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Effect of ramipril on a-adrenoceptor-mediated oscillatory contractions
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Recent studies indicate that norepinephrine-induced contractile oscillations in the tail artery from stroke-prone sponta-
neously hypertensive rats (SHRSP) may be a vascular phenomenon independent of blood pressure level. The objectives of this
study were: (1) to characterize pharmacologically the a-adrenoceptor mediating norepinephrine-induced oscillations in tail
artery; and (2) to investigate the relationship between blood pressure level, altered by treatments with hydralazine /
hydrochlorothiazide or the angiotensin converting enzyme inhibitor ramipril, and the observation of norepinephrine-induced
oscillations in tail artery. The a,-adrenoceptor agonists clonidine and guanabenz potently stimulated oscillatory contractions in
the tail artery while the a;-adrenoceptor agonists phenylephrine and methoxamine were considerably less potent. Yohimbine, an
a,-adrenoceptor antagonist, but not the «;-adrenoceptor antagonist prazosin demonstrated high affinity for the receptor
mediating norepinephrine-induced oscillatory contractions. These results support the hypothesis that norepinephrine-induced
oscillatory contractions in the tail artery from SHRSP occur primarily through stimulation of «,-adrenoceptors. Ramipril
lowered blood pressure in SHRSP after 4 weeks of treatment during 6-10 weeks of life but did not alter the ability of the
a,-adrenoceptor agonist clonidine (107> M) to induce contractile oscillations in tail arteries from SHRSP, indicating these
oscillations are not a secondary effect of high blood pressure. These studies suggest that norepinephrine-induced oscillations in
tail artery from SHRSP may be a vascular trait separate and distinct from blood pressure level and angiotensin II expression
early in life.

Ramipril; Adrenoceptors; Genetic hypertension; Oscillation

1. Introduction

Hypertension, or elevated blood pressure, is in part
effected by changes in vascular smooth muscle. The
activity of vascular tissue ultimately affects total pe-
ripheral resistance, which in turn determines blood
pressure. Several vascular changes have been demon-
strated in hypertensive individuals. For example, in
many forms of hypertension, blood vessels demonstrate
hyperreactivity to contractile agonists including norepi-
nephrine, serotonin and angiotensin II when compared
to vessels from normotensive subjects (Bohr and Webb,
1988). It has been difficult, however, to separate
changes in vascular activity which occur because of
hypertension from changes that are present prior to
elevation in blood pressure. Indeed, elevated blood
pressure can result in such physical changes as hyper-
trophy of vascular smooth muscle (Stills, 1979; Gab-
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bianai et al., 1979; Owens and Schwartz, 1982; Grun-
wald et al., 1982) and basement membrane thickening
(Guyton et al., 1990).

Recently, a vascular trait has been identified which
is unique to stroke-prone spontaneously hypertensive
rats (SHRSP) and may be disparate from the develop-
ment of hypertension (Bruner et al., 1986; Bruner and
Webb, 1987; Myers et al., 1985; Lamb et al., 1985). The
addition of norepinephrine to the isolated tail artery of
SHRSP results in a steady contraction with superim-
posed contractile oscillations. This isometric response
contrasts with the maintained contraction norepi-
nephrine induces in tail arteries from normotensive
Wistar-Kyoto (WKY) rats. In the first part of this
study, we present the in vitro pharmacological charac-
terization of the adrenoceptor mediating norepi-
nephrine-induced oscillatory contractions in tail artery
from SHRSP.

