cage before 

beginning the first training trial. A trial was initiated by automatically turning on the light 
I 

and raising the guillotine door. When the rat entered the dark, unsafe side the guillotine 

door was lowered and an inescapable 0. 5 ·rnA, 5 sec scrambled foot shock was delivered 

through the grid floor. This trial is considered as acquisition trial. Forty-eight hr later 

these animals were subjected to a testing trail (retention trial), conducted in the same 



29 

manner as the training trail except that no foot shock was administered. The amount of 

time required for the rat to cross through to the dark side was recorded automatically by 

an electronic timer and considered as the step-through latency (STL). A time-out period 

of300 sec was considered total avoidance. 

E. Quantitative autoradiographic receptor binding: 

1. Tissue preparation: 

The tissue preparation and receptor autoradiography procedures described by 

Pauly and co-workers (1989, 1991) were used. Animals were decapitated and the brains 

were removed and frozen in isopentane ( -3 5°C), and then stored at -70°C for at least 24 

hr. The brains were then sectioned (16 flM thick) on an IEC Minitome cryostat and thaw

mounted on slides coated with chrome alum and gelatin. Coronal sections were collected 

from the level of the anterior olfactory nucleus, caudally through the medial vestibular 

nucleus. [3H]-pirenzepine, [3H]-AFDX 384 and [3H]-vesamicol were used as specific 

ligands to estimate the density of predominantly M1 and M2 muscarinic receptors, and 

·the ac.etylcholine (ACh) vesicular transporter protein, respectively. [3H]- cytisine was 

used to estimate the density of nicotinic receptors composed of a4/P2 subunits, whereas 

P251]-bungarotoxin was used to estimate the density of the nicotinic receptors composed 

of a7 subunits. 

2. Ml muscarinic receptor (pirenzepine) binding: 

For [3H]-pirenzepine autoradiography, the sections were incubated in 50 mM Tris 

HCl buffer (pH 7.4) for 15 min at room temperature. The slides were then transferred to 
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fresh buffer of the same composition, but containing 10 nM of [3H]-pirenzepine and 

incubated for 90 min at room temperature. The sections were then washed three times in 

50 mM Tris HCl for 4 minutes each at 4°C. The sections were washed again, one time 

each, in 5 mM Tris HCl buffer and deionized water for 10 sec at 4°C. Non-specific 

binding was determined by the addition of 10 J.LM unlabeled atropine to the incubation 

buffer. 

3. M2 muscarinic receptor(AFDX-384) binding: 

For [3H]-AFDX 384 autoradiography, the sections were incubated in 50 mM Tris 

HCl buffer (pH 7.4) for 15 min at room temperature. The slides were then transferred to 

fresh buffer ofthe same composition, but containing 10 nM of[3H]-AFDX 384 and 

incubated for 90 min at room temperature. The sections were then washed three times in 

50 mM Tris HCl for 4 minutes each at 4°C. The sections were washed again, one time 

each, in 5 mM Tris HCl buffer and deionized wate~ for 10 sec at 4°C. Non-specific 

binding was determined by the addition of 10 J.LM unlabeled atropine to the incubation 

buffer. 

4. Nicotinic receptor( cytisine) ·binding: 

For [3H]-cytisine autoradiography, the sections were incubated in 50 mM Tris HCl 

buffer (pH 7.0) for 15 min at 4°C. The slides were then transferred to fresh buffer of the 

same composition, but containing 5 nM of[3H]-cytisine and incubated for 60 min at 4°C. 

The sections were then washed three times in wash buffer (50 mM Tris HCl, 120 mM 
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NaCl, 5 mMKCl, I mMMgC12 and 2.5 mM CaC12) for 2 minutes each at 4°C. The 

sections were washed again, one time each, in ten fold diluted wash buffer and deionized 

water for IO sec at 4°C. Non-specific binding was determined by the addition of IO flM 

unlabeled cytisine to the incubation buffer. 

5. Nicotinic receptor (bungarotoxin) binding: 

For P251 ]-bungarotoxin autoradiography, the slides~ were incubated for 30 min at 

room temperature in Krebs-Ringers HEPES buffer. Ligand binding was achieved with a 

2.5 hr incubation at room temperature in fresh Krebs-Ringers HEPES buffer containing I 

nM P251 ]-bungarotoxin. This buffer also contains 0.05 mg/ml bovine serum albumin 

which prevents loss of radio ligand due to adherence to glassware. The slides were then 

washed in cold buffer (4°C, 4 X, 20 min each), ten fold diluted buffer (IX, 20 sec) and 

deionized water (IX, 20 sec). Nonspecific binding was determined by including I mML

nicotine in the incubation buffer. 

6. Acetylcholine transporter (vesamicol) binding: 

Autoradiographic analysis of [3H]-vesamicol binding to the acetylcholine vesicular 

transport pr~tein was accomplished as described previously (Marien et al., I987) with 

minor modification. Sections were incubated in 50 mM Tris HCl buffer (pH 7.4) 

containing I20 mM NaCl, ? mM KCl, ImM MgC12 and 2 mM CaC12 for 20 min at room 

temperature. The slides were then transferred to fresh buffer of the same composition, but 

containing 5 nM of [3H]-vesamicol and incubated for 60 min at room temperature. The 
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sections were then washed two times with 50 mM Tris HCl for 3 0 sec each at 4 °C. The 

sections were washed again, one time each, in ten fold diluted Tris HCl buffer and 

deionized water for 10 seconds at 4°C. Non-specific binding was deter:mined by the 

addition of 1J.1M unlabeled vesamicol to the incubation buffer. 

After washing, all slides were gently air-dried and then stored overnight in a 

desiccator at room temperature. The slides were then exposed to tritium-sensitive 

Amersham Hyperfilm in Wolf X-ray cassettes for a period of 14 d~ys (bungarotoxin) or 4-

6 weeks (other ligands). 3H hyperfilms are processed in Kodak D-19 developer (5 min), 

indicator stop bath, (30 sec) and Kodak rapid fixer (5 min). 

7. Preparation of Standards: 

In order to determine the amount of radioactivity exposure to the X-ray film, tissue 

standards containing various amounts of radioactivity were included along with 

experimental sections. Tissue standards were prepared as described Pauly et al., (1989, 

1991). Briefly, ten mice were decapitated and whole brains were homogenized in 4.0 m1 

of 50 mM phosphate buffer. The homogenate was divided into eight 400 Jll aliquots and 

placed in eight 12X75 mm polypropylene tubes. The homogenate was centrifuged at 

20,000 Xg for 20 min and the supern~tant removed. Then each pellet was mixed with 

one of several concentrations over the range of0.05 nCi/mg- 30 nCi/mg of [3H]-choline 

for tritium standards, and a range of0~15 nCi/mg -15 nCi/mg offor [1251]-bungarotoxin 

for [1251] standards. The specific activitY of the standards· was determined by weighing an 

aliquot of tissue and then measuring the radioactivity by scintillation counting, and was 



expressed as nCi/mg. Standards were then sectioned (16 JlM thick) after freezing in 

isopentane ( -3 5°C), and stored at -70°C for at least 24 hr. 

8. Quantification of Receptor binding: 
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Nlli Image software was used to estimate the receptor binding for every brain 

region that had a signal greater than background. A Macintosh Quadra 700 coptputer, 

Data Translation QuickCapture imaging board, Sony XC-77 CCD camera and a Northern 

Lights desktop illuminator were used as accessories to Nlli Image software. A standard 

curve was constructed using optical density and amount of radioactivity present in tissue 

standard pastes. Molar quantities of ligand bound were determined according to a 

standard curve. Each anatomical structure was measured bilaterally in as many sections as 

possible from each animal. 

F. Rubidium effiux: 

The rubidium efllux experiment originally developed by Marks et al. (1993) is 

based on nicotinic receptor-mediated ion ·flux. Nicotinic cholinergic receptors are ligand 

gated channels, and when stimulated with nicotinic :agonists they permit the simultaneous 

movement ofNa+ into and~+ out of the cell. Nicotinic receptor-medi.ated ion flux is 

nonselective for several cations thus allowing the use of radio labeled tracers such as 

86Rb+, a potassium analog, to measure the functional status of the nicotinic receptors. 

1. Synaptosomal preparation: 
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Rubidium effiux experiments were conducted as described by Marks et al.,.(1993). 

Rats were sacrificed by cervical decapitation and the brains were rapidly removed and 

dissected over ice. Frontal cortex and striatum (500 flg of each) were placed in 10 

volumes of ice-cold 0.32 M sucrose buffered to pH 7.5 with 5 mM HEPES. The tissue 

was homogenized by hand using a Teflon-glass ~omogenizer. The homogenate was 

diluted to 25 volumes with ice cold 0.32 M sucrose and centrifuged for 10 min at 1000 x 

g. The supernatant was removed and recentrifuged at 12,000 X g for 20 min. The 

resulting pellet (P2) was suspended in ice cold incubation buffer (NaC1140 rnM; KC11.5 

mM; CaC12 2 mM; MgSo4 1.0 mM; HEPES 25 mM; and D-Glucose 20 mM; pH 7.5;) and 

left on ice until use, within 120 min. 

2. 86Rb+ uptake: 

The P2 synaptosomal fractions were loaded with 86Rb+ by incubation for 30 min at 

room temperature. The final incubation volume of 3 5 fll per sample contained 

approximately 4 flCi of 86RbCI. After incubation, tissue was collected by filtration on 6 

mm glass fiber filter under gentle vacuum. After completion of the incubation period, 

synaptosomes were separated from the incubation medium by filtration onto 6-mm 

diameter glass fiber filters under gentle vacuum followed by three washes with 0.6 ml of 

incubation buffer at room temperature. 

3. Perfusion method: 

The filter containing the synaptosomes was transferred to a modified Brandel 
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suprafusion 1000 reaction chambers that allowed continuous perfusion of the sample. The 

perfusion buffer contained, NaCl135 mM; KC11.5 mM; CsC12 5mM; CaC12 2 mM; 

MgSo4 1.0 mM; bovine serum albumin, 1 g/l;.tetradotoxin, 50 nM; HEPES (hemisodium 

salt) 25 mM; and D-Glucose 20 mM; pH 7. 5. Tetradotoxin and CsCl were added to the 

perfusion buffer to block Na+ channels and to reduce the basal efllux rate, respectively. 

The perfusion buffer which was dripped directly on to the tissue sample at the rate of0.6 

mVmin was controlled by a peristaltic pump. The buffer was also pulled through the filters 

with a second peristaltic pump. After an initial wash period of 8 min, the fraction 

collection was begun. Fractions were collected in 12 X 75 mm test tubes placed in a 

collection rack that was a component of Suprafusion 1000: Semi-automated perfusion 

apparatus (Brandel, Gaithersburg, MD). Then the tissue was perfused for 2 min with 

buffer followed by· 3 min with nicotine (concentration ranges from 0.1 - 5. 0 JlM), followed 

by 3 min with buffer. Samples were collected in test tubes every 20 sec for 8 min. 86Rb+ 

was measured by liquid scintillation counting. 

4. Data calculation: 

The basal rate of 86Rb + release was determined by fitting the data points to 

exponential decrease in counts over the fractions immediately preceding and after the peak 

via a curve fitting program. The peak size was determined by summing the radioactivity 

released above the calculated base line. The amount of the tissue content and the level of 

radioactivity present within and between experiments, was accounted for by dividing the 

peak area counts by counts remaining on the filter. Percent of rubidium efllux was 
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calculated as: 

Peak area counts X 100 
Total counts released from peak initiation+ Counts remaining on the filter 

For subsequent experiments a modified version of perfusion apparatus was used to 

determine the nicotine-induced rubidium effiux from synaptosomes prepared from striatum 

or cortex of hydralazine untreated or treated SHR and WKY. 

G. Statistical analysis: 

All data are expressed as mean ± s.e.m. except for learning frequency data, which 

are expressed as percentage of subjects learning the task. Data derived from 

cardiovascular studies and receptor binding studies were analyzed using One way analysis 

of variance (ANOV A). Data from water maze experiments were analyzed using a two-

way ANOV A with repeated measures in a paired design; and Student's t-test was used for 

post hoc analysis. Frequency data from passive avoidance studies were analyzed by using 

a Chi Square analysis (n >= 30) or Fisher Exact test (n < 30). Testing latencies from 

passive avoidance experiments were analyzed by the Kruskall-Wallis one way analysis of 

variance on ranks for nonparametric data. In all studies,· differences were considered 

significant at a level of p<O.OS. 



m .. EXPERIMENTAL PROTOCOLS 

A. Water maze and passive avoidance task performance by 12 week old SHR, WKY 

and Wistar rats. 

The purpose of these experiments was to determine whether SHR with established 

hypertension exhibit impairment in the performance of memory-related tasks compared to 

normotensive WKY and Wistar rats. Before beginning the water maze experiments, the 

blood pressure from each experimental group of rats was recorded using the indirect tail 

cuff method. As described in the methods section, the water maze experiment was 

conducted in two phases, phase !(learning) and phase 2 (re-learning). This experiment 

consisted of 2 trials per day for 4 days. On day 5, a traQsfer test and visual acuity test 

were conducted. After a four day interval, the platform was transferred from the original 

location to the opposite quadrant, and relearning of the new platform location was 

evaluated for 4 days. As with the phase 1 experiment, on day 5, the transfer test and 

visual acuity test were conducted. Latency, distance and swimming speed from each of 

two trials on a given day were averaged to obtain a mean value for that particular day. 

After completing the water maze paradigm a one day recovery peri~d was allowed prior 

to testing in the passive avoidance task. 

B. Water maze and passive avoidance task performance by 4 week old SHR, WKY 

and Wistar rats 

The purpose of these experiments was to determine whether the hypertensive state 

per se is responsible for the impaired performance on memory-related tasks exhibited by 

37 
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SHR. This was accomplished by conducting the water maze and passive avoidance 

experiments with pre-hypertensive 4 week old SHR and age matched normotensive WKY 

and Wistar rats. These experiments were conducted as described in the methods and in 

section rnA with minor modifications. In phase I of the water maze experiments, none of 

the groups reached asymptotic levels of performance after conducting the experiment for 4 

days. Therefore, the phase I water maze duration was extended from 4 to 7 days. 

C. Water maze and passive avoidance task performance in hydralazine treated and 

untreated SHR and WKY 

The purpose of these experiments was to determine whether the hypertensive state 

per se is responsible for the impaired learning and memory performance exhibited by SHR. 

These experiments were designed to supplement those described in the preceding section. 

In this paradigm all rats were maintained normotensive through hydralazine administration 

until the time of testing (up to 12 weeks of age). 

In this experiment, 4 week old pre-hypertensive SHR were divided into two 

groups. The development of hypertension was prevented in one group through chronic 

oral administration of hydralazine, an arterial vasodilator, until completion of the 

experiments. Hydralazine was dissolved in drinking water at a concentration of 100 mg/1, 

and the solution was adjusted to pH 7.4. Water intake and body weight were measured 

each day, and consumption of drug was calculated as mg/kg/day. Systolic blood pressure 

. was monitored every 15 days using the indirect tail cuff method. To examine the direct 

influence of hydralazine on learning and memory, 4 week old WKY rats were administered 
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hydralazine as described above. At the-age of.12 weeks, after measuring blood pressure, 

the Morris water maze and passive avoidance trials were conducted as described earlier. 

D. Receptor autoradiography protocols in 12 week old rats. 

The purpose of this experiment was to determine whether SHR exhibit an altered 

expression of cholinergic receptor subtypes in the brain. . The blood pressures of SHR, 

WKY and Wistar rats were monitored directly via previously implanted aortic catheters. 

Binding experiments were conducted as described in the methods section. Initially, the 

density of the brain cholinergic receptors was compared between SHR and WKY. 

Subsequently an additional normotensive control group, the Wistar rat, was included in 

this protocol. Recepto·r densities were compared in selected brain regions among three 

groups of rats. 

E. Receptor autoradiography protocols in 4 week old rats 

The purpose of this experiment was to determine. whether the altered level of 

cholinergic receptors in SHR exist prior to the development of hypertension. Blood 

pressure monitoring and bindi":g experiments were conducted as described above for the 

12 week old rats. 

F. Receptor autoradiography protocols in hydralazine treated and untreated rats 

The purpose of this experiment was to determine whether the decreased 

expression (see results) of nicotinic receptors exhibited by SHR are the consequence of 
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the hypertensive state. After completion ofbehavioral experiments, all groups of rats 

were sacrificed and their brains were utilized to conduct the receptor autoradiography 

experiments. These experiments were conducted as described above for the 12 week old 

rats. 

H. Rubidium release protocol 

The purpose of this experiment was to determine whether the population of 

decreased levels of brain nicotinic receptors exhibited by SHR is reflected by a decrease in 

receptor function. This was accomplished in vitro by measuring the nicotine-induced 

eftlux of rubidium from freshly prepared synaptosomes derived from frontal cortex or 

striatum. The blood pressure of SHR and WKY rats was monitored using a previously 

implanted aortic catheter as described above. 



IV. RESULTS 

A. Blood pressure values for SHR, WKY and Wistar rats 

1. Blood pressure of 12 week old SHR, WKY and Wistar rats 

These groups of rats were used to conduct the water maze and passive avoidance 

tasks. Mean systolic blood pressure was significantly elevated in 12 week old SHR. (192 ± 

5.52 mmHg), as compared to age-matched WKY (129 ± 6.95 mmHg) and Wistar (127 ± 

9.04 mmHg) rats (p<0.0001). 

