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ABSTRACT

There is no generally accepted theory for the pathogenesis of hyper-
tension in the spontaneously hypertensive (SHR) rat. Various workers
have, however, proposed that elevated activity of the sympathetic ner-
vous system may be responsible for the genesis or maintenance of hyper-
tension in the SHR rat. This study examined the role of sympathetic
nerve activity in the maintenance of hypertension by studying the effect
of acute ganglionic blockade on the arterial pressure-sodium excretion
rate curve (the renal function curve) in conscious unrestrained rats.

I used female SHR rats (n=24) and normotensive Wistar-Kyoto (WKY)
control rats (n=16) in three age groups: 8 to 12, 14 to 19 and 20 to 32
weeks old. The SHR rats were hypertensive relative to the WKY rats for
all age groups and the blood pressure of SHR rats rose with age. Cathe-
ters were placed in the abdominal aorta, the external jugular vein and
the urinary bladder under pentobarbital anesthesia. Experiments were
performed at least 48 hours later in conscious rats. Acute ganglionic
blockade and hypotension was produced with i.v. hexamethonium. The blood
pressure was varied in some experiments by the infusion of fresh whole
blood or by hemorrhage. After arterial pressure had stabilized, sodium
excretion rate (Uy V - microEq4min_1-1OOg Bw']) was measured with 10
minute urine collections obtained by flushing the bladder. Mean arterial
pressure (MAP - mmHg) was recorded simultaneously from the aortic cathe-
ter. Catheters remained functional for up to 6 weeks and it was possi-
ble to record as many as 15 pressure - UNaV points from a single rat.

Measurements of chronic sodium excretion rate and mean arterial

pressure in this work agree with other reports that there is a rightward



shift of the chronic renal function curve in hypertensive SHR rats. In
addition, the renal function curve after ganglionic blockade for each

age group of SHR rats was to the right of the curve for age-matched WKY
rats (P< 0.01). Within the same strain of rats, there was no difference
in the positions of the renal function curves for each of the three age
groups. Linear regression analysis was applied to the observations from
all three age groups. The Tines representing the renal function curves
after ganglionic blockade for SHR rats (n=96 observations) or for WKY rats
(n=86) were:

SHR: U, V = -5.62 + 0.0653"MAP (r=0.365, P< 0.001)

Na

WKY: Uy V

Na -6.05 + 0.1014-MAP (r=0.359, P< 0.001)
The two lines are significantly different (P 0.005) by an analysis of
variance.

The persistence of the rightward shift of the SHR renal function
curve after ganglionic blockade indicates that the sympathetic nervous
system is not required for the maintenance of the rightward shift of the
chronic renal function curve in hypertensive SHR rats. Since I argue
that the rightward shift of the renal function curve is necessary for
the maintenance of hypertension, these data suggest that the sympathetic
nervous system is not solely responsible for chronic hypertension in the
SHR rat,

These observations are consistent with the alternative hypothesis
that structural changes in the renal vasculature are responsible for the

rightward shift of the SHR renal function curve and may, therefore, be

crucial for the maintenance of hypertension in the mature SHR rat.
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INTRODUCTION

PATHOPHYSIOLOGY OF HUMAN HYPERTENSION
In some patients, hypertension is known to be secondary to a speci-
fic disease process. Causes of secondary hypertension include renovas-
cular abnormalities, renal parenchymal disease, primary hyperaldostero-
nism, Cushing's disease, adrenogenital syndromes, pheochromocytoma and
certain drugs. In over 90% of adult hypertensive patients, however,
there is no known cause of hypertension (Berglund, Anderssen and Wilhelmsen,
1976) and the disease must be classified as primary, benign, idiopathic
or essential hypertension. Of course, hypertension is not really benign.
No single theory of the pathogenesis of essential hypertension has
been generally accepted. Page (1949) recognized the fact that many sys-
tems participate in the regulation of arterial pressure and suggests that
it s unlikely that moderate failure of one control system will lead to
hypertension. Still, most workers in hypertension research have focused
on one system at a time in an attempt to identify a pathogenic mechanism
for hypertension. Several of the more popular theories used to explain
human hypertension will be described. It will be seen that many of them
are based on epidemiologic evidence and lack adequate experimental veri-
fication.
vGenetic: It is not established to what extent the observed correla-
tion between parental and offspring blood pressures is
due to common heredity or a common environment (Tyroler,
1977). MWe are also ignorant concerning the basis for
the observation that the incidence of hypertension in the

Black population of the United States is 2 to 4.5 times



Dietary:

Stress:

greater than that of the White population (Hypertension

Detection and Follow-up Cooperative Group, 1977).

Two dietary factors strongly correlate with hypertension.
First, high salt intake both in individuals (Dahl and
Love, 1954) and in cultures (Dahl, 1961b) is associated
with hypertension. Salt is presumed to act to promote
hypertension by either an absolute elevation of plasma
volume or an inappropriately high volume relative to the
blood pressure. Second, obesity was seen in 15.9% of 30
to 59 year old men with hypertension but in only 2.9%

of a similar group of normotensive men (Kannel, Brand,
Skinner et al., 1967). Weight change has been positively
associated with blood pressure changes (Kannel and Sorlie,
1975) and hypertension has been effectively treated by
caloric restriction (Reisin, Abel, Modan et al., 1978).
The mechanisms responsible for the association between

elevated body weight and hypertension are not defined.