More importantly, recent evidence also suggests that
the oscillatory activity induced in the tail artery of
SHRSP may be genetically associated with blood pres-
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surc (Bruner et al., 1986). It is unclear whether the
appearance of norepinephrine-induced oscillations in
tail arteries from SHRSP signifies an underlying defect
in the tissue of these hypertensive rats or whether it is
a vascular trait secondary to increased blood pressure.
Thus, we have treated a group of SHRSP and nor-
motensive WKY rats with the angiotensin converting
enzyme inhibitor ramipril to lower blood pressure; the
tail arteries from these animals were then removed and
tested for norepinephrine-induced oscillations. Our hy-
pothesis was that if norepinephrine-induced oscilla-
tions were secondary to blood pressure level, treatment
with a compound which lowered blood pressure should
abolish norepinephrine-induced oscillations in tail ar-
teries from SHRSP. This group of experiments also
enabled us to test another hypothesis, one recently
proposed by Harrap et al. (1990). Harrap et al. (1990)
proposed that in genetically hypertensive rats, it is
during a critical period of life — 2-10 weeks — that a
gene may be ‘switched” by angiotensin II, ultimately
leading to production of hypertension. Angiotensin
converting enzyme inhibitors such as perindopril and
ramipril (Todd and Benfield, 1990) inhibit the produc-
tion of angiotensin II and may therefore permanently
lower blood pressure by altering early-life gene ‘switch-
ing’. If norepinephrine-induced tail artery oscillations
in SHRSP are dependent upon angiotensin 11 produc-
tion and independent of blood pressure level, then
treatment of SHRSP with ramipril but not hydro-
chlorothiazide / hydralazine — a treatment used to lower
blood pressure level independent of angiotensin 11
production - should diminish the ability of norepi-
nephrine to induce tail artery oscillations. Thus, the
present studies investigate the relationship between
vascular changes and blood pressure level in geneti-
cally hypertensive animals.

2. Materials and methods
2.1. Animals

Male Wistar Kyoto (WKY) and stroke-prone spon-
taneously hypertensive (SHRSP) rats were obtained
from a colony established in the Department of
Anatomy and Cell Biology at the University of Michi-
gan (Ann Arbor, MI, USA). Rats were housed in a
light-cycled, temperature-controlled room with ad libi-
tum access to food and water.

Six different treatment groups were used: (1) un-
treated WKY; (2) untreated SHRSP; (3) hydrochloro-
thiazide / hydralazine-treated WKY; (4) hydrochloro-
thiazide / hydralazine-treated SHRSP; (5) ramipril-
treated WKY; and (6) ramipril-treated SHRSP. Hy-
dralazine, a vasodilator, and the diuretic hydrochloro-
thiazide were used in combination to lower blood pres-

sure in a manner independent of angiotensin 1 pro-
duction. Rats in the hydrochlorothiazide / hydralazine-
treated group received hydralazine (200 mg/l) and
hydrochlorothiazide (200 mg /1) in their drinking water
(deionized water) from 6 to 10 weeks of age. Based on
an intake of 20 ml of water per day, hydrochlorothia-
zide / hydralazine-treated rats received 4 mg/day of
each drug. All other rats received tap water. After
treatment from 6 to 10 weeks of age, the hydrochloro-
thiazide / hydralazine-treated rats were switched to tap
water for the remainder of the experiment. Rats in the
ramipril-treated group received ramipril in their food
(0.0025% ramipril by weight) from 6 to 10 weeks of
age. Measured dosages of ramipril were: WKY rats
294 + 0.16 mg/kg/day; SHRSP, 3.32 + 0.18 mg/kg/
day (P > 0.05). All other rats received control food.
After treatment from 6 to 10 weeks of age, the
ramipril-treated rats were switched to control food for
the remainder of the experiment. Blood pressures were
measured weekly by an indirect tail cuff method in
conscious, restrained rats.

2.2. Isolated tissue bath protocol

Rats were killed with a lethal dose of sodium pento-
barbital (60-80 mg /kg) and tail arteries were dissected
from the animal. Arteries were cut helically into strips
(0.7 X 10 mm) and tied with surgical silk at both ends.
The strips were mounted in 50 ml organ baths contain-
ing physiological salt solution (PSS); one tissue end was
tied to a stationary stainless steel rod, the other to an
isometric force transducer. PSS was maintained at 37°C
and aerated with 95% O,-5% CO,. The composition of
PSS was as follows (millimolar): NaCl, 130; KClI, 4.7;
KH,PO,, 1.18; MgSO, - 7H,0, 1.17; NaHCO,, 14.9;
CaCl, - 2H,0, 1.60; dextrose, 5.5; and CaNa,EDTA,
0.03.