2. Blood pressure of 4 week old SHR, WKY and Wistar rats 

These groups of rats were used to conduct the water maze and passive avoidance 

tasks. Mean systolic blood pressure was not significantly different among different strains 

of rats SHR. (114 ± 9.26 mmHg), WKY (113.2 ± 5.11 mmHg) and Wistar (102 ± 5.78 

mmHg) (p < 0.05). 

3. Blood pressure of 12 week old chronic hydralazine treated and untreated SHR 

and WKY 

These groups of rats were used to conduct the water maze, passive avoidance and 

[
3H]-cytisine binding experiments. Chronic hydralazine treatment produced no significant 

effect on the body weights of either SHR or WKY. Mean hydralazine consumption over 

the treatment period was 19.6 ± 0.47 and 20.1 ± 0.58 mg/kg/day, respectively, for SHR. 

and WKY. At 4 weeks of age all 4 experimental groups exhibited no significant 
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d~fferences in systolic .blood pressure. As depicted in Figure 1, starting from 8 weeks of 

age untreated SHR exhibited a significantly elevated level of systolic blood pressure · 

compared to all other groups. Chronic hydralazine treatment prevented the elevation in 

blood pressure in SHR and produced no effect on the blood pressure ofWKY up to 4 

weeks after starting the treatment. Thereafter, hydralazine treatment slightly but 

significantly decreased the systolic blood pressure ofWKY (p < 0.05). 

4. Blood pressure of 12 week old SHR and WKY 

These groups were used to conduct the [3H]-pirenzepine, [3H]-AFDX, [3H]-

cytisine, [3H]-vesamicol and P251]-a-bungarotoxin autoradiographic experiments. Mean 

systolic blood pressure was significantly elevated in SHR (203 ± 2.39 mmHg), as 

compared to WKY (140.5 ± 4.30 mmHg) (p < 0.001). 

5. Blood pressure of 4 week old SHR, WKY .and Wistar rats 
,· 

This groups of rats were used to conduct the [3H]-cytisine binding experiments. 

· Mean systolic blood pressure was not significantly different among different strains of rats: 

SHR (122 ± 3.87 mmHg); WKY (111.8 ± 5.02 mmHg) and Wistar (115 ± 3.58 mmHg) (p 

> 0.05). 

6. Blood pressure of 12 week old SHR and WKY 

These groups of rats were used to conduct the rubidium efllux release 

experiments. Mean systolic blood pressure was significantly elevated in SHR{190.2 ± · 
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4.53 mmHg), as compared to WKY (131.8 ± 4.25 mmHg) (p < 0.001). 

7. Blood pressure of 12 week old chronic hydralazine treated and untreated SHR 

and WKY 

!hese groups of rats were used to conduct the rubidium efflux experiments. 

Chronic hydralazine treatment produced no significant effect on the body weight of either 

SHR or WKY. Mean hydralazine consumption over the treatment period was 19.4 ± 0.69 

and 18.2 ± 0.76 mg/kg/day, respectively, for SHR and WKY. As displayed in Figure 2, at 

4 weeks of age all 4 experimental groups exhibited no significant differences in systolic 

blood pressure. In contrast, at 8 and 12 weeks of age, SHR exhibited elevated levels of 

blood pressure compared WKY. Chronic hydralazine treatment significantly prevented 

the development of blood pressure in SHR, whereas the drug slightly but significantly 

decreased in WKY at both 8 and 12 weeks of age (p <0.05). 

B. Performance of a navigati.onal memory task by 12 week old SHR, WKY and 
\ 

Wistar rats 

1. Water maze Phase 1 (acquisition): 

During the acclimatization trial (day 1 ), the mean latency to reach the hidden 

platform by Wistar ·rats was significantly decreased compared with the mean for WKY 

'(P<0.01). No significant differences in latencies were observed either between SHR and 

WKY or between SHR and Wistar rats (Fig. 3A). The mean distance traveled during the 
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day 1 trial was significantly decreased in SHR. compared to WKY and Wistar rats, but no 

difference was observed between WKY and Wistar rats (Fig. 3B). Si~arly, swim speed 

was also significantly different among the three different strains. Wistar rats exhibited the 

fastest swim speed, whereas _WKY and SHR. exhibited the slower and slowest swim 

speeds, respectively. When each experimental group was compared to the other two 

groups, statistical significance was obtained (p <0.05) (Fig. 4A). 

Learning trials (days 2-4) (Phase 1 ): 

Latencies to find the platform over 3 days :of water maze testing were 

significantly greater in SHR. as compared to WKY and Wistar rats, but there were no 

differences observed between WKY and Wistar rats (F 2,28 = 4.88, P<0.05). Swim 

latencies exhibited by all groups of rats gradually, but significantly, decreased from day 2 

to day 4 (F 2,4 =13.44, P<0.0001). This decrease in swim latencies indicated that all. 3 

strains of rats eventually learned the task, but SHR. never became as proficient as the 

normotensive strains in task performance (Fig. 3A). No significant interactions between 

strain and day were obtained. 

In contrast to the latency data, distance tniveled to reach the hidden platform was 

not significantly different among SHR., WKY and Wistar rats (F 2,28 = 0.731, P>0.05). 

Mean swim distance for all groups across the training days was significantly decreased 

from day 2 to day 3, and day 3 to day 4 (F 2,4 = 8.26, P<0.0001). Swim distances for 

WKY and Wistar rats gradually decreased over 4 days, whereas SHR swim distance 

gradually increased until day 3 and then decreased on day 4 (Fig. 3B). No significant 

interactions between strain and day were obtained. 



2. Phase 1 visual acuity and number of entries: 

There were no significant between-group differences observed for the animals 

performing the visual acuity ·task administered on the fifth day of testing (Fig. 4C). . 

Similarly, the mean number ofentries within the former platform location were also not 

significantly different among the three different strains of rats (Fig. 4B) . 
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. 3. Water maze Phase 2 (re-learning): 

After a four day interval, the platform was transferred from original location to the 

opposite quadrant, and re-learning of the new platform location was evaluated. Similar to 

the results obtained during phase 1, the mean latency to reach the hidden platform was 

significantly greater in SHR, as compared to WKY and Wistar rats (F 2,28 = 4.62, P<0.05) 

(Fig. SA). The re-learning latencies of all groups of rats were approximately 60 sec on 

day 1. During the second day of re-learning, the latencies for WKY and Wistar rats 

decreased markedly , whereas the SHR latencies decreased only gradually until the fourt~ 

day. Mean values of swim latency for all groups of rats across the training days were 

significantly decreased from day 1 to day 4 (F 3,6 = 65.01, P<O. 0001 )(day 1 > day 2 > day 

3 >day 4). During the second day of the re-learning experiment, a significant strain X day 

interaction was obs~rved, where SHR exhibited longer latencies as compared with other 

groups (F 6,84 = 4.95, P<0.001). 

Similar to the latency.results, the mean distance traveled to reach the hidden 

platform was significantly greater in SHR compared to WKY. Although swim distances 

for Wistar rats appeared shorter, no significant differences were observed between SHR 
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and Wistar rats (F 2,28 = 2.87, P>0.05) (Fig. 5B). Mean swim distances for all groups of 

-rats across the trial days were significantly different (F 3,6 =50.83, P<O.OOOl) (day 1 >day 

2 >day 3 >day 4). A significant strain X day interaction was also observed (F 6,84 = 3.8, 

P<0.01) _on the second day of the re-learning paradigm, whereby SHR exhibited a longer 

mean swim distance as compared with the other experimental groups. In contrast to the 

swim speeds measured on day 1 of phase 1, those measured on day 1 of phase 2 were not 

significantly different among SHR, WKY and Wistar rats (Fig. 6A). 

4. Phase 2 visual acuity and number of entries: 

Similar to the phase 1 study, there were no significant differences among strains in 

their performance of either the visual acuity task (Fig._ 6C) or t~e number of entries within 

the platform location (Fig. 6B). 

C. Performance of an inhibitory avoidance task by 12 week old SHR, WKY and 

Wistar rats 

As indicated in Figure 7, the mean step-t4t'ough latencies obtained during the 

acquisition trial of the passive avoidance paradigm were significantly lower in Wistar rats, 

as compared to SHR and WKY (P<O.OS). After 48 hr, recall of the previous adverse 

experience was assessed in the same apparatus. Step-through latencies were significantly 

decreased for SHR compared to WKY and Wistar rats (P<0.05). Chi-square analysis 

revealed that the frequency of entering into the unsafe dark side for SHR (5/10) was 

significantly greater than that for Wistar rats (1/10) and WKY (0/10) (~ = 13.8, 



P<0.001). 

D. Performance of a navigational memory task by 4 week old SHR, WKY and 

Wistar rats 

1. Water maze Phase 1 (learning) 

During the acclimatization trial (day 1 ), the mean latency to reach the hidden 

platform for Wistar rats was significantly decreased compared to SHR (P <0.05). No 

significant differences were observed either between SHR and WKY or between WKY 

and Wistar rats (Fig. 8A). On the other hand, the mean distance traveled during day 1 

among all strains was not si~ficantly different (Fig. 8B). 

Learning trials (days 2-7) (Phase 1): 
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The latency to find the hidden platform over the 6 days of water maze testing was 

significantly decreased for Wistar rats as compared to SHR and WKY, but no difference 

was observed between SHR and WKY (F2,33 = 8.66, P < 0.001) (Fig. 8A). Originally, 

this experiment w~s designed. for 4 days of testing, but after completion of the fourth day 

none of the groups achieved latencies less than 45 sec; therefore, the duration of the 

experiment was extended to 7 days. · Swim latencies exhibited by all groups of rats 

gradually, but significantly, decreased from day 2 to day 7 (F2,5 = 43.13, P < 0.0001). This 

asymptotic d~cline in swim latencies indicated that all strains of rats eventually learned the 

task, but Wistar rats appeared more proficient in this regard as indicated by the increased 

slope of their learning curve. 
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The distance traveled to reach the hidden platfotm was significantly decreased in 

Wistar rats compared to SHR, but no differences were observed either between WKY and 

Wistar rats or between SHR. and WKY ( F 2,,33 = 3.33, P < 0.05) (Fig. 8B). Mean swim 

distances exhibited by all groups of rats were significantly decreased from day 2 to day 7 

(F2,5 = 39.35, P < 0.0001). Swim distance values appeared to correlate well with swim 

latency values except that no significant difference was obtained between WKY and 

Wistar rats owing to the greater variation of the data. 

Day 1 mean swim speeds were decreased for SHR. compared to Wistar rats 

although only the WKY and Wistar groups were significantly different (p < 0.05) (Fig. 

9A). (Note: On day 1 of the phase 2 series of trials, no differences were observed among 

three groups, .see Figure 11A.) 

2. Phase 1 visual acuity and number of entries 

There were no significant between-group differences obtained for the animals 

performing the visual acuity task administered on the eighth day of testing (Fig. 9C). 

Similarly, the mean number of entries within the former platform location were also not 

significantly different among the three different strains of rats, Wistar, WKY and SHR 

(Fig. 9B). 

3. Water maze phase 2 (re-learning) 

After a four day interval, the platform was transferred from the original location to 

the opposite quadrant, and re-learning of the new platform location was evaluated. The 
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mean latency to reach the hidden platform was significantly greater for SHR, as compared 

to WKY and Wistar rats (F2,33 = 5.07, P<0.05). The mean swim latencies exhibited by all 

groups across the training days declined significantly from day 1 to day 4 (F2, 3 = 35.19, 

P<0.0001)(day 1 >day 2 >day· 3 >day 4) (Fig. lOA). 

Similar to the latency results, the mean distance traveled to reach the hidden 

platform was significantly greater in SHR. as compared to WKY and Wistar rats (F2. 33 = 

5.21, P<0.05). The mean swim distances exhibited by all groups of rats across the trial 

days were significantly different from day 1 to 4 (F2. 3 = 28.69, P<O. 0001 )(day 1 > day 2 > 

day 3 > day 4) (Fig. 1 OB). 

4. Phase 2 visual acuity and number of entries 

There were no significant differences obtained for the groups performing the visual 

acuity task administered on the eighth day of testing (Fig. llC). Similarly, the mean 

number of entries within the former platform location were also not significantly different 

among the three strains (Fig. liB). 

E. Performance of an inhibitory avoidance task by 4 week old SHR, WKY and 

Wistar rats 

Step-through latencies measured during t~e acquisition trial of the passive 

avoidance paradigm were significantly lower in Wistar rats, as compared to WKY 

(P<O. 05). No differences were observed either between Wistar and SHR. or between 

WKY and SHR.. After_ 48 hr, recall of the previous adverse experience was assessed in the 
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same apparatus. Step-through latencies were significantly decreased for SHR compared 

to WKY and Wistar rats (P<0.05) (Fig. 12). Chi ... square analysis revealed that frequency 

of entering into the unsafe dark side for SHR (8/12) was significantly greater than that for 

Wistar rats (2/12) and WKY (4/12) (P<0.05) (~ = 6.55, P<0.05). These results indicate 

that SHR exhibited a significant impairment of performance of the task as compared to 

Wistar.and WKY. 

F. Comparison of performance in the, water maze task by 12 and 4 week old SHR, 

WKY and Wistar rats 

Learning (phase 1): 

As depicted in Figure 13, all3 strains of 4 week old rats required more time to find 

the platform than their respective 12 week old counterparts (F5,61 = 16.57, P<0.0001). 

This difference is underscored at the end of the 4 ·day training period in that each strain of 

12 week old rats almost .reached an asymptotic level of performance, whereas none of the 

4 week old rats latencies declined to less than 40 sec. Moreover, starting from day 1, on 

any given day, 4 week old SHR, WKY and Wistar rats exhibited 10-20 sec higher mean 

latency values than their respective 12 week old counterparts. 

The mean distances traveled by 4 and 12 week old Wistar rats and SHR were 

similar, and no significant difference was observed between age groups, but 4 week old 

WKY traveled a significantly greater distance compared to 12 week old WKY (F 1,3 = 

5. 759, P<0.05) (see figures 3B and 8B for 12 week old rats' and 4 week old rats' distance 
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data, respectively). Swim speed on day 1 of phase 1 was significantly reduced in 12 week 

old SHR compared to 4 week old SHR (p<O.OS). No significant differences were 

observed between 4 and 12 week old Wistar rats and WKY in this regard (see figures 4A 

and 9A for 12 week old rats' and 4 week old rats' speed data, respectively). 

Re-learning (phase 2): 

Although marked differences were observed between 4 and 12 week old rats in the 

phase 1 experiment, with minor exceptions, mean latency, distance and swim speed 

exhibited by the 4 week old animals were simi,lar to those for the 12 week old animals. 

These results indicated that rats from both age groups exhibited similar re-learning 

capacities (see figures 5 and 6 for 12 week old rats data; figures 10 and 11 for 4 week old 

rats data). 

G. Performance of a navigation~l memory task by hydralazine treated and 

untreated SHR and WKY 

1. Water maze phase 1 (learning) 

For the acclimatization trial (day 1 ), the mean latencies to reach the hidden 

platform exhibited by untreated and hydralazine treated WKY and SHR ranged from 65-

70 sec, there being no significant differences between groups (p>O.OS) (Fig. 14A). The 

mean distance traveled by each group also was similar, with no significant differences 

obtained (Fig. 14B). 
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In agreement with the previous results, starting from day 2 onwards, SHR required 

more time to reach the platform compared to WKY. Similarly, chronic hydralazine treated 

SHR required more time to reach the platform compared to hydralazine treated WKY (F3, 

44 = 3.97, P<O.OS). Although chronic hydralazine treatment prevented the development of 

blood pressure in SHR, the drug did not alter water maze performance by either strain. 

Thus, mean latencies to find the hidden platform over the 3 days of water maze testing 

were not significantly different either between hydralazine treated and untreated SHR, or 

between hydralazine treated and untreated WKY (Fig. 14A). The differences obtaine4 for 

the swim distance data were similar to those obtained for the swim latency data (F3, 44 = 

4.30, P<0.01) (Fig. 14B). During day 1 of the phase 1 experiment, swim speed was 

significantly decreased in SHR compared to WKY. Hydralazine treatment significantly 

increased the swim speed on day 1 by SHR but had no·effect on WKY (p < 0.05) (Fig. 

15A). 

2. Phase 1 visual acuity and number of entries 

There were no significant between-group differences obtained for the animals 

performing the visual acuity task administered on the fifth day of testing (Fig. 15C). 

Similarly, the mean number of entries within the platform location were also not 

significantly different among the different treatment groups - untreated WKY, untreated 

SHR, hydralazine treated WKY and hydralazine treated SHR (Fig. 15B). 

3. Water maze phase 2 (re-learning) 
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In the re~learning experiment, latencies to find the platform were greater in SHR 

compared to hydralazine treated and untreated WKY. Similarly, the latencies exhibited by 

hydralazine treated SHR also were greater compared to hydralazine treated and untreated 

WKY (F3, 44 = 11.96, P < 0.001). Although hydralazine treatment significantly decreased 

the blood pressure in SHR, the drug treatment produced no effect on water maze latencies 

(Fig. 16A). The tendencies for distance traveled were similar to the latency results (F3, 44 = 

9.62, P < 0.001) (Fig. 16B). In contrast to the results of the phase 1 study, swimming 

speeds for all experimental groups were not significantly different from each other (F3, 44= 

1.44, P = 0.24) (Fig. 17 A). 