2.3. Rat tail artery

Once mounted in the tissue baths, an optimum
passive force (0.6 g) was applied to the tail arteries; the
vessels were then allowed to equilibrate 60-90 min
before exposure to compounds. Cocaine (10™¢ M) was
included to minimize neuronal uptake of select ago-
nists. Contractile responses to agonists were measured
in a non-cumulative fashion. Each concentration of
agonist was added to the bath and remained in the
bath for 20 min. Agonists were then rinsed from the
bath, and the arteries were allowed to return to base-
line tension before addition of the next agonist concen-
tration. In some studies, antagonists were added 1 h
before agonist addition. Force generation was mea-
sured as the initial response. Oscillatory activity was
defined as the number of times tension crossed over a
line of zero, which bisected the oscillations, in the last



10 min of a 20 min incubation with the agonist (see fig.
1B for further description).

In experiments dealing with antihypertensive treat-
ment, it was determined whether clonidine (107> M)
induced oscillations in tail artery from control, hydrala-
zine / hydrochlorothiazide- or ramipril-treated WKY
and SHRSP.

2.4. Analyses and statistics

Data are reported as a mean + standard error of the
mean (S.E.M.) for the number of animals indicated in
the parentheses (N). ECs, values, the concentration of
agonist necessary to produce a half-maximal response,
were calculated using the following algorithm:

Maximal

Response = ——n————
(1+ECs /[AD

where Response = oscillatory response (zero cross-
ings /10 min), Maximal = maximum oscillatory re-
sponse {maximum zero crossings/10 min) and [A]=
agonist concentration. Estimates of ICs, values, the
concentration of antagonists necessary to depress the
oscillatory response to a half-maximal level, were calcu-
lated in a similar fashion except Response = percent
inhibition of norepinephrine (3 X 10~7 M)-induced os-
cillatory response, Maximum = maximum percent inhi-
bition of norepinephrine-induced oscillation and [A] =
antagonist concentration. An IC, value for prazosin
could not be calculated as prazosin did not completely
abolish the norepinephrine-induced oscillatory contrac-
tions up to 3 X 10~® M. Rat brain radioligand binding
affinity values used in the correlations were taken from
the literature (Rouot et al., 1982).

When appropriate, Student’s t-tests, linear regres-
sion, weighted logistical modelling with diagnostic
methods, analysis of variance and Tukey’s post hoc test
were used. A P value less than 0.05 was considered
statistically significant.

2.5. Drugs

The following drugs were used: clonidine hydrochlo-
ride (Boehringer Ingelheim, Rigefield, CT, USA),
epinephrine bitartrate monohydrate, hydralazine, hy-
drochlorothiazide (Sigma, Chemical Co., St. Louis,
USA), guanabenz acetate (Wyeth, Philadephlphia, PN,
USA), methoxamine hydrochloride (Burroughs Well-
come Co., Research Triangle Park, NC, USA), (I)-
norepinephrine hydrochloride (Calbiochem, San
Diegeo, CA, USA), phenylephrine hydrochloride
(Sigma, St. Louis, MO, USA), yohimbine hydrochloride
(Amend Drug and Chemical Co., New York, NY,
USA) and ramipril (provided by Upjohn Co. and
Hoechst, Kalamazoo, MI, USA).
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3. Results
3.1. NE-induced contractile oscillations in rat tail artery

Fig. 1A demonstrates the concentration response
curves for norepinephrine-induced initial contraction
(see inset) in tail artery from WKY and SHRSP. Nor-
epinephrine was slightly but significantly more potent
in contracting tail arteries from SHRSP (—-log EC,, =
7.85 + 0.13) than from WKY rats (—log EC,, = 7.48 +
0.09). Inset in fig. 1A and 1B are tracings of nore-
pinephrine (5.9 X 108 M)-induced contraction in tail
arteries from WKY and SHRSP. Note that at similar
magnitudes of contraction, tail artery from SHRSP
displays marked oscillatory contractions while the con-
traction induced by norepinephrine in tail artery from
WKY rats is steadily maintained. The method used to
analyze the oscillatory response is also described in fig.
1B. A line that bisects the contractile oscillations was
drawn (fig. 1B, inset) and termed the zero-line. The
oscillatory response of the tail artery was then quanti-
fied as the number of times the tension passed through
the zero-line in the last 10 min of a 20 min incubation
period with norepinephrine. The resultant concentra-
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Fig. 1. (A) Concentration-response curves for norepinephrine-in-
duced initial contractions in tail arteries from WKY and SHRSP
rats. Inset: tracings demonstrating position of initial contractile re-
sponse. (B) Concentration-response curves for norepinephrine-in-
duced oscillatory contractions in tail arteries from WKY and SHRSP
rats. Points represent means+S.E.M for the number of tissues
indicated in parentheses. Inset: Tracings demonstrating position of

the zero-line which was used to quantitate oscillatory contractions.
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Fig. 2. Representative tracings of the contractile responses of tail

artery from SHRSP to the non-selective a-adrenoceptor agonist

norepinephrine, the a;-adrenoceptor agonist methoxamine and the

a,-adrenoceptor agonist clonidine. Contractions are displayed as
change in force (g) over time (min).

tion response curve for norepinephrine-induced oscil-
lations in the tail artery is shown in fig. 1B. Only
arteries from SHRSP responded with oscillations to
norepinephrine in a concentration-dependent manner.

3.2. Adrenergic pharmacology of receptor mediating
norepinephrine-induced oscillations in tail arteries

Agonists other than NE also induced an oscillatory
response in the tail artery. In concentrations producing
a similar magnitude of contraction to norepinephrine
(59x107% M), both the «,-adrenoceptor agonist
methoxamine (1.2 X 107® M) and the «,-adrenoceptor
agonist clonidine (4.3 x 1077 M) caused contractile
oscillations (fig. 2). Fig. 3 compares the concentration-
dependent oscillatory contractions induced by various
adrenoceptor agonists. Note that agonists possessing
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Fig. 3. Concentration-response curves for various adrenoceptor ago-
nists in inducing contractile oscillations in tail arteries from SHRSP.
Points represent means + S.E.M. for number of tissues indicated.
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Fig. 4. Contractile responses of tail artery from SHRSP to NE

(3.0x1077 M) in the absence and presence of the «,-adrenoceptor

antagonist yohimbine, «;-adrenoceptor antagonist prazosin and

non-selective a-adrenoceptor antagonist phentolamine. Contractions
are displayed as change in force (g) over time (min).

significant a,-adrenoceptor affinity such as clonidine
(—log EC,, = 6.83 + 0.13) and guanabenz (—log EC,
=7.03 + 0.13) were more potent in inducing tail artery
oscillations than compounds with significant «,-adren-
oceptor affinity such as phenylephrine (—log EC,, =
5.57 £ 0.19) and methoxamine (—log EC ;=555
0.09). In addition, the compounds with «,-adrenocep-
tor agonist affinity had greater efficacy in causing con-
tractile oscillations in the tail artery than «,-adreno-
ceptor agonists. These data support that a,-adrenocep-
tor stimulation is important in the induction of
agonist-induced oscillations.

Moreover, the oscillations induced by a concentra-
tion of norepinephrine (3 X 10~7 M) which causes
maximal oscillatory activity (fig. 1B) were completely
blocked by the «,-adrenoceptor antagonist yohimbine
(8.5 x 1077 M) but not by the a,-adrenoceptor antago-
nist prazosin (7.9 X 10~ 7 M) (fig. 4). The non-selective
a-adrenoceptor antagonist phentolamine abolished
both the maintained tonic and oscillatory contraction
induced by norepinephrine. Fig. 5 demonstrates the
concentration-dependent inhibition of norepinephrine
(3 x 1077 M)-induced oscillatory contractions in tail
artery from SHRSP by yohimbine, prazosin and phen-
tolamine. Phentolamine (—log IC, = 6.93 + 0.30) and
prazosin demonstrated lesser affinity for the receptor
mediating norepinephrine-induced oscillations than the
a,-adrenoceptor antagonist yohimbine (—log IC,, =
7.85 4+ 0.27); prazosin also incompletely blocked nor-



epinephrine-induced contractile oscillations in tail
artery from SHRSP. These data, together with the
agonist data, support that «,-adrenoceptors are pri-
marily involved in norepinephrine-induced oscillations
in the rat tail artery. When measures of agonist po-
tency (ECs,) and antagonist affinity (IC,,) were tested
for correlations with a-adrenoceptor radioligand bind-
ing affinity values from the literature (Rouot et al.,
1982), a comparatively strong correlation between com-
pound activity (EC,, ICs,) in tail artery and a,-adren-
oceptor compound binding affinities was revealed (fig.
6). Collectively, these pharmacological data support the
involvement of the a,-adrenoceptor in norepinephrine-
induced oscillations of the rat tail artery. Furthermore,
these data support the use of an «,-adrenoceptor
agonist such as clonidine to investigate the phe-
nomenon of tail artery oscillations.