4. Phase 2 visual acuity and number of entries 

There were no significant differences among strains in either visual acuity task 

(Fig. 17C) or number of entries within the former platform location (Fig. 17B). 

H. Performance of an inhibitory avoidance task by hydralazine treated and 

- untreated SHR and WKY 

Step-through latencies obtained during the acquisition trial of the passive 

avoidance paradigm were not significantly different among all groups (F3, 44= Q.05, P = 

0.98) (Fig. 18). After 48 hr, r~call of the previous adverse experience was assessed in the 

same apparatus. Step-through latencies were significantly reduced in SHR compared to 

hydralazine treated and untreated WKY. Similarly, latencies were significantly lower in 

hydralazine treated SHR as compared to hydralazine treated and untreated WKY. No 
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significant difference was observed between either hydralazine treated and untreated SHR 

or between hydralazine treated and untreated WKY (p < 0.01) (Fig. 18). Chi-square 

analysis revealed that the frequency of untreated SHR (8/12) and hydralazine treated SHR 

(7/12) entering into the unsafe dark box was significantly greater than untreated WKY 

(2/12) and hydralazine treated WKY (1/12) ~ = 13.2, P<O.Ol). Thus hydralazine 

treatment did not alter the task performance impairment present in SHR. 

I. Estimation of the density of M1 muscarinic receptors in 12 week old SHR and 

WKY 

The specific binding of [3H]-pirenzepine to Ml muscarinic receptor in all brain 

regions of SHR and WKY is presented in Table 1. High levels of [3H]-pirenzepine binding 

were concentrated in the CAl region of hippocampus, dentate gyrus, olfactory tubercle, 

caudate putamen, nucleus accumbens and amygdala. Medium levels of binding were 

located in several cortical areas and septohippocampal regions, whereas the lowest levels 

of binding were located in various nuclei of diencephalon and telencephalon. The binding 

density of eHJ-pirenzepine, was significantly greater in caudate putamen, CA3 region of 

the hippocampus, cingulate cortex, substantia nigra, posterior hypothalamus and 

tuberomammillary nuclei in SHR compared to WKY (p < 0.05). Essentially no differences 

in binding densities between strains were obtained for the remaining 48 brain regions 

analyzed. 

J. Estimation of the density of M2 muscarinic receptors in 12 week old SHR and 
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WKY 

The specific binding of[3H]-AFDX to M2 muscarinic receptors in all brain regions 

of SHR and WKY is presented in Table 2. High levels of eHJ-AFDX binding were 

concentrated in the caudate putamen, nucleus accumbens, olfactory tubercle, anterior 

ventr~ thalamic nuclei and rhomboid nuclei. Relatively lower levels of binding were 

concentrated in the various thalamic nuclei, interpeduncular nuclei, amygdala, parietal 

cortex, superior colliculli, andvarious motor nuclei of brain stem. The density ofM2 

receptor sites in SHR relative to WKY was greater in cert.ain brain regions, but decreased 

in others. A significant increased number of[3H]-AFDX binding sites was observed in 

SHR for the olfactory tubercle, accumbens nucleus, basolateral amygdala, trigeminal 

nuclei, facial nuclei, rostrov~ntrolateral medulla and paragigantocellular nuclei (p < 0.05). 

The largest increase (3 5. 5%) in M2 receptor density was found in the olfactory tub~rcle . 

On the other hand, a significant decreased number ofM2 receptors was observed in SHR 

for the parietal cortex, medial geniculate nuclei, anterioventral thalamic nuclei, 

ventrolateral thalamic nuclei, rhomboid nuclei and lateral hypothalmic nuclei (p < 0.05). 

K. Estimation of the density of nicotinic ([3H]-cytisine binding) receptors in 

hypertensive and normotensive rats 

1. 12 week old SHR and WKY 

The binding densities for [3H]-~ytisine to 50 brain regions are presented in Table 3. 

[
3H].;.cytisine binding was especially abundant in the interpeduncular nuclei, superior 
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colliculli, medial habenula and several thalamic nuclei. Medium densities of [3H]-cytisine 

binding sites were found in several cortical and striatal nuclei. Lower levels were present 

in globus pallidus, hippocampus and hypothalamus. [3H]-cytisine binding was reduced (by 

up to 25%) in the brains ofSHR. compared to WKY. Significant reductions were 

observed in about 50% of the regions analyzed, fucluding frontal cortex, caudate putamen, 

nucleus accumbens, medial habenula, superior collicullus and interpeduncular nucleus (p < 

0.05). In particular, the greatest inter-strain differences (~ 23%) were observed for 

frontal cortex (layers 3 -6), ventrolateral geniculate nuclei, and superior colliculli. The 

remaining 50% of the brain regions analyzed also exhibited a lower average number of 

binding sites. None of the regions analyzed exhibited a numerically greater binding density 

for SHR compared with the respective area in WKY. 

Initially, density of nicotinic receptors were compared between SHR and WKY. In 

order to provide a reference point to evaluate these differences, two brain regions each in 

· telencephalon, diencephalon and mesencephalon from Wistar rats were 

autoradiographically analyzed under the same condition. The binding density for [3H]

cytisine in 6 regions are presented in Table 4. SHR expressed a significantly decreased 

number ofbinding sites in all regions analyzed (p < 0.05). No significant differences were 

observed in binding densities between WKY and Wistar rats. 

2. 4 week old SHR, WKY and Wistar rats 

The results of the binding analyses are presented in Table 5. 4 week old rats 

exhibited a similar autoradiographic distribution of eHJ-cytisine binding sites as did the 12 

week old rats. For the young animals, the highest levels of [3H]-cytisine binding were 
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found in the interpeduncular nuclei, SlJperior colliculli, medial habenula and several 

thalamic nuclei, while lower levels of [~-cytisine binding sites were found in several 

cortical and striatal nuClei [3H]-cytisine binding was significantly decreased in SHR in 

40% of the brain regions analyzed compared to both WKY and Wistar rats (p < 0.05). In 

these young SHR, however, the percentage of the decrement in binding densities for the 

affected brain regions were generally less than those obtained in the adult rats (ranging 

only from 5 - 15% ). Although no significant inter-strain differences were obtained for the 

remaining areas, on average SHR always exhibited a reduced number of nicotinic 

receptors as compared to WKY and Wistar rats. 

3. Hydralazine treated and untreated SHR and WKY 

Chronic treatment with hydralazine-beginning from 4 weeks ofage·through 12 

weeks produced no significant effect on [3H]-cytisine binding either in SHR or in WKY 

(Fig. 19). Consistent with the data from the previous experiment, [3H]-cytisine binding 

sites again were found to be decreased in the frontal cortex and striatum of untreated SHR 

compared to untreated WKY (p < 0. 05). Despite the anti-hypertensive action of 

hydralazine, the density of [3H]-cytisine binding sites remained decreased in hydralazine 

treated SHR comp3;fed to hydrid~ne.treated WKY. 

L. Estimation of the density of nicotinic (bungarotoxin binding) ref!eptors in 12 

week old SHR and WKY 

Autoradiographically lligher lev~ls of P251]-bungarot~~n binding sites were 
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predominantly located in the interpeduncular nuclei, dorsal tegmental nuclei, , r 

hippocampus, superior colliculli, subthalamic nuclei and hypothalamus. Relatively lower 

levels of P251]-Bungarotoxin binding sites were found in anterior olfactory nuclei, 

amygdala and several thalamic nuclei. In contrast to the near global reduction in [3H]-

cytisine binding sites observed in the brain of SHR, only regional reductions in P251]

bungarotoxin binding sites were found for the hypertensive strain (p < 0.05). These sites 

were relegated to the anterior frontal cortex, anterior olfactory nuclei, anterior cortical 

amygdala, superior colliculli, medial preoptic nuclei, ventrolateral geniculate nuclei, lateral 

hypothalamus and posterior hypothalamus (Table 6). However, no inter-strain differences 

were obtained for brain region containing known cardiovascular regulatory areas, such as 

locus coeruleus, rostral ventrolateral medulla, parabrachial nuclei, olivary nuclei and 

trigeminal nuclei. 

M. Estimation of the density of vesicular acetylcholine transporter (vesamicol 

binding) sites in 12 week old SHR and WKY 

To determine whether the previously measured decrease in the density of nicotinic 

receptors was specific for SHR brain regions or a consequence of a potential lower density 

of cholinergic neurons, [3H] -vesamicol (AH-5183) binding to a site on the vesicular 

acetylcholine transporter was measured in SHR and WKY. [3H]-vesamicol (AH-5183) 

binding was predominantly concentrated in the interpeduncular nuclei, fifth, seventh and 

twelfth cranial nerve nuclei, amygdala, accumbens nuclei and olfactory tubercle. The 

density of[3H] -vesamico1 (AH-5183) .binding sites was not different between SHR and 
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WKY strains in all 3 8 regions analyzed (Table 7). These results suggest that the 

decreased number of nicotinic receptors present in the brain of SHR does not reflect an 

altered density of cholinergic neurons in SHR. 

N. In vitro brain synaptosomal rubidiu~ efflux induced by nicotine in 12 week old 

SHRandWKY 

As depicted in Figure 20, basal rubidium release (expressed in CPM) gradually 

decreased from fraction 1 to 8. When synaptosomes were stimulated with nicotine for 3 

min starting from fraction 7, ·rubidium release was increased above baseline level for a few 

fractions. Despite the continued presence of nicotine, the enhanced rubidium release 

quickly declined to baseline levels. Except for the period of enhanced release, the decline 

in basal release from fraction 1 to fraction 26 followed an exponential decrease with time. 

The magnitude of 86Rb + effiux from synaptosomal preparations of both cortex (F3, 

17 = 7.20, P < 0.01) and striatum (F3, 17 = 7.21, P < 0.01) ofWKY in response to different 

concentrations of nicotine (0.1 ~ 5.0 JlM) appeared to be dose-dependent (Fig.21A & 

21B). Although a tendency towards producing a dose-response was obtained in 

synaptosomes prepared from both cortex (F3 16 = 3.09, P = 0.056) and striatum (F3 17 = 
' ' ' 

2.44, P = 0.107) ofSHR, ~o significant differences in effiux magnitude were observed 

among all of the doses. 

In the cortex, the magnitude of synaptosomal 86Rb + effiux elicited by the 1. 0 and 

5. 0 JlM concentration of nicotine were significantly reduced in SHR as compared to WKY 

(t = 3.07; p < 0.05), whereas the response elicited by using 0.1 and 0.5 JlM concentration 
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of nicotine were reduced on average, but were not significantly different between the two 

different strains (Fig. 21B). Similarly, in striatal synaptosomes, the magnitude of 86Rb+ 

effiux was significantly decreased in SHR derived synaptosomes as compared to WKY in 

response to 5.0 J.lM nicotine (t = 2.40; p < 0.05). No significant differences were 

observed between the different strains in the amount of 86Rb + released at 0.1, 0. 5, and 1. 0 

J.lM nicotine (Fig. 21A). 

. . 

· 0. In vitro brain synaptosomal rubidiu~ emux induced by nicotine in hydralazine 

treated and untreated SHR and WKY 

In agreement with the previous results, a similar dose-resp~nse relationship to 

nicotine was observed for the nicotinic-stimulated (0.1 - 10 fJ.M) 86Rb+ eftlux from cortical 

and striatal synaptosomes prepared from untreated and hydralazine treated SHR and . 

WKY. The 10 J.lM concentration of nicotinic-stimulated 86Rb + eftlux was significantly 

reduced in cortical (F3, 13 = 4.95, P < 0.05) (Fig. 22), and striatal synaptosomes (F3, 15 = 

3.89, P < 0.05) (Fig. 23) prepared from SHR as compared to cortical and striatal 

synaptosomes derived from WKY. In addition, the magnitude of 86Rb+ eftlux was 

significantly increased in cortical synaptosomes of WKY as compared to SHR at 1. 0 J.lM 
) 

nicotine (F3 15 = 5.15, P < 0.05), but no significant differences in the amount of effiux , 

were observed between the two strains for striatal synaptosomes (F3, 15 = 2.29, P = 0.11). 

Chronic treatment with hydralazine beginning from weaning (4 weeks) to maturity (12 

weeks) produced no significant effect on nicotinic-stimulated 86Rb + eftlux in both SHR and 

WKY. As with untreated SHR, synaptosomes derived from cortex and striatum of 
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hydralazine treated SHR exhibited a reduced magnitude of nicotinic-stimulated 86Rb + 

effiux as compared to the 86Rb + effiux from cortical and striatal synaptosomes of untreated 

and hydralazine treated WKY (Figs. 22 and 23). 



V. DISCUSSION 

Hypertension is one ofthe major concerns of modem medical practice. It is well 

known that uncontrolled hypertension can lead to several complications such as heart 

disease, stroke, vascular dementia, atherosclerosis and multi infarct dementia, and that 

lowering blood pressure reduces the morbidity and mortality associated with 

cardiovascular diseases (Kannel et al., 1970). In recent years, the relationship between 

elevated arterial blood pressure and cognitive function has been extensively examined. 

The results of these studies generally have indicated th~t individuals with hypertension 

have slower reaction times (Boller et al., 1977), slower search rates through short-term 

memory (Madden and Blumenthal, 1989), and lower verbal scores on the Weschler Adult 

Intelligence task (Schultz et al., 1979). On the other hand, the results of animal studies 

using the SHR as the hypertensive model have proven to be conflicting, and more 

definitive answers along the lines of the clinical data have not been forthcoming (Sutterer 

et al., 1980; 1981; Knardhal and Sagvolden 1982; Wyss et al., 1992; Widy-Tyszkiewicz et 

al., 1993; Mori et al., 1995). Part of this inconsistency may reflect the fact that task 

. performance by SHR depends ~pon the nature of the task and its inherent complexity. 

Hypertensive animal Models: 

Over the past 3 5 years several animal models of hypertension have been developed 

to study the pathophysiology of the disease. In 1963, Okamoto and Aoki developed a 

strain of hypertensive rats that required no physiological, pharmacological or surgical 

intervention to elevate blood pressure. They began the development of a hypertensive 

62 
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strain by mating a male Wistar rat with mild hypertension (systolic pressure 145-160 

mmHg) with ~ female with relatively high blood pressure (systolic blood pressure 130-140 

mmHg). Twenty generations of genetic inbreeding (brother-to-sister) resulted in 100% of 

the progeny having naturally occurring hypertensive disease. The New Zealand strain of 

Genetically hypertensive rat developed by Smirk in 1958 (Smirk et al., 1958) is outwardly 

similar to the Japanese strain of SHR. Unlike SHR, however, the renin-angiotensin 

system, body fluid expansion, sodium retention and increased salt appetite or sensitivity to 

dietary salt did not play a role in the pathogenesis of hypertension in the New Zealand 

strain (Simpson and Phelan, 1984). Similarly, the Milan strain developed by Bianchi and 

co-workers (1974, 1975), was unique in that hypertension was maintained through 

alterations in renin, sodium, and water metabolism. Therefore, the Milan strain may be 

more analogous to human renal hypertension, rather than the more common essential 

hypertension. Another strain developed by Dahl, exhibits a high sensitivity to sodium 

intake (Dahl sensitive, "S") in comparison with its normotensive control (Dahl resistant, 

"R'') (Dahl, et al.,. 1962). In addition to these models several other hypertensive rat 

models such·as the Sabra strain (Zamir et al., 1978), Lyon ·strain (Vincent et al., 1978), as 

well as the non-genetic models-· the DOCA salt model (Terris et al., 1976), Goldblatt 

Model (Goldblatt et al., 1934) and neurogenic hypertension models all have been used to 

explore the pathophysiological mechanisms ofhypertensiot1. Recently, Mullins and co

workers (1990) developed a transgenic. hypertensive rat TGR(mREN2)27, a novel 

·experimental model ofhypertension that was derived by the transgenic expression of a 

mouse renin gene on the genetic background of non-inbred sprague -dawley rats. 
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However, the use of transgenic animals to determine the pathogenesis of hypertension is 

still controversial (Barrett and Mullins, 1992). Although there exist several of the above 

mentioned hypertensive models at present time, the Japanese strain of spontaneously 

hypertensive rats has received the most attention by scientists worldwide. However, 

several researchers believe that the use of spontaneous hypertensive rats as a model for 

human essential hypertension is still controversial for several reasons. First, in the course 

of inbreeding over many generations, the genotype becomes homozygous for all genes, 

not just those controlling the blood pressure. In addition to the blood pressure phenotype, 

several physiological differences have been coincidently inbred. Therefore, it is difficult 

determine whether a given phenotype expressed in SHR is related to the development of 

hypertension. This applies particularly to studies of CNS mechanisms, where several 

neurotransmitters already have been found to be altered in several brain regions of SHR. 

The majority of these alterations have not been conclusively linked to hypertension in this 

model. Second, because of the variations in breeding techniques within different colonies, 

genetic change, as revealed by phenotypic dissimilarities, has occurred. Third, the Wistar

Kyoto rat, a normotensive counterpart of the SHR, was established at least 12 years after 

the SHR strain. Therefore, the WKY is not a co genic normotensive strain of the SHR. 