3.3. Relationship of blood pressure and oscillations in
vascular smooth muscle

To ascertain whether the phenomenon of agonist-in-
duced oscillations in the rat tail artery was an event
dependent on the blood pressure level or angiotensin
IT production early in life, tail arteries were dissected
from WKY and SHRSP which had been treated early
in life (6—10 weeks old) with the angiotensin converting
enzyme inhibitor ramipril (3.0 mg/kg day) or hydrala-
zine / hydrochlorothiazide (4.0 mg/day). Table 1 docu-
ments the mean systolic blood pressures of the rats
prior to treatment (6 weeks), at the end of treatment
(10 weeks) and just prior to experimentation (17 weeks).
Note that treatments with both hydrochlorothiazide /
hydralazine and ramipril significantly decreased the
blood pressures of SHRSP and WKY rats during the 4
week treatment periods. After treatments were discon-
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Fig. 5. Concentration-dependent inhibition of NE (3.0 10~7 M)-in-
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for number of tissue indicated.
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Fig. 6. Correlations between compound activity (EC, or ICs) in tail

artery from SHR-SP and reported radioligand binding affinity for the

a,-adrenoceptor ([*Hlprazosin; top) and a-adrenoceptor ([3H}-

yohimbine; bottom). Radioligand binding affinities values were taken
from Rouot et al. (1982).

tinued, the blood pressure of hydrochlorothiazide /
hydralazine-treated WKY and SHRSP rats and
ramipril-treated WKY rats returned to levels equiva-
lent to their respective controls. In contrast, blood
pressures of the ramipril-treated SHRSP were signifi-
cantly depressed compared to SHRSP controls but
significantly higher than blood pressures in WKY rats.

Table 1 also demonstrates the percentage of rat tail
arteries from the six treatment groups that responded
to the a,-adrenoceptor agonist clonidine (107> M)
with oscillations. If agonist-induced oscillatory contrac-
tions of the rat tail artery to agonists were dependent
on blood pressure level or angiotensin II production
early in life, we would expect the arteries from the
ramipril-treated rats to display a lower incidence of
oscillatory activity. Virtually none of the tail arteries
from WKY rats displayed clonidine-induced oscillatory
contractions. In contrast, nearly all tail arteries from
SHRSP - regardless of blood pressure — responded to
clonidine with oscillations (table 1). Use of logistical
modelling determined that the variable blood pressure
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and percentage of animals whose tail artery oscillated to clonidine

(107> M). Points represent means+ S.E.M. for systolic blood pres-
sure.

was not a suitable predictor of clonidine-induced tail
artery oscillations. Furthermore, weighted linear re-
gression between terminal blood pressure and the per-
centage of animals whose tail arteries oscillated to
clonidine (fig. 7) revealed that the SHRSP-ramipril
point significantly influenced the slope of the correla-
tion line; this point does not belong on the correlation
line. The continued appearance of oscillations in tail
artery from ramipril-treated rats would suggest that the
decrement ramipril lowered blood pressure (approxi-
mately 50 mm Hg) is not influenced by tail artery
oscillations, nor does this 50 mm Hg drop in pressure
alter the appearance of oscillations in tail artery. How-
ever, the possibility remains that the remainder of
elevated blood pressure (30-35 mmHg) in SHRSP may
somehow influence tail artery oscillations and vice
versa. Nonetheless, these findings suggest that the in-
duction of contractile oscillations in the tail artery of

TABLE 1

SHRSP is independent of blood pressure and may be a
primary dysfunction in SHRSP. Furthermore, expres-
sion of the oscillatory contractions in tail artery of
SHRSP does not apparently depend on early an-
giotensin II production as ramipril did not significantly
affect the appearance of oscillatory contractions in the
tail artery of SHRSP.

4. Discussion

A debate in the study of hypertension exists as to
whether the observed changes in reactivity and mor-
phology in vessels from hypertensive subjects are a
cause or a result of increased blood pressure. The
present studies were performed to investigate further
the relationship of blood pressure level and contractile
oscillations, vascular events seen in tissues from
SHRSP.

In 1985, it was first demonstrated that norepi-
nephrine induced oscillatory contractions in tail arter-
ies from SHRSP but not WKY rats (Myers et al., 1985;
Lamb et al,, 1985). Since this initial report, norepi-
nephrine-induced tail artery oscillations have been
characterized to some extent. First, norepinephrine-
induced tail artery oscillations have been observed only
in the SHRSP model of hypertension; tail arteries from
spontaneously hypertensive rat (SHR), deoxycortico-
sterone acetate-salt (DOCA-salt) and renal hyperten-
sive rats do not exhibit contractile oscillations to ago-
nists. Tail artery oscillations are also independent of
neuronal innervation as acute denervation of tail artery
with 6-hydroxydopamine does not alter the ability of
norepinephrine to induce oscillations (Myers et al.,
1985). Secondly, the cellular mechanisms involved in
norepinephrine-induced oscillations in the tail artery
have been investigated. Norepinephrine-induced oscil-

Systolic blood pressures of WKY and SHRSP rats at 6, 10 and 17 weeks of age *.

Blood pressures were taken by the tail cuff method in conscious, unanesthetized rats. Values are presented as means + S.E.M. for the number of

animals indicated in parentheses.

GROUP 6 weeks 10 weeks 17 weeks Number of tail arteries
(prior to treatment) (end of treatment) (prior to experimentation) displaying oscillations

WKY-control (7) 101+8 136 +5 13144 0/7
WKY-hydralazine /

hydrochlorothiazide (6) 96+ 7 105+5° 13242 0/5¢
WKY-ramipril (8) 103+ 6 109+4° 13143 1/7¢
SHRSP-control (8) 11946 174+4 ¢ 217+4°¢ 8/8
SHRSP-hydralazine /

hydrochlorothiazide (5) 116+ 4 113+9° 198+6 © 3/34
SHRSP-ramipril (8) 124+4 129+3 b 16842 b 5/6¢

* A portion of these data are included for descriptive purposes only and are fully discussed in a study submitted by Traub et al. (submitted March
1993); ® values are statistically different from respective controls; ¢ values are statistically greater than respective WKY controls; ¢ missing values

due to sampling error.



lations in tail artery from SHRSP depend on access to
extracellular Ca®". This is supported by the fact that
(1) norepinephrine-induced oscillations do not occur
when extracellular Ca®* is removed from surrounding
buffer (Lamb et al., 1985); and (2) the Ca** blockers
D-600 (Myers et al., 1985), nifedipine (Lamb et al.,
1985) and felodipine (Bruner and Webb, 1989) block
norepinephrine-induced oscillations in the tail artery.
Similar experiments demonstrated that the non-selec-
tive K* channel antagonists quinidine, sparteine and
barium also antagonized norepinephrine-induced oscil-
lations (Lamb and Webb, 1989a). In other studies, it
was demonstrated that the Ca’*-dependent K* chan-
nel blockers apamin and charybdotoxin did not alter
norepinephrine-induced oscillations (Lamb and Webb,
1989a). Collectively, these data suggest that norepi-
nephrine-induced oscillations depend upon the influx
of Ca’?" and changes in K* movement. Nonetheless,
the oscillations are apparently not initiated by the
activation of Ca®*-dependent K* channels as neither
apamin nor charybdotoxin affected the contractile re-
sponse. It is not yet clear how these ion movements
integrate to result in norepinephrine-induced oscilla-
tions. However, using simultaneous measurement of
isometric force generation and membrane potential,
Lamb and Webb (1989b) have demonstrated that the
norepinephrine-induced oscillations in tail arteries from
SHRSP were associated with regenerating depolariza-
tions/ repolarizations. Thus, the norepinephrine-in-
duced oscillations in tail arteries from SHRSP are
rhythmical contractions associated with regenerative,
electrical events.