Moreover, the release ofWKY to commercial laboratories as early as the F4 generation 

increases the suspicion that considerable genetic differences may exist between WKY 

strain maintained in the many laboratories using these rats. Considering the above facts, . 

when SHR and WKY are used in a study, it is often important to include another 

normotensive control such as the Sprague-Dawley or outbred Wistar rat. 
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Notwithstanding these disadvantages, SHR, if proper controls are used, continue to 

provide an excellent animal model for the disease~ and have been useful in predicting the 

efficacy of sev~ral classes of cardiovascular d111gs. Also, there exist several similarities 

between genetic hypertension iri the rat and essential hypertension in humans. First, both· 

forn;ts of hypertension in rat and man occur spontaneously. Second, both forms of 

hypertensions are polygenic in origin, and both are influenced by dietary and 

environmental factors. Third, both forms of hypertensions will respond to anti

hypertensive therapy. Fourth, both have their apparent onset early in the life. Thus, until 

a better model is. available, the SHR. continues to be used as an important animal model for 

essential hypertension. 

In addition to the blood pres.sure phenotype, several other phenotypes have been 

coincidently inbred in SHR.. This problem is perhaps magnified for studies of brain 

neurochemistry in which SHR. are compared to various control groups. Accordingly, the 

function of a number of neurotransmitters, neuromodulators, receptors, and signal 

transduction systems has been found to be altered in SHR. However, it has been much 

more difficult to relate such neurochemical alterations to the expression of hypertension 

phenotype~ let alone other physiological or behavioral abnormalities expressed by this 

strain. A good example is our finding that in SHR. the olfactory tubercle expressed the 

greatest decrease in M2 muscarinic receptor expression (3 5. 5%) and the olfactory nucleus 

expressed the greatest decrease in the number of [1251] a-bungarotoxin sites (31. 8%) of all 

brain regions examined .. The consequence of these ne~rochemical alterations with regard 

to the expression of hypertension, or to the impairment in task performance can only be a 
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matter of speculation. Previous studies in which regional brain neuronal activity was 

estimated in SHR and control strains have indicated that sensory areas, and in particular, 

cranial nerve nuclei exhibit enhanced neuronal activity in SHR (for review, see 

Buccafusco, 1996). Indeed, in our study, we observed increases in the number ofM2 

receptor sites within the trigeminal and facial nuclei, and the nucleus paragigantocellularis. 

The latter brain region is important for mediating sensory information related to the states 

of consciousness and arousal (for review, Van Bockstaele and Aston-Jones, 1995). For 

nicotinic receptors, sensory regions within the thalamus, the geniculate nucleus, the medial 

habenula, and interpeduncular nucleus exhibited the lowest numbers of nicotinic receptors 

in the brain. Therefore, one possibility is that alterations in the function of cholinergic 

regulatory mechanisms in key sensory regions of the SHR brain contributes to the 

expression ofbehavioral and perhaps even the cardiovascular phenotypes exhibited by this 

strain. This supposition is in keeping with the observation that stimulation of central 

cholinergic neurons in SHR results in a centrally-mediated hypertensive response that is 

much greater in magnitude (expression) than that produced in normotensive controls (for 

review, see Buccafusco, 1996). It is not yet known, however, whether nicotinic receptor 

agonists can produce altered behavioral responses in the hypertensive strain. An 

important in sensory integrating mechanisms may also explain the hypersensitivity to 

alerting stimuli (Sasagawa and Yamori, 1975), aggressiveness (Eichelman et al., 1973), 

and impaired attention (Sagvolden et al., 1992) exhibited by SHR. 

Performance of a navigational memory task by 12 week old SHR, WKY and Wistar 

rats: 
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Twelve week old SHR displayed significantly impaired performance in both water 

maze and passive avoidance paradigms compared with age-matched WK.Y and Wistar 

rats. The present results confirm those from previous studies that reported impaired 

performance of SHR in a conditioned avoidance task (Hecht et al., 1978), two-way shuttle 

box avoidance task (Sutterer et al., 1980), and radial arm maze task (Wyss et al., 1993; 

Mori et al., 1995). Alternately, the present results contradict those from previous studies 

showing improved performance of SHR compared to normotensive rats in runriing wheel 

avoidance task (Campbell and Di Carla, 1977), tWo-way active avoidance task (Sutterer et 

al., 1980), and water maze task (Widy-Tyszkiewicz et al., 1993). The inconsistency of 

results among previous studies could be attributed to several factors such as age, strain, 

task, complexity of the given task, source of the rats, and type of hypertension. 

In contrast to the reports of the present results, Widy-Tyszkiewicz and co-workers 

(1993) reported that SHR displayed significantly improved performance compared to 

Wistar and renal hypertensive rats in the learning phase of a water maze task, whereas no 

differences were observe4 in a re-learning version of the same task. The discrepant 

finding of this study and their results could be related to several factors. First, SHR that 

participated in each study were obtained from different breeding colonies. It is possible 

that the SHR obtained from different breeding colonies may exhibit some phenotypical 

dissimilarities. Second, Widy-Tyszkiewicz and co-workers suggested that SHR locate the 

safe platform more by random s~arching rather than by following spatial cues. Since their 

pool size was 33% smaller than ours, the probability of randomly locating the platform 

was much greater in their study. Third, Widy-Tyszkiewicz and co-workers (1993) 



68 

conducted a one day re-learning task using a one day inter-experimental interval and found 

no differences in latencies among strains. When we conducted a 4 day re-learning task 

using a 4 day inter-experimental interval, no significant diffe~ences were observed in the 

performance of first day of re-learning task but SHR exhibited significant impairment in 

task performance on the second and third days. It is possible that Widy-Tyszkiewicz and 

co-workers (1993) would have been observed similar performance deficits in SHR had 

they carried their experiments forward a few days longer. 

In the present study, during the acquisition trial (day 1 ), the swim latencies 

achieved by WKY were significantly greater compared with those achieved by Wistar rats. 

On the following test day no differences were observed between Wistar and WKY. In the 

present experiment, it was evident that on day 1, WKY tended to remain at the starting 

location longer than did SHR and Wistar rats. This initial immobility could be related to 

the increased neophobic behavior exhibited by WKY as compared with SHR and Wistar 

rats as reported by Delini-stula and Hunn (1985). 

Although SHR displayed greater swim latencies during days 2-4 of phase 1 trials, 

the distance traveled by SHR and the other groups were not significantly different on days 

2-4 of phase 1 trials. This apparent inconsistency could be attributed to the observation 

that in some rats, failure to solve the task (locating the platform) results in a tendency to 

float in place for short periods of time. This floating behavior effectively decreases the 

swim distance. 

In general, the swim speeds exhibited by the different groups of rats in the water 

maze experiment would not be expected to be differ. Should swim speed prove to be 
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different between experimental groups, such changes could impact on swim latencies. 

This interaction between speed and latency may be more problematic when using different 

strains, since each strain could respond differently to the novel environment. For .example, 

their may exist inter-strain differences in escape behavior from the water. In this 

experiment we observed that after placing a WKY in the water, the rat initially remained in 

the same place for few seconds, and once they overcome their fear of the water, they 

moved on further .. In contrast, after placing an SHR into the water maze, the rat often 

attempted to escape from the water and to search the pool randomly. In this study 

potential inter-strain differences in their initial response to the wate~ maze was avoided by 

using two phases of training, and by re-evaluating the swim speed on day 1 of the phase 2 

component of the experiment. During phase 2 testing all test subjects should have 

acclimatized to the testing environment. In the present study on the first trial given to 

each rat, swim speed was significantly reduced in SHR compared with Wistar and WKY. 

This difference in swim speed may be explained by at least two possibilities a) SHR might 

exhibit decreased general locomotor performanc~ than either WKY or Wistar rats, or b) 

SHR exhibit a unique initial response to the task as described above. However, from 

swim speeds obtained on day 1 of phase 2 it is apparent that the lower speeds exhibited by 

SHR during phase 1 were not the consequence of impaired motor performance, but might 

be due to this strain's unique initial response to the task environment. 

Results of the re-learning experiments indicated that on day 1 of phase 2, latencies 

to reach the hidden platform were similar in all groups. On the second test day, both 

latency and distance to reach the hidden platform were. markedly decreased in Wistar and 
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WKY, compared to SHR. The steep decline for latency and distance learning curves, 

from the first day to the second day for Wistar and WKY but not in SHR suggests that 

WKY and Wistar but not SHR used spatial memory strategy rather than random 

searching to locate the platform. Previously, Widy-Tyszkiewicz and co-workers (1993) 

also conducted a re-learning type task using a one day inter -experimental interval and 

found no differences in latencies among ~trains. Thus, although the results of their initial 

experiment support our first day results, since our protocol used a 4 day inter

experimental interval, this extra challenge may have allowed us to continue to observe 

impairment in task performance by SHR. 

In the acquisition trial of the passive avoidance task, step-through latencies for 

Wistar rats were significantly lower than SHR and WKY rats. These results were not 

expected but they could indicate an increased level of fear of the novel environment 

exhibited by SHR and WKY rats compared to Wistar rats. SHR displayed significantly 

impaired performance in the passive avoidance task compared with WKY and Wistar rats. 

In agreement with this finding, impaired performance of a similar task by SHR has been 

previously reported (Knardhal and Karsen, 1984). The present results are also in 

agreement with the water maze results where the Wistar and WKY rats displayed 

significantly greater memory retention than SHR. 

The results of the present study using 4 week old groups indicate that despite the 

similar levels ofblood pressure in al13 strains, memory-related performance by SHR was 

still impaired. SHR exhibited significantly impaired performance in the re-learning phase 

of the water maze task and in the passive avoidance task. These results suggest that 
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elevated blood pressure per se does not underlie the learning and memory-related task 

disruption present in SHR. In agreement with these findings, it has been reported that 

during their pre-hypertensive stage ( 4-7 week old), SHR exhibit impaired performance in 

the passive avoidance (Knardhal and Karsen, 1984) and two-way shuttle box avoidance 

· . paradigms (Sutterer et al., 1980). 

When the task performance exhibited by each strain of four week old rats was 

compared with the respective performance by the twelve week old rats, the four week old 
. . . .. . 

(prehypertensive) SHR, WKY and Wistar rats exhibited a signifi~ant impairment in 

learning capability. In the phase 1 (learning trials), mean latencies and distances traveled 

by the four week old rats generally were greater than those of the 12 week old rats. The 

impairment of task performance by the 4 week old rats may be related to incomplete 

development of central processes that are required to normally perform the task. 

To further determine whether the hypertensive state per se was responsible for the 

impairment in performance ofthe memory-related tasks by SHR, water maze experiments 

were conducted in rats treated with the anti-hypertensive drug, hydralazine. Currently, 

several classes of anti-hypertensive drugs are available for the treatment of hypertension. 

The selection of an individual drug or combination of drugs from two different classes are 

critical, and often depends on the animal model or clinical condition. The results from 

several previous studies indicate that certain anti-hypertensive treatments can alter the 

memory-related task performance by experimental animals and affect -cognitive function in 

hypertensive individuals (for review, see Richardson and Wyke, 1988). Although many 

classes of anti-hypertensive drugs can produce a similar anti-hypertensive response, the 
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effect on cognitive processes may differ considerably for even the most commonly used 

classes. For example, several studies have demonstrated that angiotensin converting 

enzyme inhibitors can improve the performance of memory-related tasks in mice, as well 

as antagonize the amnestic action of scopolamine (Costate et al., 1988; Currie et al., 1990; 

Mondadori and Etienne, 1990a). Similarly, the results from several animal studies suggest 

that calcium channel antagonists may enhance the performance of learning and memory in 

memory-related tasks (Izquierdo, 1990; Deyo et al., 1989). In contrast, P-adrenergic 

receptor antagonists such as propranolol, metoprolol, and atenolol have been reported to 

worsen (Solomon et al., 1983; Salem and McDevitt, 1983), improve (Dimsdale et al., 

1989), or have no effect (Madden et al., 1988) on cognitive function in human subjects. 

Because of their direct effects on cognitive performance either experimentally or clinically, 

the above classes of antihypertensive drugs were not considered appropriate tools for 

lowering the blood pressure of SHR. in our·experimental series. Hydralazine, a potent 

arterial vasodilator, has been used to decrease arterial pressure in SHR (Whitehorn et al., , 

1983; Juskevich et al., 1978). In·factchronic treatment ofSHR with hydralazine from 

weaning to maturity prevented the development of hypertension, and at the dose used (15-
. . ' 

20 mg/kg/day) it elicited no adverse effects. Although hydralazine causes arterial 

vasodilation, its precise mechanism of action is poorly understood. Recently, Gurney and 

' . 

Allam (1995)' reported that hydralazine relaxes the vasc~lar·s~nooth muscle by blocking 

the IP3 -dependent release ofCa+2 from the sarcoplasmic reticulum. Thus far, no reports 

are available regarding the effect of hydralazine on learning and memory and, our study is 

first ofits kind to evaluate the effect ofhydralazine in this' regard in both hypertensive and 
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-normotensive rats. Our results indicate that hydralazine did not alter the ability of rats to 

perform any of the behavioral tasks to which they were subjected, nor did the drug 

produc_e effects on body weight gain in either SHR or WKY. In addition, chronic 

treatment with hydralazine prevented the development of hypertension in SHR, but did not 

improve the ability of SHR to perform either the water maze or passive avoidance tasks. 

These results demonstrate that the impairment of task performance exhibited by SHR is an 

inherent characteristic of the SHR, and not a secondary effect of the hypertension. 

Similarly, Whitehorn and co-workers (1983), and Hendly and co-workers (1983) 

suggested that locomotor hyperactivity, another SHR phenotype, is not associated with 
\, 

elevated blood pressure. Hendly and co-workers conducted a cross breeding study and 

concluded that no correlation existed between individual blood pressure levels and 

locomotor hyperactivity scores for F1 and F2 generations of crossbred SHR and WKY. 

Whitehorn and co-workers used hydralazine to control the blood pressure and came to the 

same conclusion as Hendly and co-workers. Alternatively, Wyss and co-workers (1993) 

reported that captopril, an angiotensin converting enzyme inhibitor, significantly 

·prevented the development of blood pressure but actually improved task perfo_rmance by 

SHR in the radial arm maze task compared with untreated SHR. These authors appeared 

to overlook the fact, however, that captopril can improye memory-related task 

performance even in normotensive rats (Costate et al., 1988; Currie et aL, 1990; 

Mondadori and Etienne, 1990). Moreover, they did not include a captopril-treated 

normotensive group in their study. 

There has not been much speculation as to the reasons for the impaired · 
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performance of SHR in many of these memory related tasks. It is of interest, however, that 

the SHR has been used as the model for attention deficit hyperactive disorder (Sagvolden 

et al., 1992). Along these lines, the potential inability of these rats to maintain attention 

during task performance may contribute to their imapirment. The anatomical basis for this 

contention was provided by the study ofWyss and coworkers (1993) who reported that 

there exists an age-related disorganization of the retro splenial cortex in SHR. This 

disorganization potentially disconnects the hippocampal formation from other regions of 

the brain and affects learning and memory. Although, disorganization of the retro splenial 

cortex may play an important role anatomically, the involvement of central cholinergic 

neurons in hypertension-related deficits in cognitive performance has not been explored. 

Yamada and co-workers (1987) and Khan and co-workers (1994) reported that SHR · 

displayed decreased numbers of nicotinic receptors in several gross brain regions 

compared to their normotensive controls. On the basis of the present results, we proposed 

that the cognitive deficits exhibited by SHR are due to a decrease in the expression of 

central nicotinic receptors, and hence, a decrease in nicotinic cholinergic 

neurotransmission in the CNS of SHR compared to controls. However, apart from the 

impaired cognitive ability, the genetic strain of SHR exhibits several other phenotypes, 

such as decreased thigmotaxis, decreased attention, increased exploration, aggressiveness 

and irritability (Eichelman et al., 1973; Sasagaw~ and Yamori, 1975; Rogers et al., 1988; 

Knardhal and Chindaduangratn, 1984). The impaired cognitive ability could be either an 

independent phenotype, or a consequence of the expression of other behavioral 

phenotypes such as decreased attention etc. Cognition and hypertension are very complex 
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and multi factorial processes. Until the causative factors of hypertension known and the 

role of specific neurotransmitters in impairment of memory-related tasks become clear, it 

is difficult to attribute a specific neurotransmitter to a role in hypertension-induced 

memory impairment. The results of this study demonstrate that the hypertensive state 

pres.ent in SHR is not respo~sible for learning and memory deficits observed in this strain. 

This concept has been both supported by Pierce and Elias (1993) and Gurland' and 

coworkers (1988), and contradicted by Currie and coworkers (1990) in clinical studies. 

Cholinergic receptors and Hypertension: 

Converging evidence from several studies have emphasized the importance of the 

cholinergic system in learning and memory: 1) loss of cholinergic cells and neurochemical 

markers in patients with severe memory deficits (Perry et al., 1978); 2) memory deficits 

produced by leisoning of the basal forebrain cholinergic system (Dunnett, 1985); 3) neural 

grafts of cholinergic rich neurons in leisoned animals promote task learning (Dunnett, et 

al., 1985); 4) decreased levels ofbrain choline acetyltransferase present in aged and 

leisoned animals; 5) impairment of memory by cholinergic antagonists and improvement of 

learning and memory performance by cholinergic agonists (for review Hagan and Morris, 

1988). 

In the present study, the focus was the role of cholinergic receptors in the 

cognitive impairment exhibited by SHR. The data derived from the use of the partially 

selective antagonists [3H]-pirenzepine and eHJ-AFDX (used to label M1 and M2 

muscarinic receptors, respectively) indicate that a relatively greater density ofMl 
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muscarinic receptors was located in the telencephalon and was quite distinct from the 

distribution ofM2 receptors. High levels of [3H]-pirenzepine binding was found in 

cerebral cortex, striatum and hippocampus, whereas [3H]-AFDX binding was concentrated 

in the caudate putamen, various thalamic nuclei, interpeduncular nuclei, superior colliculli 

and various motor nuclei of brain stem. The distribution ofM1 and M2 receptors in both 

SHR and WKY was quite similar to that reported by several others who used Sprague

Dawley and Wistar rats (Spencer et al., 1986; Mash and Potter, 1986; Quirion et al., 

1989). The results of the present study indicated that the [3H]-pirenzepine sites were 

greater in several brain regions of the SHR compared to WKY. The density ofM2 

muscarinic receptors also was significantly greater in several brain regions of SHR 

compared to WKY. In addition, several sites exhibited decreased numbers ofM2 

muscarinic receptors in SHR compared to WKY. The results of previous studies indicate 

that the density of the [3H] QNB (an irreversible non-specific muscarinic receptor 

antagonist) and [3H]cis-methyldioxolane (a non-specific agonist) binding was significantly 

higher in several gross brain regions of SHR compared_ to WKY (Hershkowitz et al., 

1983; Yamada et al., 1987). However, the present study is first of its kind to detect 

alterations in the expression of individual sub-types of central muscarinic receptors in SHR 

andWKY. 

In the present study, the majority of the areas where alterations were present in Ml 

and M2 receptors such as posterior hypothalamus, tuberomammillary nuclei, R VL, facial 

nuclei, trigeminal nuclei and nucleus paragigantocellularis lateralis are known to play a 

role in cardiovascular regulation. These results support previous findings that suggest a 
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role for muscarinic cholinergic receptors in cardiovascular regulation (for review, see 

Buccafusco, 1996). Except for the decrease ofM1 receptors in CA3 region of the 

hippocampus, none of the other areas where Ml and M2 receptor alterations were present 

in SHR are known to play a role in the processes underlying learning and memory. 

Interestingly, several investigators have reported that M1 receptors of the hippocampus 

were not altered post mortem in Aldteimer' s disease patients compared to those of age

matched non-demented healthy subjects (Mash and Potter, 1985; Araujo et al., 1988; 

Aubert et al., 1992). These results question the importance of hippocampal M1 receptors 

in mediating the memory impairment associated with Alzheimer's disease. Thus, the 

present results indirectly suggest that the impairment in cognitive performance exhibited 

by SHR is not a direct consequence of alterations in the expression ofMl and M2 

musca~c receptors. 

Since M1 and M2 muscarinic receptors were not altered in cognition-related areas, 

we next determined whether the nicotinic sub-types of ~cetyl choline receptors were also 

expressed differently in hypertensive and normotensive rats. The results of the present 

study using r~diolabeled cytisine which binds selectively to high affinity nicotinic receptors 

indicate that nicotinic receptors are widely distributed in the brains of SHR and WKY. 

[
3H]-cytisine binding was especially abundant in the interpeduncular nuclei, superior 

colliculli, several thalamic nuclei, medial habenula, cerebral cortex and caudate putamen. 

In contrast, the labeling of P251]-bungarotoxin sites in the brains of SHR and WKY 

exhibited strikingly a different anatomical distribution. These receptors were 

predominantly expressed in the hippocampus, cerebral· cortex, hypothalamus, and 
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interpeduncular nuc~ei. This distribution pattern of eHJ-cytisine binding sites and P251]

bungarotoxin sites in both SHR and WKY was quite similar to those reported by several 

others using different inbred strains of mice as well as Sprague-Dawley and Wistar rats 

(Hunt and Schmidt, 1977; Marks et al., 1989; Pauly and Collins 1993; Clarke, et al., 

1984,1985; Harfstrand et al., 1988). In contrast to the selective and regional alterations in 

the expression of muscarinic receptors, our results demonstrated th~t [3H]-cytisine 

binding sites in SHR were significantly decreased in 25 of the 50 brain regions analyzed as 

compared to normotensive WKY. The average number of [3H]-cytisine binding sites 

were decreased on average in all SHR brain regions compared to WKY. In addition, [3H]

cytisine binding was also estimated in the brain ofWistar rats and compared with those of 

SHR and WKY. No significant differences were observed in binding density of nicotinic 

receptors between WKY and Wistar rats, but SHR exhibited decreased number of 

nicotinic receptors in several regions compared to those of both Wistar and WK.Y. The 

results of the present study are in agreement with those from previous reports in that SHR 

exhibited decreases in the densities of nicotinic receptors in several gross brain regions 

including, cortex, thalamus, striatum and spinal cord compared to WKY (Yamada et al., 

1987; Kubo and Misu, 1981; Khan et al., 1994). However, more regional changes in 

nicotine receptor expression could not be determined using classical synaptosomal binding 

techniques. The maximum decrease in nicotinic receptor density measured for SHR in this 

study was 23% and similar results were obtained by Yamada and coworkers (1987). 

Yamada and co-w~rkers also have reported that there were no significant differences in 

the dissociation constants (Kd) between the two strains. 
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The a.7-containing subclass of nicotinic receptors, labeled with P25I]a. 

bungarotoxin was also estimated ~ the brains of 12 1week old SHR and WKY. In the 

present experiment, several sites labeled with [125I]a. bungarotoxin were decreased for 

SHR compared with WKY. Unlike the more global decrease in [3H]-cytisine binding sites 

described above, these differences were localized to specific brain regions such as the 

anterior olfactory nuclei, layer 6 of anterior frontal cortex, superior colliculli and lateral 

hypothalamus. Thus far, no reports are available comparing the expression of P251]a. 

bungarotoxin binding .sites in the brain of SHR and WKY. The importance of a 

bungarotoxin binding sites in cognition is incompletely understood. Several laboratories 

have found significant reductions in the number of post mortem [3H]-cytisine binding sites 

in cortex and hippocampus from Alzheimer's disease patients, but no alterations were 

reported in P25I]a bungarotoxin sites (Sugaya, et al., 1990). 'However, the result of one 

study indicates that hippocampal tissue from schizophrenic subjects is deficient in a 

bungarotoxin binding sites and in the mRNA encoding the a.7 subunit of a. bungarotoxin 

receptors (Adler et al., 1992). 

Consistent with our data derived from the 12 week old SHR, the density of 

eHJcytisine binding sites was also decreased in pre-hypertensive 4 week old SHR 

compared to age-matched WKY and Wistar rats. The general· autoradiographic 

distribution of binding sites for the 4 week old rats were in agreement with that for the 12 

week old rats. [3H]-cytisine binding sites were predominantly expressed in 

interpeduncular nuclei, superior colliculli and several thalamic nuclei. Fiedler and co

~orkers (1990) studied the developmental (5 to 30 days of age) aspects ofnicotinic 
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receptors in several mouse brain regions. They reported a variable developmental pattern 

of nicotinic receptor expression that include increases, decreases or no change depending 

on the brain region. No reports are available regarding the developmental pattern of 

nicotinic receptor expression in rat brain. Although we examined the density of nicotinic 

receptors in 4 week and 12 week old rats, both experiments were not conducted at the 

same time. Therefore, we could not compare data from both age groups in the present 

experiment. The results of the present study indicate, however, that 16 of the 42 regions 

analyzed exhibited significantly decreased binding sites in SHR compared to both WKY 

arid Wistar rats. Most of the sub regions of cortical, striatal and thalamic areas exhibited a 

decreased number of cytisine binding sites in SHR. The .extent of the decrease in nicotinic 

receptor expression in. SHR compared to WKY. and Wistar rats was approximately 5-15% 

in 4 week .old anlmais, whereas these differences increased to 10-25% in 12 week SHR 

compared to age-matched WKY and Wistar'rats. In agreement with the nicotinic receptor 

expression results, 12 week old SHR exhibited significant impairment in all tasks (i.e., 

phase 1 water maze task, phase 2 water maze task, and passive avoidance task) compared 

to that of age-matched WKY and Wistar rats, whereas 4 week SHR exhibited significant 

impairment only in Phase 2 of the water maze task and in the passive avoidance task, but 

not phase 1 of water maze task. Thus, these appears to exist a relationship between 

degree of task impairment and the percentage loss of high affinity nicotinic receptors. 

The present results regarding nicotinic receptor expression are consistent with those of 

one earlier study in which the authors report that the density of nicotinic receptors was 

lower in- medulla oblongata from 5 week old SHR compared to age-matched WKY 
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(Yamada et al., 1987). No other brain regions from pre-hypertensive rats have been 

studied in this regard prior to the present data. Mean systolic blood. pressure levels were 

similar in all strains of pre-hypertensive 4 week old rats (SHR, WKY and Wistar), but the 

density of the central nicotinic receptors were lower in SHR compared to those ofWKY 

and Wistar rats. These results indicate that the decreased density of nicotinic receptors in 

SHR may not be a direct consequence of hypertensive state. 

To further underscore this possibility, the development of hypertension was 

prevented in SHR by chronic treatment .with hydralazine beginning from 4 weeks old 

through 12 weeks old. Chronic treatment with hydralazine significantly prevented the 

development of hypertension, and produced no adverse effects on body weight gain or on 

gross motor behavior. The density of[3H]-cytisine'binding sites was measured in frontal 

cortex and striatum from chronic hydralazine treated SHR and WKY, and compared to 

those same regions from untreated SHR and WKY. The frontal cortex and striatum were 

selected as the representative sites used for this experiment and for the rubidium study 

(see below) for several reasons: 1) frontal cortex and striatum each exhibited strong 

interstrain differences in the levels of cytisine binding; 2) both regions were anatomically 

very discrete and easily accessible ~or microdissection; 3) the amount oftissue.present in 

each region precluded having to pool samples; 4) receptor density was evenly distributed 

in these areas so that the functional status of receptors as determined by rubidium efilux 

could be directly correlated with the density of nicotinic receptors; 5) ·the obvious 

involvement of frontal cortical region in cognition processes. The results of this series of 

experiments were consistent with our previous binding data from untreated SHR since a 
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significant decrease in the number of receptors measured in both frontal cortex and 

striatum were obtained in comparison with untreated WKY. Similar differences were also 

observed in the density of nicotinic receptors in frontal cortex and striatum of hydralazine 

treated SHR and WKY. Alternatively, no significant differences were observed in the 

expression of nicotinic receptors for both frontal cortex and striatum either between 

hydralazine treated and untreated SHR or between hydralazine treated and untreated 

WKY. Thus, chronic hydralazine treatment did not alter the density of nicotinic receptors 

in either frontal cortex or striatum. These results further support the contention that the 

hypertensive state has no direct consequence for the expression of nicotinic receptors, and 

that the differences observed between the two strains represent a phenotypical 

phenomenon. 

One additional question to consider was whether the biochemical or physiological 

function of the remaining population of nicotinic receptors was altered in SHR. One 

biochemical assessment of nicotinic receptor function is the nicotine-induced effiux of 

rubidium from synaptosomal preparations (Marks et al., 1991). As depicted in Figure 20., 

the magnitude of rubidium effiux in response to stimulation of nicotinic receptors with 

various concentrations of nicotine was concentration dependent. The pattern of rubidium 

release from synaptosomes derived from cortex or striatum of SHR or WKY was similar 

to that ·reported for mouse synaptosomes derived from cortex or thalamus (Marks et al., 

1993). The magnitude of nicotine-stimulated 86Rb+ effiux from synaptosomes prepared 

from cortex and striatum was significantly decreased in SHR. These results are consistent 

with the decreased expression of nicotinic receptors observed in these areas. However, 
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the number of nicotinic receptors and the magnitude of rubidium eftlux were not 

decreased by the same extent. Nicotinic binding sites were decreased by approximately 

20% in cortical and striatal regions from SHR, whereas the magnitude of rubidium eftlux 

decreased by 40-60% in the same areas. One possible explanation for this potential 

inconsistency is that the concentration of radiolabeled ligand used, in this study was not 

high enough to measure the near-maximal number of binding sites. In our study, we used 

5 nM [3H]-cytisine to estimate the nicotinic receptors whereas the concentration required 

to saturate binding sites was approximately 20 nM (Gattu et al., 1995). Notwithstanding 

this minor limitations, the,results suggest that both the expression of nicotinic receptors ~s 

well· as their functional status are decreased in SHR compared to their normotensive 

counterparts. Consistent with the previous rubidium_eftlux data obtained from untreated 

SHR and untreated WKY, chronic hydralazine treated SHR exhibited a significantly 

decreased magnitude of rubidium eftlux compared to chionic hydralazine treated WKY. 

Thus, chronic hydralazine treatment and blood pressure normalization produced no 

significant effect on rubidium eflfux in either SHR. or WKY. · 

Alzheimer's disease, is a neurodegenerative condition that is associated with a 
l 

decreased number of cortical and hippocampal nicotinic receptors (Aubert et al., 1992; 

Perry et al., 1987), and the loss of learning and memory abilities (Perry et al., 1978). 

These biochemical and behavioral findings have been well correlated with the loss of 

cholinergic neurochemical markers such as choline acetyltransferase activity, and the 

activity of the high affinity choline uptake system (Bartus et al., 1982). In the present 

study, both the impairment in performance of memory-related tasks, and a decrease in the 
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number of central nicotinic receptors were exhibited by SHR. To insure that this decrease 

in the density of nicotinic receptors was not a consequence of a potential lower density of 

cholinergic neurons, the binding of [3H]-vesamicol (AH-~ 183) to a site on the vesicular 

acetylcholine transporter was measured in brain sections from SHR and WKY. [3H]-

vesamicol (AH-5183) binding was predominantly concentrated in the interpeduncular 

nuclei, fifth, seventh and twelfth cranial nerve nuclei, amygdala, accumbens nuclei and 

olfactory tubercle.. The overall autoradiographic distribution of [3H]-vesamicol (Ali-

5183) binding in SHR and WKY was consistent with that reported by Altar and Marien . 

(1988) who used Sprague-Dawley rats. However, no previous reports are available that 

compare the density of [3H]-vesamicol (AH-5183) binding sites in SHR and WKY. In the 

present study, the density of [3H]-vesamicol (AH-5183) binding sites was not different 

between SHR and WKY for all 3 8 regions analyzed. It might be pointed out however that 

several other cholinergic neuronal markers such as the activities of acetylcholinesterase, 

choline acetyltransferase, and the high affinity choline uptake system were increased in 

SHR compare to WKY (for review, see Buccafusco et al., 1996). However, these 

changes were relegated mainly to areas more involved with central autonomic regulation. 

, The results with vesamicol binding suggest that the decreased expression of brain nicotinic 

receptors observed for SHR does not reflect an altered density of cholinergic neurons in 

SHR. Considering these findings, the SHR strain may provide a useful animal model for 

clinical situations derived from a decreased expression of nicotinic receptors. 

The mechanism that contributes to the decreased expression of brain nicotinic 
( 

receptors in SHR is unknown, but several possible theories exist. One possibility 
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considers the influence of corticosteroids on the regulation of nicotinic receptors. 

Circulating levels of plasma aldosterone and corticosterone have been reported to be 

increased in the SHR compared other strains of rats under normal (lams et al., 1979; 

Sowers et al., 1980) and stressful situations (Sowers et al., 198-1). Moreover, a 

significant increase in plasma cortisol concentration has been reported in young human 

adults with a familial predisposition to hypertension (Watt et al., 1992). Hausler and co

workers (1983) reported that basal plasma concentrations of glucocorticoids and 

corticosterone were higher in young ( 4 week old) SHR compared to age-matched WKY, 

but disappeared in older rats (16 week old). Aoki and co-workers (1963) and lams and 

co-workers (1979) found that the pituitary gland became enlarged and there was a 

considerable increase in pituitary basophils in SHR just before the development of 

hypertension. It is well known that hypertension induces stress, and stress increases blood 

pressure. Several hormones including prolactin, ACTH and corticosterone are released in 

copious amounts under ·conditions of stress. Stress and elevated levels of corticosterone 

are known to alter the density of nicotinic receptors (Pauly et al., 1990b;1993; Takita et 

al., 1995). Pauly and co-workers (1993) have shown that chronic treatment with 

corticosterone for 1 week significantly reduced P25I]a-bungarotoxin binding in 77 of 115 

brain regions examined. In contrast, binding sites for [3H]-nicotine did not decrease as 

much as did those for [125I]a-bungarotoxin, and ~nly 7 of the 83 regions measured 

exhibited a lower number of binding sites in rats treated for 1 week with corticosterone. 