In the present study, we have explored the pharma-
cology of the adrenoceptor which mediates norepi-
nephrine-induced oscillations of tail arteries from
SHRSP. The finding that the «,-adrenoceptor agonists
clonidine and guanabenz were potent in stimulating
oscillations and that the «,-adrenoceptor antagonist
yohimbine blocked the contractile receptor with high
affinity supports that the adrenoceptor mediating con-
tractile oscillations in tail arteries is in the «,-adreno-
ceptor family. This is further supported by the lesser
effects of the a,-adrenoceptor agonists methoxamine
and phenylephrine as well as the relatively lower affin-
ity that prazosin demonstrated for the contractile re-
ceptor.

The presence of extrajunctional a,-adrenoceptors
has been demonstrated in vascular smooth muscle such
as the dog saphenous vein (Langer et al., 1980). In the
rat tail artery, there appears to be a mix of both a,-
and «a,-adrenoceptors (Langer and Shepperson, 1982;
Medgett and Langer, 1984; Rajanayagam and Medgett,
1987; Xiao and Rand, 1989a,b). In the perfused rat tail
artery, Sulpizio and Hieble have demonstrated that the
a-adrenoceptor mediating electrical field-stimulated
contraction of the tail artery from normotensive rats is
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of the a,-adrenoceptor family (Sulpizio and Hieble,
1991). Thus, those receptors immediately exposed to
norepinephrine released from nerves appear to be «a,-
adrenoceptors. The rat tail artery contraction to exoge-
nously administered norepinephrine could be blocked
by both a,- and a,-adrenoceptor antagonists (Langer
and Shepperson, 1982; Medgett and Langer, 1984).
Thus, the mixed response of «a,- and a,-adrenoceptors
in the rat tail artery appears to be similar to the
situation in the dog saphenous vein (Langer et al.,
1980). Weiss et al. (1984) demonstrated an increased
population of «,-adrenoceptors in both the brain
(amygdala) and tail artery of the SHR when compared
to tissues from WKY rats. As SHRSP are a substrain
of the SHR, we can postulate that an increased a,-
adrenoceptor density may also be found in SHRSP.
Thus, one possible reason for the observed lack of
oscillations in tail artery from WKY may be an a,-
adrenoceptor population too small for an oscillation to
be acheived. This postulate is supported by studies
from Medgett et al. (1984) in which tail artery from
SHR possessed a greater a,-adrenoceptor population
than tail artery from WKY rats. While a,-adrenocep-
tor subtypes exist (Bylund, 1992), we have not investi-
gated which a,-adrenoceptor(s) were in the tail artery.
Nevertheless, the present studies demonstrate that the
primary adrenoceptor involved in norepinephrine-in-
duced oscillatory responses is most likely an @,-adren-
oceptor.

We next investigated the relationship of this oscilla-
tory event in the tail artery with blood pressure level.
This was done for two reasons. First, it had previously
been demonstrated that norepinephrine-induced oscil-
lations in SHRSP are genetically associated with ele-
vated blood pressure in the SHRSP. Specifically, a
study of the relationship between blood pressure and
tail artery oscillation in genetic crosses (F,) of SHRSP
and WKY rats indicated that the gene(s) which result
in expression of oscillatory activity (a phenotype) may
also be a determinant of high blood pressure (Bruner
et al., 1986). Furthermore, when the hypertension of
SHRSP was chronically treated with the vasodilator
hydralazine and diuretic hydrochlorothiazide, blood
pressure levels were lowered in SHRSP but the oscilla-
tory contraction of the tail artery remained (Bruner
and Webb, 1987). Collectively, these studies were the
first to suggest that norepinephrine-induced oscillatory
contraction in tail artery of SHRSP may not be an
effect secondary to development of high blood pres-
sure, but an intrinsic change of the vessel. Our second
reason for the present studies was to investigate a
hypothesis proposed by Harrap et al. (1990). Harrap et
al. (1990) demonstrated that treatment of young, genet-
ically hypertensive rats with the angiotensin converting
enzyme inhibitor perindopril at a young age (2-10
weeks) resulted in a significant and apparently perma-
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nent decrease in blood pressure. These results were
interpreted to mean that a ‘critical period’ for high-
blood pressure development exists early in life. A
‘gene-switching’ hypothesis was proposed; early in life,
the development of high blood pressure may be depen-
dent on the production and manifestation of the effects
of angiotensin II. Angiotensin Il may ‘switch’ on
and /or off particular genes, thereby initiating a series
of events that ultimately leads to the expression of
hypertension. By inhibiting the production of an-
giotensin II with perindopril, these genes may never
get ‘switched’; thus, hypertension may not be ex-
pressed. We have reproduced these studies using the
angiotensin converting enzyme inhibitor ramipril.