Our results in SHR (which exhibit a high plasma level· of corticosterone) signified an 

opposite trend to the resul~s with steroid infusion in that we observed a predominant 
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reduction in [3H]cytisine binding sites and a lesser degree ofr~duced P25I]a-bungarotoxin 

binding sites in SHR. (in comparison with WKY). However, both studies were consistent 

in finding a decreased expression of nicotinic receptors (irrespective of the specific 

subclass) in SHR and corticosterone treated rats. Takita and Muramatsu (1995) 

demonstrated that chronic immobilization stress (2 h/day for 2 weeks) decreased the 

number of [3H]-cytisine binding sites in the cerebral cortex and midbrain. These results 

· further support the p·ossible interrelation between stress, elevated levels of corticosteroids, 

hypertension and a decreased number of nicotinic receptors (see fig. 24 for a schematic 

representation ofthis interrelationship). Thus, the hypertensive state (Wyss et al., 1993; 

Mori et al., 1995), stress, elevated levels of corticosteroids (Mondadori and Hausler, 

1990), and decreased nicotinic receptor expression can each be associated with poor 

performance of memory-related tasks in rats and humans. 

Nicotinic receptors may play an important role in cognition, and it is well known 

that nicotinic receptor agonists improve the performance of learning and memory tasks in 

both animal models and in humans, and this effect can be blocked and reversed by· 

nicotinic receptor antagonists. But decr~ased expression of nicotinic receptors and 

impaired cognition have been associated iii degenerative diseases su.ch as ;parkinson' s 

disease and Alzh~imer's disease (for review Levin, 1992). Recently, Picciotto and co

workers (1995) questioned the importance of nicotinic receptors in learning and memory 

in th~ir studies using P2 subunit of nicotinic receptor knockout mice. The p2 subunit of 

the high affinity nicotinic receptor was targeted for deletion and the involvement of this 

subunit in pharmacological and behavioral studies was examined. These authors reported 
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that high-affinity binding sites were completely abolished, and in electrophysiological 

studies, thalamic neurons did not respond to nicotine application. Nevertheless, the mice 

lacking the nicotinic receptors did not exhibit impaired passive avoidance and water maze 

performance, rather they performed the tasks better than wild type mice. Studies using 

knockout mice while scientifically intriguing, are not always conclusive when they are 

designe4 to determine the physiological significance of a particular neurotransmitter, 

receptor, etc. Notwithstanding the obvious species differences, at the time knockout mice 

reach maturity, it cannot yet be determined as to whether some redundant mechanism has 

taken over the function· (in this case) of the high· affinity nicotinic receptor. This 

contention is supported by the findings that adult rats, monkeys and humans perform 

poorly in memory-related tasks after being treated with the nicotinic receptor antagonist 

mecamylamine (for review, Levin, 1992). The findings of the present study are all 

consistent with the possibility that SHR. exhibit a reduced efficacy of nicotinic receptor 

function leading to impairment in memory-related task performance. Some question 

remains as to whether the elevated blood pressure, or some other characteristic of this 

strain contributes to the behavioral impairment. It should be possible to address this 

question more directly in future experiments in which SHR. are back crossed with WKY 

and the offspring examined for the phenotypes (and possibly the genotypes) exhibited by 

the parents. According to the results of this study, it would be expected that the 

hypertension phenotype would not co-segregate with either decreased expression of 

nicotinic receptors or impaired task performance. 

While cognitive difficulty associated with human hypertension is perhaps not a 



major clinical concern, the results of this study support the concept that nicotinic 

cholinergic receptors a~e indeed important for normal cognitive functioning. In other 

neurodegenerative disorders in which the loss of nicotini·c receptors is more dramatic, 

there is a greater loss of cognitive function. Therefore, the SHR strain may provide an 

important animal model for the study of central nicotinic receptor dysfunction in the 

mature subject. 
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SUMMARY: 

1. Resting systolic blood pressure of 12 week old SHR was maintained at 

hypertensive levels, and was significantly higher compared With age-matched 

normotensive WKY and Wistar rats. SHR exhibited impaired performance in both 

the learning and re-learning phases of the water maze and passive avoidance task 

as compared to WKY and Wistar rats. 

2. The resting level of systolic blood pressure was similar in all 3 strains of 4 week 

old rats. Immature rats from all 3 strains were deficient in behavioral task 

performance compared with their adult counterparts. Despite this developmental 

difference between young and adult rats, SHR were more. impaired than either 

normotensive strain in their performance of the re-learning phase of the maze task 

and in the passive avoidance task. Therefore, the deficits in task performance 

exhibited by SHR precede the development of hypertension in this strain. 

3. Chronic administration of the vasodilator drug hydralazine from 4 through 12 

weeks of age prevented the develop~ent of hypertension in SHR. Despite the 

normotensive level of blood pressure in SHR, this group also exhibited impaired 

performance in memory-related tasks. Thus; the hypertensive state is neither 

sufficient nor necessary to obtain the impairment of task pe~fbrmance by SHR. 

4. the autoradiographic density of cholinergic muscarinic receptors was significantly 

different in several brain regions between SHR and WKY. Ml and M2 subtypes 

of the muscarinic receptors each exhibited interstrain differences, however, the 

anatomical location of these changes in muscarinic receptor expression were 

89 
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localized to regions more involved in autonomic regulation, rather than for those 

underlying cognition. The autoradiographic density of cholinergic nicotinic 

receptors was decreased in most brain regions from 12 week old SHR as 

compared with those from age-matched WKY and Wistar rats. Significant 

interstrain differences in the levels of eH]-cytisine binding ofup to 25% of control 

were obtained in about 50% of the brain regions examined. The binding levels of 

P25I]a-bungarotoxin to-brain slices also were decreased in SHR, however, only 

certain brain areas exhibited significant interstrain differences. The alterations in 

the expression of cholinergic receptors in SHR were not due to changes in the 

density of cholinergic neurons since there were no interstrain differences in the 

autoradiographic densities of [3H]-vesamicol binding which labels vesicular 

acetylcholine uptake sites. 

6. The autoradiographic density of cholinergic nicotinic_ receptors ([3H]-cytisine 

binding) was decreased in most brain regions from 4 week old SHR as compared 

with those from age-matched WKY and Wistar rats. The interstrain differences 

were not as great as those from respective brain regions from 12 week old rats. 

Therefore, the reduced expression-of high affinity nicotinic receptors, like the 

behavioral impairment, precedes the development of hypertension. 

7. Chronic admi.Ustration of the vasodilator-drug hydralazine from 4 through 12 

weeks of age prevented the development of hypertension in SHR. Despite the 

normotensive level of blood pressure in SHR, this group also exhibited a reduced 

expression of high affinity nicotinic receptors in the frontal cortex and striatum. 



These results support the contention that the hypertensive ·state does not 

contribute to the reduced expression of nicotinic receptors in SHR. 

8. The magnitude of the nicotine-stimulated eftlux of rubidium from synaptosomes 

derived from frontal cortex or striatum of 12 week old. SHR was decreased 

compared with that from aged matched WKY. Thus, this decrease in receptor 

function assessed in vitro is reflected by a decreased expression of brain high 

affinity nicotinic receptors. Chronic administration of the vasod~lator drug 

hydralazine from 4 through 12 weeks of age prevented the development of 

hypertension in SHR. Despite the normotensive level of blood pressure in SHR, 

this group continued to exhibit a reduction in the magnitude of the ni.cotinic 

stimulated eftlux of rubidium in vitro. 
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9. These data support the hypothesis that dysfunction of central nicotinic receptors 

leads to a loss of cognitive function in SHR and that the behavioral deficits 

exhibited by this strain are not subsequent to the sustained elevated blood pressure. 

Therefore, the SHR strain may provide an important model for the study of central 

nicotinic receptor dysfunction as occurs in several human diseases. 
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Figure 1. 

Mean systolic blood pressures of hydralazine treated and untreated SHR and WKY. Each 

value represent the mean± s.e.m. of 12 rats. WKY - WKY untreated; SHR - SHR. 

untreated; WHZ - WKY hydralazine treated; SHZ - SHR hydralazine treated. 

Statistical significance: * Significantly different from the other respective age groups. 
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Figure 2. 

Mean systolic blood pressures of hydralazine treated and untreated SHR and WKY. Each 

value represent the mean± s.e.m. of 12 rats. WKY- WKY untreated; SHR- SHR 

untreated; WHZ - WKY hydralazine treated; SHZ - SHR hydralazine treated. 

Statistical significance:* Significantly different from the other respective age groups 
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Figure 3. 

Place learning performance in the Morris wate~ maze by 12 week old SHR (.&.), WKY <•) 
and Wistar (e) rats. A. Phase 1 (learning) mean escape latencies for each day. B. Phase 

1 (learning) mean distance traveled for each day. Each value represents the mean± s.e.m. 

of 9-12 rats. 

Statistical significa .. ce: The latencies for SHR were significantly greater compared to 

WKY and Wistar rats; Distance traveled to reach the hidden platform was not significantly 

different among SHR, WKY and Wistar rats. 



2000 ~ 
go A 1800 \ 

80 --1 ~ ~ 1600 ~ J 70 ~ s 

~ ~ 14oo "' T 
! 

60

. ~ 1200 \ "':l ~ ~ t) 50 ...... 

g . - -ill Q 1 000 
~ .40 

H ""T 
30 . . ~ 800 

0 1 4 

5 Test day 

10 2 3 
0 1 ' 

Test day 



95 

Figure 4. 

Place learning performance in the Morris water maze by ·12 week old SHR, WKY and 

Wistar rats. A. Day 1 of Phase 1 (learning) mean swim speed. B. Number of entries 

within the former platform location during the fifth day of phase 1 (learning) water maze 

task. C. .Mean latency to reach the visible platform during the fifth day of phase 1 

(learning) water maze task. Each value represents the mean± s.e.m. of9-12 rats. 

Statistical significance: * Significantly ditferent from the other groups. 
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Figure 5. 

Place re-learning performance in the Morris water maze by 12 week old SHR (A.), WKY 

(•) and Wistar (e) rats. A. Phase 2 (re-learning) mean escape latencies for each day. B. 

Phase 2 (re-learning) mean distance traveled for each day. Each value represents the mean 

± s.e.m. of9-12 rats. 

Statistical significance: The latencies for SHR were significantly greater compared to 

WKY and Wistar rats; Distance traveled by SHR to reach the hidden piatform was 

significantly greater compared to WKY and Wistar rats. 
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Figure 6. 

Place re-learning performance in the Morris water maze by 12 week old SHR, WKY and 

Wistar rats. A. Day 1 of Phase 2 (re-learning) mean swim speed. B. Number of entries 

within the former platform location during the fifth day of phase 2 (re-learning) water 

maze task. C. Mean latency to·reach the visible platform during the fifth day of phase 2 

(re-learning) water maze task. Each value represents the mean± s.e.m. of 9-12 rats. 

Statistical significance: There were no significant differences among the groups. 
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Figure 7. 

Step-through latencies (sec) from acquisition and retention trials by 12 week old SHR, 

WKY and Wistar rats performing the passive avoidance paradigm. Each acquisition value 

indicates the mean± s.e.m. For retention values, as the data were not normally. 

distributed, the non-parametric Kruskal-Wallis one way analysis of variance on ranks was 

used. Retention values indicate the median and its 25-75% confidence intervals. 

Confidence intervals (25-75%) for Wistar, WKY and SHR were 300-300 sec, 300-300 sec 

and 146-300 sec, respectively. N = 9-10. 

Statistical significance: * Significantly different from the other groups. 



350 

* 300 

250 ,--._. 
u 
Q.) 
Cll 

'-..-/ 200 
~ 
a3 

150 1d 
~ 

,..t:l 
b1J 
~ 
0 40: .s 

I 

fr 30 
~ en 

20 

10 

0 

WIS WKY SHR ·wiS WKY SHR 

Acquisition Retention 



99 

Figure 8. 

Place le~g performance in the Morris water maze by 4 week old SHR <•), WKY <•) 
and Wistar (e) rats. A. Phase 1 (learning) mean escape latencies for each day. B. Phase 

1 (learning) mean distance traveled for each day. Each value represents the mean± s.e.m. 

of 12 rats. 

Statistical significance: The latencies for Wistar rats were significantly lower compared 

to SHR and WKY; Distance traveled to reach the hidden platform was significantly 

decreased in Wistar rats compared to SHR, but no significant differences were observed 

either between WKY and Wistar rats or between SHR and WKY. 
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Figure 9. 

Place learning performance in the Morris water maze by 4 week old SHR, WKY and 

Wistar rats. A. Day 1 of Phase 1 (learning) mean swim speed. B. Number of entries 

within the former platform location during the eighth day of phase 1 (learning) water maze 

task. C. ~ean latency to reach the visible platform during the eighth day of the phase 1 

. (learning) water maze task. Each value represents the mean± s.e.m .. of 12 rats. 

Statistical significance: * Significantly different from· Wistar rats. 
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Figure 10. 

Place re-learning performance in the Morris water maze by 4 week old SHR (~), WKY 

(•) and Wistar (e) rats. A. Phase 2 (re-learning) mean escape latencies for each day. B. 

Phase 2 (re-learning) mean distance traveled for each day. Each value represents the mean 

± s.e.m. of 12 rats. 

Statistical significance: The latencies for SHR. were significantly greater compared to 

WKY and Wistar rats; Distance traveled by SHR to reach the hidden platform was 

significantly greater compared to WKY and Wistar rats. 
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Figure 11. 

Place re-learning performance in the _Morri_s water maze by 4 week old SHR, WKY and 

Wistar rats. A. Day 1 of Phase 2 (re.;.learning) mean swini speed. B. Number of entries 

within the former platform location during the fifth day of phase 2 (re-learning) water 

maze task. C. Mean latency to reach the vi'sible platform location during the fifth day of 

phase 2 (re-learning) water maze task. Each value represents the mean± s.e.m. of 12 rats. 

Statistical significance: There were no significant differences among the groups. 
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Figure 12. 

Step-through latencies (sec) from acquisition and retention trials by 4 week old SHR, 

WKY and Wistar rats performing the passive avoidance paradigm. Each acquisition value 

indicates the mean± s.e.m. For retention values, as the data were not normally 

distributed, the non-parametric Kruskal-Wa~lis one way analysis of variance on ranks was 

used. Retention values indicate the median and its 25-75% confidence intervals. 

Confidence intervals (25-75%) for Wistar, WKY and SHR were '300-300 sec, 266-300 sec 

and 58-300 sec, respectively. N = 12. 

Statistical significance: * Significantly different from the other two groups .. 
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Figure 13. 

Comparison of place learning (phase 1) performance in the Morris water maze by 12 (e) 

and 4 week <•> old SHR, WKY and Wistar rats. Each value represents the mean± 

s. e.m. of 12 rats. 

Statistical significance: All strains of 4 week old groups were significantly different from 

their respective 12 week old groups. 
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Figure 14. 

Place learning performance in the Morris water maze task by hydralazine treated and 

untreated SHR and WKY. Legends: Control WKY (.&.); Control SHR (•); Hydralazine 

treated WKY (e); Hydralazine treated SHR (Y). A. Phase 1 (learning) mean escape 

latencies for each day. B. Phase 1 (learning) mean distance traveled for each day. Each 

value represents the mean± s.e.m. of 12 rats. 

Statistical significance: Hydralazine treated and untreated SHR exhibited significantly 

lower latencies and distance compared to hydralazine treated and untreated WKY. 
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Figure 15. 

Place learning performance in the Morris water maze task by hydralazine treated and 

untreated SHR and WKY. A. Day 1 ~fPhase 1 (learning) mean swim speed. B. 

Number of entries within the former platform location during the fifth day of phase 1 

(learning) water maze task. C. Mean latency to reach the visible platform ~ocation during 

the fifth day of phase 1 (learning) water maze task. Each value represents the mean ± 

s.e.m. of 12 rats. WKY- WKY untreated; SHR- SHR untreated; WHZ - WKY 

hydralazine treated; SHZ - SHR hydralazine treated. 

Statistical significance: * Significantly different from WKY untreated and hydralazine 

treated SHR. 
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Figure 16. 

Place re-learning performance in the Morris water maze task by hydralazine treated and 

untreated SHR and WKY. Legends: Control WKY (.._); Control SHR <•); Hydralazine 

treatedWKY (e); Hydralazine treated SHR (T).· A. Phase 2 (re-learning) mean escape 

latencies for each day. B. Phase 2 (re-learning) mean distance traveled for each day. 

Each value represents the mean ± s. e.m. of 12 rats. 

Statistical significance: Hydralazine treated. and untreated SHR exhibited significantly 

lower latencies and distance compared to hydralazine treated and untreated WKY. 
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Figure 17. 

Place re-learning performance in the Morris water maze task by hydralazine treated and 

untreated SHR and WKY. A. Day 1 of Phase 2 (re-learning) mean swim speed. B. 

Number of entries within the former platform location during the fifth day of phase 2 (re-

learning) water maze task. C. Mean latency reach the visible platform location during 

the fifth day of phase 2 (re-learning) water maze task. Each value represents the mean ± 

s.e.m. of12 rats. WKY- WKY untreated; SHR-: SHR untreated; WHZ - WKY 

hydralazine treated; SHZ - SHR hydralazine treated. 
. . . 

Statistical significance: No significant differences were observed. 
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Figure 18. 

Step-through latencies (sec) from acquisition and retentio~ trials by hydralazine treated 

and untreated SHR and WKY performing the passive avoidance task. Each acquisition 

value indicates the mean± s.e.m. For retention values, as the data were not normally 

distributed, the non-parametric Kruskal-Wallis one way analysis of variance on ranks was 

used. Retention values indicate the median and its 25-75% confidence intervals. 

Confidence intervals (25-75%) for WKY, SHR, WHZ and SHZ were 300-300 sec, 48.8-

300 sec, 300-300 sec and 78.9-300 sec, respectively. N = 12. WKY- WKYuntreated; 

SHR - SHR untreated; WHZ - WKY hydralazine treated; SHZ - SHR hydralazine treated. 

Statistical significance: * Significantly different from untreated WKY and hydralazine 

treated WKY 



350 

300 

250 

200 
~ 
u 

150 (]) 
(f) 

'-...-/ 

G. 1oo 
~ 
~ 50 
~ 

~ 40 
:::l 
0 

~ 30 
fr 
~ 
U') 

20 

10 

0 
SHR WKY SHZ WHZ SHR WKY SHZ WHZ 

Acquisition Retention 



110 

Figure 19. 
i 

[
3H]-cytisine binding to coronal sections of frontal cortex (A) and striatum (B) of 

hydralazine treated and untreated SHR and WKY. Each value represents the mean ± 

s.e.m. of 6 rats. WKY- WKY untreated; SHR- SHR untreated; WHZ - WKY 

hydralazine treated; SHZ - SHR hydralazine treated. 

Statistical Significance: * Significantly different from hydralazine treated and untreated 

WKY. 
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Figure 20. 

Typical dose-response experiment for nicotine-stimulated rubidium eftlux. 

Synaptosomes were exposed to various concentrations (0.1- 10 JlM) of nicotine 

containing buffer for 3 min starting from 7th fraction to 15th fraction. Each value 

represents the CPM released over 20 sec collection time. The magnitude of nicotine

induced release was estimated by extrapolating the exponential decline in basal release 

under the nicotine peak (solid line). 
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Figure 21. 

Nicotine stimulated 86Rb+ efflux from synaptosomes derived from striatum (A) and frontal 

-cortex (B) in SHR. (ruled bars) and WKY (open bars). Each value represents the mean± 

s. e. m. of 6 rats. 

Statistical significance: * Significantly different from respective WKY mean. 
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Figure 22. 

Nicotine stimulated 86Rb + efflux from synaptosomes derived from cortex in hydralazine 

treated and untreated SHR and WKY. Each value represents the mean± s.e.m. of 5-6 

rats. WKY - WKY untreated; SHR - SHR untreated; WHZ - WKY hydralazine treated; 

SHZ - SHR hydralazine treated. 

Statistical Significance: * Significantly different from respective hydralazine treated and 

untreated WKY mean. 
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Figure 23. 

Nicotine stimulated 86Rb + efllux from synaptosomes derived from striatum in hydralazine 

treated and untreated SHR and WKY. Each value represents the mean± s.e.m. of 5-6 

rats. WKY - WKY untreated; SHR - SHR untreated; WHZ - WKY hydralazine treated; 

SHZ - SHR hydralazine treated. 

Statistical Significance: * Significantly different from respective hydralazine treated and 

untreated WKY mean. 
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Figure 24 

Schematic representation of the relationship between stress, hypertension, corticosteroids, 

nicotinic receptors and memory deficits. 
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Table 1. Distribution of [3H]-pirenzepine binding sites in selected brain regions from 12 

week old WKY and SHR. Binding is expressed as nCi bound per mg of wet tissue weight 

and each value represents the mean ± s.e.m. of 6 animals. 

TELENCEPHALON 

Neocortex 

Cingulate cortex 

Entorhinal cortex 

Parietal cortex (layers 1-2) 

Parietal cortex (layers 3-4) 

Parietal cortex (layers 5-6) 

Retrosplenial cortex 

Olfactory tubercle 

Basal Ganglia 

Caudate Putamen 

Accumbens n. 

Septum 

Lateral septum 

Ventrolateral septum 

Septohippocamapal area 

Septofimbrial area 

Bed n. stria terminalis 

Rhinencephalon 

CAl (anterior) 

WKY SHR 

3.48 ± 0.17 4.08 ± 0.14 

4.11 ± 0.13 4.24 ± 0.12 

3.56 ± 0.18 4.00 ± 0.42 

2.23 ± 0.09 2.68 ± 0.22 

2.22 ± 0.13 2.55 ± 0.23 

1.71 ± 0.09 L84 ± 0.11 

5.35 ± 0.19 5.72 ± 0.10 

5.53 ± 0.19 6.28 ± 0.11 

6.38 ± 0.20 6.84 ± 0.06 

1.04 ± 0.01 1.09 ± 0.04 

1.67 ± 0.09 1.65 ± 0.09 

3.66 ± 0.27 3.65 ± 0.17 

0.54 ± 0.02 0.56 ± 0.02 

1.37 ± 0.13 1.22 ± 0.08 

8.90 ± 0.30 8.65 ± 0.20 

% Change1 

+ 17* 

+ 13** 
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CAl (posterior) 3.27 ± 0.28 3.20 ± 0.30 

CA2 3.33 ± 0.18 3.35 ± 0.18 

CA3 3.29 ± 0.09 3.71 ± 0.10 + 12* 

Dentate gyrus 8.13 ± 0.25 7.92 + 0.15 

Subiculum 1.50 ± 0.07 1.65 ± 0.05 

Amygdala 

Basolateral amygdala 5.66 ± 0.11 6.08 ± 0.17 

Anterior cortical amygdaloid n. 5.23 ± 0.14 5.83 ± 0.30 

Dience.phalon 

Medial geniculate n. 0.94 ± 0.09 0.81 ± 0.04 

Dorsolateral geniculate n. 0.73 ± 0.02 0.79 ± 0.05 

Ventrolateral geniculate n. 0.46 ± 0.01 0.48 ± 0.01 

Lateral habenula 0.46' ±0.01 0.48 ± 0.01 

Thalamus 

Anteriomediat thai n. 0.94 ± 0.02 . 0.97 ± 0.05 

Anterioventral thai n. 0.91 ± 0.02 0.84 ± 0.04 

Ventrolateral thai n. 0.91 ± 0.04 0.99 ± 0.06 

Laterodorsal thai n. 0.95 ± 0.03 0.98 ± 0.06 

Mediodorsal thai n. 1J4 ± 0.05 1.26 ± 0.09 

Lareroposterior thai n. 0.86 ± 0.03 0.93 ± 0.05 

Ventromedial thai n. 0.92 ± 0.01 0;99 ± 0.04 

Interanteromedial thai n. 1.08 ± 0.04 1.21 ± 0.06 

Paratenial thai n. 0.87 ± 0.02 0.92 ± 0.05 

VPLIVPM 0.68 ± 0.02 0.74 ± 0.05 

Gelatinosus thai n. 1.26 ± 0.05 1.42 ±0.11 

Reuniens thalamus 0.91 ± 0.02 1.01 ± 0.05 



Posterior thalamus 0.98 ± 0.05 

Central medial thalamus 1.12 ± 0.05 

Hypothalamus 

Anterior hypothalamus 0.66 ± 0.03 

Lateral ·hypothalamus 0.62 ± 0.04 

Dorsomedial hypothalamic n. 0.58 ± 0.01 

Ventromedial hypothalamic n. 0.58 ± 0.01 

Posterior hypothalamus 0.58 ± 0.01 

MESENCEPHALON 

Tuberomammillary n. 1.44 ± 0.07 

Superior mammillary n. 0.65 ± 0.01 

Medial mammillary n. 0.76 ± 0.03 

Pontine n. 0.57 ± 0.01 

Substantia nigra 0.63 ± 0.02 

IPN ·0.85 ± 0.04 

Dorsal tegmental n. 0.47 ± 0.01 

Locus coeruleus 0.84 ± 0.05 

Parabrachial n. 0.46 ± 0.01 

1 Change in receptor density: SHR vs WKY. 

Data were analyzed by one way analysis of variance. 

* p < 0.05, ** p < 0.01. 
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1.15 ± 0.07 

1.27 ± 0.06 

0.64 ± 0.01 

0.58 ± 0.03 

0.57 ± 0.02 

0.65 ± 0.02 

0.64 ± 0.02 10.3* 

1.90 ± 0.14 +31* 

0.67 ± 0.01 

0.75 ± 0.03 

0.57 ± 0.01 

0.73 ± 0.02 + 15* 

0.91 ± 0.03 

0.54 ± 0.01 

0.92 ± 0.04 

0.46 ± 0.01 
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Table 2._ Distribution of[3H]-AFDX binding sites in selected brain regions from 12 week 

old WK.Y and SHR. Binding is expressed as nCi bound pr mg of wet tissue weight and 

each value represents the mean± s.e.m. of6 animals. 

TELENCEPHALON 

Neocortex 

Cingulate cortex 

Entorhinal cortex 

Parietal cortex (layers 1-2) 

Parietal cortex (laye~s 3-4) 

Parietal cortex (layers 5-6) 

Retrosplenial cortex 

Olfactory tubercle 

Basal ganglia 

Caudate putamen 

Accumbens n. 

Septum 

Lateral septum 

Medial septum 

Rhienencephalon 

CAl (anterior) 

CAl (posterior) 

CA2 

CA3 

Dentate gyrus 

Subiculum 

WKY 

2.53 ± 0.14 

1.62 ± 0.05 

2~77 ± 0.18 

1.88 ± 0.08 

2.09 ± 0.10 

1.76 ± 0.02 

4.22 ± 0.27 

6.61 ± 0.14 

6.42 ± 0.23 

1.84 ± 0.06 

1.82 ± 0.06 

1.89 ± 0.01 

1.63 ± 0.06 

1.63 ± 0.03 

1.53 ± 0.04 

1.42 ± 0.02 

1.79 ± 0.07 

SHR 

2.78 ± 0.12 

1.60 ± 0.02 

2.04 ± 0.06 

1.61 ± 0.04 

1.70 ± 0.05 

1.73 ± 0.05 

5.72 ± 0.24 

7.03 ± 0.28 

7.48 ± 0.28 

1.94 ± 0.03 

1.76 ± 0.05 

1.78 ± 0.07 

1.59 ± 0.02 

1.56 ± 0.01 

1.52 ± 0.01 

1.42 ± 0.05 

1.90 ± 0.07 

%Change 1 

- 26.0** 

- 11.0* 

- 18.6** 

+35.5** 

+16.5* 
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Amy"dala 

Basolateral amygdala 2.04 ± 0.10 2.36 ± 0.07 + 15.6* 

Anterior cortical amygdaloid n. 2.32 ± 0.20 1.85 ± 0.11 

DIENCEPHALON 

Medial geniculate n. 1.29 ± 0.02 1.20 ± 0.01 -7.0* 

Dorsolateral geniculate n. 1.27 ± 0.03 1.24 ± 0.03 

Ventrolateral geniculate n. 1.07 ± 0.01 1.01 ± 0.02 

Lateral habenula 1.05 ± 0.01 1.11 ± 0.03 

Zona incerta 0.99 ± 0.01 1.01 ± 0.02 

Thalamus 

Anteriomedial thalamus 2.49 ± 0.12 2.22 ± 0.15 

Anterioventral thalamus 4.41 ± 0.15 3.45 ± 0.21 - 21.7** 

Ventrolateral thalamus 1.27 ± 0.01 . 1.16 ± 0.01 - 8.66** 

Laterodorsal thalamus 1.83 ± 0.04 1.72 ± 0.06 

Mediodorsal thalamus 1.74 ± 0.04 1.81 ± 0.05 

Lareroposterior thalamus 1.57 ± 0.05 1.50 ± 0.05 

Ventromedial thalamus 1.72 ± 0.14 1.68 ± 0.01 

Anterior pretectal thalamus 1.58 ± 0.04 1.53 ± 0.04 

Paraventricular thalamus 1.58 ± 0.04 1.79 .± 0.14 

Rhomboid 3.44 ± 0.12 2.92 ± 0.16 - 4.0* 

Hypothalamus 

Anterior hypothalamus 1.39 ± 0.04 1.35 ± 0.04 

Lateral hypothalamus 1.11 ± 0.01 1.06 ± 0.01 - 4.5* 

Dorsomedial hypothalamic n. 1.26 ± 0.03 1.25 ± 0.03 

Ventromedial hypothalamic n. 1.05 ± 0.02 1.03 ± 0.01 

Posterior hypothalamus 1.34 ± 0.02 1.35 ± 0.12 



MESENCEPHALON· 

Rostrolinear nuclear raphe 1.64 ± 0.05 

Central gray aqueduct 1.40 ± 0.02 

Superior collicullus (sup. layer) 2.62 ± 0.05 

Superior collicullus {mid. layer) 1.53 ± 0.03 

Superior collicullus (inf. layer) 1.76 ± 0.05 

Tuberomammillary n. 1.69 ± 0.04 

Trigeminal (V) n. 1.17 ± 0.03 

Facial (Vll) n. 1.09 ± 0.04 . 

Pyramids 1.95 ± 0.34 

RVL- 1.02 ± 0.02 

Paragigantocellular n. 1.26 ± 0.03 

Dorsal tegmental n. 0~83 ± 0.01 

Locus coeruleus 0.77 ± 0.01 

Medial vestibular n. 0.59 ± 0.01 

NTS (lat) 0.76 ± 0.01 

NTS (tried/Vagus n.) 1.35 ± 0.07 

Parabrachial n. 0.87 ± 0.01 

Olivocochlear bundle 0.76 ± 0.01 

1 Change in receptor density: SHR vs WKY. 

Data were analyzed by one way analysis of variance. 

* p < 0.05, ** p < 0.01. 
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1.56 ± 0.05 

1.34 ± 0.01 

2.92 ± 0.14 

1.62 ± 0.01 

1.88 ± 0.04 

1.78 ± 0.18 

1.33 ± 0.04 + 13.6* 

1.24 ± 0.04 + 13.7* 

2.46 ± 0.62 

1.20 ± 0.01 + 17.6** 

1.39 ± ·o.o1 + 10.3** 

0.81 ± 0.01 

0.76 ± 0.01 

0.63 ± 0.02 

0.76 ± 0.01 

1.46 ± 0.06 

0.84 ± 0.01 

0.76 ± 0.01 
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Table 3. Distribution of[3H]-cytisine binding sites in selected brain regions from 12 week 

old WKY and SHR. Binding is expressed as nCi bound per mg of wet tissue weight and 

each value represents the mean ± s.e.m. of 6 animals. 

WKY SHR % DifT~rence1 

TELENCEPHALON 

Neocortex 

Agranular insular cortex 0.69 ± 0.03 0.56 ± 0.01 - 18.8** 

Orbital cortex 0.78 ± 0.02 0.63 ± 0.01 - 19.2** 

Frontal cortex (layers 1-2) 0.69 ~ 0.06 0.49 ± 0.01 

Frontal cortex (layer 3) . 0.80 '± . 0.06 0.61 ± 0.02 - 23.7* 

Frontal cortex (layers 4-6) 0.70 ± 0.06 0.53 ± 0.01 - 24.2* 

Cingulate corte~( ant.) 0.75 ± 0.03 0.63 ± 0.02 - 16.0* 

Cingulate cortex (post.) 0.77 ± 0.05 0.65 ± 0.02 

Entorhinal cortex 0.45 ± 0.03 0.35 ± 0.02 - 22.2* 

Parietal cortex (1-2layers) 0.51 ± 0.03 0.48 ± 0.01 

Parietal cortex (3 layers) 0.68 ± 0.03 0.59 ± 0.01 

Parietal cortex ( 4-6 layers) 0.54 ± 0.03 0.50 ± 0.01 

Retrosplenial cortex 0.68 ± 0.01 0.59 ± 0.02 - 13.2* 

Olfactory tubercle 0.51 ± 0.03 0.54 ± 0.03 

Olfactory n. 0.49 ± 0.01 0.41 ± 0.02 - 16.3* 

Basal ganglia 

Caudate putamen (ant) 0.71 ± 0.03 0.60 ± 0.02 - 15.5* 

Caudate putamen (post) 0.57 ± 0.04 0.48 ± 0.02 

Globus pallidus 0.37 ± 0.03 0.35 ± 0.03 

Accumbens n. 0.75 ± 0.02 0.61 ± 0.02 - 18.6** 
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Se_ptum 

Lateral septum 0.44 ± 0.03 0.42 ± 0.02 

Rhinence.phalon 

Dentate. gyrus (med.) 0.54 ± 0.02 0.52 ± 0.02 

Dentate gyrus (lat.) 0.49 ± 0.02 OA1 ± 0.02 

Dorsal subiculum 0.69 ± 0.03 0.60 ± 0.03 

Posterior subiculum 0.90 ± 0.04 0.75 ± 0.04 - 16.6* 

Amygdala 

Basolateral amygdala 0.46 ± 0.02 0.39 ± 0.02 

DIENCEPHALON 

Medial geniculate n. 0.76 ± 0.04 0.66 ± 0.03 

Dorsolateral geniculate n. 1.04 ± 0.02 0.94 ± 0.04 

Ventrolateral geniculate .n. 0.71 ± 0.03 0.54 ± 0.03 - 23.9* 

Central gray aqueduct 0.50 ± 0.04 0.39 ± 0.02 

Medial habenula 2.19 ± 0.11 1.89 ± 0.06 - 13.6* 

Zona incerta 0.41 ± 0.02 0.38 ± 0.03 

Thalamus 

Anteriomedial thai n. 1..26 ± 0.04 1.12 ± 0.07 

Anterioventral thai n. 1.66 ± 0.10 1.42 ± 0.07 

Anteriodorsal thai n. 0.96 ± 0.03· 0.79 ± 0.02 - 17.7* 

Reticular thai. n~· .1.07 ± 0.07 0.87 ± 0.03 - 18.6* 

P·aratenial thai n. 0.94 ± 0.03 ·o.s3 ± o.o4 

Ventral lateral thai n. 0.99 ± 0.03 0.88 ± 0.02 - 11.1 * 

Lateral dorsal thai n. 1.15 ± 0.03 1.04 ± 0.06 

Medial dorsal thai n. 1.07 ± 0.02. 0.97 ± 0.04 
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VPLIVPM 0.72 ± 0.03 0.63 ± 0.02 - 12.5* 

Lateral posterior thai n. 0.90 ± 0.01 0.79 ± 0.03 -12.2* 

Posterior thalamic group 0.92 ± 0.02 0.78 ± 0.04 - 15.2* 

Olivary pretectal thai n. 1.25 ± 0.08 1.07 ± 0.06 

Reunieus .thalamus 1.15 ± 0.04 0.97 ± 0.03 - 15.6* 

Rhomboid 1.26 ± 0.05 1.17 ± 0.08 

H~othalamus 

Hypothalamus 0.44 ± 0.02 0.40 ± 0.01 

MESENCEPHALON 

Superior coli. (sup. layer) 1.24 ± 0.06 0.94 ± 0.04 - 24.1 ** 

Superior coli. (inf. layer) 0.62 ± 0.02 0.55 ± 0.0 

Substantia nigra (compact) 0.76 ± 0.03 0.65 ± 0.04 

lPN 2.87 ± 0.14 2.41 ± 0.11 . - 16.0* 

1 Change in receptor density: SHR vs WKY. 

Data were analyzed by One way analysis of variance. 