During the 4 week treatment period, both ramipril
and hydralazine / hydrochlorothiazide treatment signif-
icantly lowered blood pressures from control SHRSP
levels (table 1). Upon discontinuation of treatment,
blood pressures of the hydralazine / hydrochlorothia-
zide group rebounded to levels similar to those of the
control SHRSP. In contrast, blood pressures of the
ramipril-treated SHRSP group remained significantly
reduced when compared to control SHRSP. Thus,
ramipril, like perindopril, appears to have long-term
affects on the expression of high blood pressure. The
hypothesis we then tested was whether clonidine-in-
duced oscillations in the tail artery would still occur in
these putatively ‘switched’ animals. If agonist-induced
oscillations in the tail artery were under control of
angiotensin II expression, we would expect that an-
giotensin converting enzyme inhibition would turn off
the adrenoceptor-mediated oscillation. Clonidine (1072
M)-induced oscillations in a statistically similar per-
centage of rat tail arteries isolated from ramipril-
treated SHRSP and untreated SHRSP; thus, the ap-
pearance of agonist-induced oscillations in the tail
artery from SHRSP is most likely an event indepen-
dent of angiotensin II generation during the proposed
critical period. Furthermore, the logistic model used to
examine the relationship of clonidine-induced oscilla-
tion of rat tail artery and blood pressure concluded
that blood pressure was not the best indicator of
whether a tail artery would oscillate to clonidine. These
results support previous indications (Bruner et al., 1986;
Bruner and Webb, 1987) that the SHRSP tail artery
oscillation stimulated by norepinephrine may truly be a
primary dysfunction of the SHRSP and not a result of
elevated blood pressure.

The studies in the present report indirectly support
the association of oscillatory contractions and elevated
blood pressure, and the hypothesis that oscillatory con-
tractions such as those described above may character-
ize hypertension. For example, Meininger et al. (1984)
estimated that in renal hypertensive rats, 30 percent of
the increased hindquarter vascular resistance was
caused by rhythmic arteriolar vasomotor activity. In the

human renal circulation, stimulus-induced flow re-
sponses were oscillatory (Hollenberg and Sandor, 1984;
Hollenberg, 1987). Comparable to the agonist-induced
oscillations in the tail artery from SHRSP (Myers et al.,
1985; Lamb et al., 1985), oscillatory flow responses in
human renal circulation can be inhibited by Ca’"
channel antagonists. Recently, Webb et al. (1992)
demonstrated that agonists ~ serotonin and endothelin
— induced oscillatory contractions in a greater percent-
age of vertebral arteries from hypertensive than in
normotensive individuals. Again, these oscillations were
similar to those observed in tail artery from SHRSP in
that the oscillations were dependent on extracellular
Ca®™* and blocked by the L-type voltage sensitive Ca®*
channel antagonists verapamil and nifedipine.

In summary, we have performed a series of experi-
ments using the genetically hypertensive SHRSP and
normotensive WKY rats that investigates: (1) the com-
plex relationship of altered vascular reactivity with
blood pressure level; and (2) a recently proposed hy-
pothesis concerning gene ‘switching’ in genetic hyper-
tension. First we determined that the primary adreno-
ceptor mediating the unique phenomenon of nore-
pinephrine-induced oscillations in tail arteries from
SHRSP is most likely an «,-adrenoceptor. Second, we
found that although the angiotensin converting enzyme
inhibitor ramipril lowered blood pressures of SHRSP
significantly, it did not alter the appearance of cloni-
dine-induced tail artery oscillations in SHRSP, thereby
supporting the independence of this vascular event
from blood pressure and early angiotensin II produc-
tion.
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