· *P < 0.05, **P < 0.01. 
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Table 4. Distribution of[3H]-cytisine binding sites in selected brain regions from 12 week 

old Wistar, WKY and SHR. Binding is expressed as nCi bound per mg of wet tissue 

weight and each value represents the mean ± s. e.m. of 6 animals. · The percent change in 

receptor density in SHR. or Wistar when comp~ed with WKY is presented in parentheses . 

. -

WKY Wistar SHR. 

Frontal cortex 0.457 ±'0.013 0.446 ± 0.012 0.371 ± 0.018** 

(0%) 
<· L . 

. (-2.5%) (-18.8%) 
. . 

. . 

Caudate putamen 0.437 ± 0.024 . 0.442 ± 0.024 0.360 ± 0.015* 

(0%) (+1.1%) (-17.6%) 

Posterior thalamic n. 1.008 ± 0.015 0.995 ± 0.023 0.865 ± 0.021 ** 

(0%) (-1.3%) (-14.1%) 

Reticular thalamic n. 1.002 ± 0.018 0.988 ± 0.023 0.897 ± 0.019** 

(0%) (-1.4%) (-10.4%) 

Superior colliculli 0.860 ± 0.010 0.867 ± 0.010 0.781 ± 0.017* 

(0%) (+0.8) (-9.18%) 

Interpeduncular n. 1.430 ± 0.020 1.423 ± 0.036 1.274 ± 0.052* 

(0%) (-0.5%) (-10.9%) 

Data were analyzed by One way analysis of variance. 

*or** Significantly different from each other group. 

*P < 0.05,·**P < 0.01. 
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Table 5. Distribution of [3lt]-cytisine binding sites in selected brain regions from 4 week 

·old Wistar, WKY and SHR. Binding is expressed as nCi bound per mg of wet tissue 

weight and each value represents the mean± s.e.m. of6 animals. 

TELENCEPHALON 

Neocortex 

Agranular insular cortex 

Orbital cortex 

Frontal cortex (layers 1-2) 

Frontal cortex (layer 3) 

Frontal cortex (layers 4-6) 

Cingulate cortex( ant.) 

Cingulate cortex (post.) 

Entorhinal cortex 

Parietal cortex (1-2layers) 

Parietal cortex (3 layers) 

Parietal cortex ( 4-6 layers) 

Retrosplenial cortex 

Olfactory tubercle 

Olfactory n. 

Basal ganglia 

Caudate putamen (ant) 

Caudate putamen (post) 

Globus pallidus 

Wistar 

o. 735 ± 0.009 

0.765 ± 0.007 

0.688 ± 0.013 

0.643 ± 0.011 

0.753 ± 0.009 

0.790 ± 0.005 

0.795 ± 0.003 

0.620 ± 0.008 

0.600 ± 0.007 

0.723 ± 0.008 

0.693 ± 0.013 

0.640 ± 0.011 

0.640 ± 0.011 

0.673 ± 0.008 

0. 780 ± 0.005 

0.795 ± 0.003 

0.619 ± 0.019 

WKY SHR 

0.750 ± 0.011 o. 713 ± 0.007* 

0.773 ± 0.010 0.734 ± 0.010* 

0.676 ± 0.007 0.660 ± 0.018 

0.664 ± 0.013 0.648 ± 0.011 

o. 768 ± 0.006 0.701 ± 0.018* 

0.797 ± 0.006 0.784 ± 0.006 

0.780 ± 0.019 0. 780 ± 0.008 

0.655 ± 0.019 0.615 ± 0.012 

0.645 ± 0.019 0.598 ± 0.017 

0.737 ± 0.020 0.709 ± 0.011 

0.720 ± 0.019 0.685 ± 0.010 

0.665 ± 0.018 0.625 ± 0.016 

0.653 ± 0.024 0.630 ± 0.012 

0.693 ± 0.010 0.631 ± 0.014* 

0. 770 ± 0.014 o. 724 ± 0.012* 

0.780 ± 0.019 0.780 ± 0.008 

0.597 ± 0.012 0.543 ± 0.007* 
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Accumbens n. 0.738 ± 0.006 0.735 ± 0.018 0.697 ± 0.011 

Septum 

Lateral septum 0.668 ± 0.018 0.683 ± 0.021 0.668 ± 0.013 

Rhinencephalon 

Dorsal subiculum 0.784 ± 0.013 0.790 ± 0.014. 0.792 ± 0.008 

Posterior subiculum 0.980 ± 0.022 0.972 ± 0.023 0.895 ± 0.008** 

DIENCEPHALON 

Medial geniculate n. 0.844 ± 0.012 0.849 ± 0.005 0.834 ± 0.012 

Dorsolateral geniculate n. 0.949 ± 0.017 0.919 ± 0.014 0.890 ± 0.018 

Ventrolateral geniculate n. 0.831 ± 0.019 0.817 ± 0.012 o. 756 ± 0.013* 

Medial habenula 0.871 ± 0.016 0.881 ± 0.015 0.852 ± 0.007 

Zona incerta 0.724 ± 0.014 0.723 ± 0.018 0.697 ± 0.013 

Thalamus 

Anteriomedial thai n. 0.948 ± 0.025 0.963 ± 0.011 0.935 ± 0.016 

Anterioventral thai n. 1.250 ± 0.025 1.42 ±, 0.024 1.170 ± 0.095* 

Anteriodorsal thai n. 0.963 ± 0.029 0.973 ± 0.015 0.941 ± 0.015 

Paratenial thai n. 0.971 ± .0.014 0.969 ± 0.014 0.938 ± 0.009 

Ventral lateral thai n. 0.950 ± 0.017 0.954 ± 0.011 0.87 4 ± 0.007* 
·' 

Lateral dorsal thai n. 1.021 ± 0.013 1.001 ± 0.016 0.919 ± 0.006* 

Medial dorsal thai n. 1.013 ± 0.017 1.021 ± 0.013 0.927 ± 0.004* 

VPLNPM 0.899 ± 0.022 0.879 ± 0.015 0.848 ± 0.012 

Lateral posterior thai n. 0.945 ± 0.020 0.946 ± 0.021 0.874 ± 0.008* 

Posterior thalamic group 0.930 ± 0.016 0.935 ± 0.012 0.899 ± 0.0.10* 

Reunieus thalamus 1.008 ± 0.012 0.982 ± 0.027 0.916 ± 0.008* 

Rhomboid 1.240 ± 0.025 1.220 ± 0.025 1.210 ± 0.080 



H)!llothalamus 

Hypothalamus 0.714 ± 0.013 0.727 ± 0.015 0.693 ± 0.014 

MESENCEPHALON 

Superior coli. (sup. layer) 0.869 ± 0.005 0.857 ± 0.007 

Substantia nigra 0.844 ± 0.017 0.846 ± 0.013 

(compact) 

lPN 1.550 ± 0.057 1.540 ± 0.039 

Data were analyzed by One way analysis of variance. 

*or** Significantly different from each other group. 

fl < 0.05, ••p < 0.01. 

0.850 ± 0.008 

o. 763 ± 0.013* 

1.260 ± 0.025* 
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Table 6. Distribution of P251]-Bungarotoxin binding sites in selected brain regions from 12 

week old WKY and SHR. Binding is· expressed as nCi bound per mg of wet tissue weight 

and each value represents the means± s.e.m. of6 animals. 

WKY SHR % Difference 1 

TELENCEPHALON 

Neocortex 

Cingulate cortex 0.099 ± 0.004 0.100 ± 0.003 

Parietal cortex 0.146 ± 0.005 0.128 ± 0.007 

Ant.Frontal cortex(layerl-5) 0.175 ± 0.019 0.136 ± 0.008 

Ant. Frontal cortex (layer 6) 0.314 ± 0.032 0.225 ± 0.007 - 28.3* 

Ant. Olfactory n. 0.339 ± 0.036 . 0.231 ± 0.01 - 31.8* 

Ant. Olfactory n. Ventral 0.511 ± 0.093 0.283 ± 0.012 

Entorhinal cortex 0.149 ± 0.008 0.140 ± 0.008 

Rhinencephalon 

CAl (anterior) 0.122 ± 0.009 0.111 ± 0. 006 

CAl (posterior) 0.164 ± 0.012 0.145 ± 0.01 

CA2 0.229 ± 0.01 0.251 ± 0.01 

CA3 0.315 ± 0.027 0.348 ± 0.019 

Dentate (anterior) 0.166 ± 0.013 0.155 ± 0.008 

Dentate (posterior) 0.800 ± 0.013 0.785 ± 0.007 

Hilus 0.507 ± 0.032 0.514 ± 0.022 

Subiculum_ 0.131 ± 0.008 0.123 ± 0.007 

Amxgdala 

Ant. cortical amygdala 0.361 ± 0.01 0.290 ± 0.01 - 19.66* 

Basolateral amygdala 0.284 ± 0.016 0.291 ± 0.016 

Post. med. cort. amygdala 0.422 ± 0.027 0.439 ± 0.022 
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DIENCEPHALON 

Ventrolateral geniculate n. 0.388 ± 0.024 0.299 ± 0.017 - 22.9* 

Lateral habenula 0.161 ± 0.018 0.142 ± 0.007 

Supra optic n. 0.722 ± 0.061 0.684 ± 0.050 

Medial preoptic n. · o.432-± ·o.o2 0.365 ± 0.01 - 15.5* 

Bed nu. ant. commissure 0.233 ± 0.02 0.185 ± 0.01 

Paraventricular thalamus 0.448 ± 0.03 0.418 ± 0.007 

Endopiriform n. 0.414 ± 0.021 0.367 ± 0.008 

Zona incerta 0.210 ± 0.009 0.187 ± 0.004 

Subthalamic n. 0.908 ± 0.049 0.920 ± 0.025 

Hypothalamus 

Lateral hypothalamus 0.420 ± 0.01 0.352 ± 0.01 - 16.1 * 

Posterior hypothalamus 0.476 ± 0.01 0.409 ± 0.01 - 14.0* 

MESENCEPHALON 

Superior· Coli. 0.558 ± 0.03 0.463 ± 0.021 - 17.0* 

Inferior Coli. 0.514 ± 0.038 0.556 ± 0.037 

Substantia nigra 0.157 ± 0.012 0.137 ± 0.006 

Parabigeminal n. 0.501 ± 0.04 0.446 ± 0.035 

Microcellular tegmental n. 0.429 ± 0.02 0.392 ± 0.021 

Redn. 0.304 ± 0.023 0.226 ± 0.020 

Interpeduncular n. 1.400 ± 0.068 1.270 ± 0.055 

Medial mammillary n. 0.616 ± 0.032 0.573 ± 0.016 

Central gray aqueduct 0.167 ± 0.004" 0.176 ± 0.003 

Dorsal tegmental n. 1.406 ± 0.071 1.352 ± 0.1 



Locus coeruleus 0.561 ± 0.074 

Trigeminal n. 0.535 ±0.041 

Para brachial n. 0.408 ± 0.02 

Sup. olivary complex 0.445 ± 0.021 

PGRNI 0.401 ± 0.014 

Spinal trigeminal n. Oral 0.363 ± 0.012 

Medial vestibuli 0.524 ± 0.029 

Olivary n. 0.485 ± 0.027 

1 Change in receptor density: SHR vs WKY. 

Data were analyzed by One way analysis of variance. 

*P < 0.05. 
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0.580 ± 0.04 

0.558 ± 0.025 

0.391 ± 0.021 

0.421 ± 0.033 

0.396 ± 0.023 

0.362 ± 0.017 

0.460 ± 0.020 

0.484 ± 0;013 
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Table 7. Distribution of[3H]-vesamicol (AH-5183) binding sites in selected brain regions· 

from 12 Week old WK.Yand SHR. Binding is expressed as nCi bound per mg ofwet 

tissue weight and each value represents the mean± s.e.m. of6 animals. 

TELENCEPHALON 

Neocortex 

Frontal cortex 

Cingulate cortex (anterior) 

Cingulate cortex (posterior) 

Parietal cortex 

Retrosplenial cortex 

Entorhinal cortex 

Olfactory tubercle 

Basal ganglia 

Caudate putamen 

( anteriolateral) 

Caudate putamen 

( anteriomedial) 

Caudate putamen (posterior) 

Globus pallidus 

Accumbens n. . 

Ventral diagonal bond 

Rhinence.phalon 

WKY 

0.64 ± 0.04 

0.68 '± 0.03 

0.60 ± 0.01 

0.66 ± 0.02 

0.55 ± 0.01 

0~69 ± 0.02 

1.29 ± 0.03 

1.10 ± 0.05 

0.89 ± 0.03 

0.88 ± 0.03 

0.54 ± 0.01 

1.20 ± 0.06 

0.66 ± 0.02 

0.67 ± 0.03 

0.68 ± 0.03 

0.55 ± 0.02 

0.64 ±' 0.01 

0.59 ± 0.02 

0.64 ± 0.01 

1.28 ± 0.03 

1.11 ± 0.03 

0.85 ± 0.03 

0.87 ± 0.04 

0.54 ± 0.02 

1.22 ± 0.03 

0.71 ± 0.05 



Dentate gyrus 

CA3 (anterior) 

CA2&CA3-. 

Subiculum 

Amygdala 

Anterior cortical amygdala 

Basolateral amygdala 

DIENCEPHALON 

Central gray aqueduct 

Zona iricerta 

Thalamus 

Anterioventral thai n. 

Ventral lateral thai n. 

Hypothalamus 

Anterior hypothal n. 

Posterior.hypothal n. 

Ventromedial hypothalamus 

Arcute n. 

MESENCEPHALON 

Medial mammillary n. 

0.75 ± 0.03 

0.67 ± 0.02 

0.76 ± 0.02 I 

0.63 ± 0.03 

1.13 ± 0.02 

1.23 ± 0.12 

0.76 ± 0.04 

0.58 ± 0.02 

0.75 ± 0.03 

0.59 ± 0.02 

0.71 ± 0.03 

0.81 ± 0.04 

0.73 ± 0.04 

0.82 ± 0.04 

0.73 ± 0.04 

0.77 ± 0.02 

0.71 ± 0.03 

0.73 ± 0.02 

0.60 ± 0.02 

1.12 ± 0.04 

1.13 ± 0.01 

0.78 ± 0.03 

0.57 ± 0.02 

0.77 ± 0.01 

0.58 ± 0.01 

0.69 ± 0.01 

0.76 ±·0.03 

0.71 ± 0.02 

0.75 ± 0.01 

0.69 ± 0.02 
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Substantia nigra 0.61 ± 0.01 0.60 ± 0.03 

IPN 2.53 ± 0.14 2.25 ± 0.12 

Pontine n. 0.65 ± 0.01 0.67 ± 0.04 

Dorsal tegmental 0.90 ± 0.01 0.98 ± 0.03 

Locus coeruleus 0.94 ± 0.02 0.95 ± 0.02 

RVL 0.68 ± 0.01 0.64 ± 0.02 

Cerebellum 0.62 ± 0.02 0.63 ± 0.02 

Trigeminal (V) n. 1.18 ± 0.05 1.37 ± 0.09 

Facial (VII) n. 1.45 ± 0.08 1.32 ± 0.07 

Hypoglossal (XII) n. 1.63 ± 0.10 1.37 ± 0.09 

Data were· analyzed by one way analysis of variance. 

There were no significant differences for any of the brain region. 
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