Both acute (Brod, Fencl, Hejl et al., 1959; Lorimer,
MacFarlane, Provan et al., 1971) and chronic (Graham,
1945: Cobb and Rose, 1973) mental stress were associated
with elevated blood pressure. Evidence that environmental
factors such as diet and stress are important in the pro-
gression of hypertension includes the observation in
several primitive societies that blood pressure does not

increase with age (Prior, Evans, Harvey et al, 1968;



Hormonal :

Renal:

Page, Danion and Moellering, 1974).

While hypertensive patients do not consistently have
elevated plasma renin activity (PRA), several workers
conclude that, in those patients with elevated PRA, renin
has a pathogenetic role in the hypertension (Case, Wallace,
Keim et al, 1977). Plasma nonrepinephrine was reported

to be elevated in hypertension of short duration (Louis,
Doyle and Anavekar, 1973). Deficiency of peripheral vaso-
dilators such as prostaglandins of the A and E class is a
possible contributing cause of hypertension that has re-
ceived a great deal of attention recently. No clear
correlation between blood pressure and plasma prostaglandin
levels has been demonstrated (Lee, Patak and Mookerjee,
1976) but prostaglandins usually act locally and plasma
Tevels may not indicate functional activity of the hor-

mones.

It is known that humans with hypertension have an enhanced
natriuretic response to sodium load (Lowenstein,
Beranbaum, Chasis et al., 1970; Luft, Grim, Willis et al.,
1976). Other renal abnormalities are more difficult to
demonstrate directly. Although renal histology is normal
in most patients with hypertension (Kincaid-Smith, 1975),
there is reason to believe that renal function is abnormal
in essential hypertension. In the next section I will

describe some of the theoretical and experimental work



that has put renal function at the center of many

analyses of the pathogenesis of hypertension.

Although it is apparent that research on the pathogenesis of hyper-
tension is not limited to any one organ, the role of the kidney in hyper-

tension will be the focus of the rest of this presentation.



THE ROLE OF THE KIDNEY IN HYPERTENSION
Historical

The association between hypertension and renal disease has been
appreciated for over 150 years. In 1827, Richard Bright (1827) described
a series of 23 patients with albuminous urine and anasarca. This condi-
tion became known as Bright's disease. 1In a Tater report he stated that
a hard shrunken kidney at autopsy was often found with cardiac hyper-
trophy (Bright, 1836). He viewed the cardiac hypertrophy as being due
either to an altered quality of the blood which directly stimulated the
heart or as a compensation for the increased force required to prope!
blood through a periphery which had a higher resistance.

Several other early workers confirmed the relation between Bright's

disease and a hard pulse or other properties associated with hypertersion.
Most of them thought that the renal disease occurred first and that in
some manner the damaged kidney was responsible for the hypertension
(Fahr, 1919). Mahomed (1879) questioned the cause-effect relationship
between renal disease and high blood pressure, claiming that it was an
alteration in the blood which causes the high blood pressure and that the
high blood pressure itself will damage the kidney. There is still no
resolution to the controversy stated by the guestion, "Does renal disease
cause hypertension or is renal damage secondary to the hypertension?”
In 1881 Leyden reached the prophetic conclusion that "...to the kidneys,
among other things, also falls the function of acting in regulation of
the aortic pressure" (cited in Gordon, 1977).

During the hundred years after Bright's reports there were some

partially successful attempts to produce an experimental model of hyper-



tension by assaulting the kidney but it was Goldblatt, Lynch, Hansal

et al. (1934) who produced the first reliable model of hypertension. By
placing silver clamps around one or both renal arteries in the dog,
Goldblatt was able to produce sustained hypertension which reached a
plateau about 60 days after the clamps were applied. He did not at that
time draw conclusions about the etiology of the renal hypertension. We
must look to another line of research to formulate concepts that will aid
us in understanding the pathogenesis of this and other forms of hyper-

tension.



Salt and Hypertension

By describing the role of central venous pressure in the regulation
of cardiac output (Starling, 1918) and the relation between arterial
pressure and sodium excretion rate in the isolated kidney (Starling and
Verney, 1925), Starling laid the basis for a volume-dependent, and there-
fore salt-dependent, theory of hypertension (Borst and Borst deGeus,
1963).

In agreement with Starling's concepts, one of the most consistent
clinical observations is the efficacy of a strict Tow-salt diet in the
treatment of hypertension. Ambard and Beaujard (1904) recommended a Tow-
salt diet as therapy for hypertension. This was reiterated by Allen
(1920) who recognized the difficulty of maintaining a strict low-salt
diet but nonetheless emphasized the importance of diet in antihyperten-
sive therapy. The value of a low-salt diet received convincing support
by the studies of Kempner (1944; 1948) who used a rice-fruit diet which
had a very low salt content to treat hypertension effectively in 62% of
his hypertensive patients.

When Meneely studied the relation between the percentage of salt in
the diet and systolic blood pressure in Sprague-Dawley rats, he found a
strong positive correlation between these parameters at ages from 9 to
14 months (Meneely, Tucker, Darby et al., 1953). Complementary evidence
of the hypertensinogenic properties of a high-salt diet in man is not as
convincing.

In a four week study of normotensive young male prisoners on a
moderate sodium load (5.6 meqkg']-day'1), no relationship was found

between the Tevel of salt intake and the blood pressure (Kirkendall,



Connor, Abboud et al., 1976). An equally well-documented four week

study of healthy young males used a sodium load of more than 9.5 mtq-
kg—1-day'] (McDonough and Wilhelm, 1954). These workers found a signi-
Ficant 23% rise in both systolic and diastolic blood pressure as well as
a 10% increase in the plasma volume with the sodium load. There is also
a recent report of the blood pressure response in humans to a more ex-
treme increase in sodium intake. Murray, Luft, Block et al. (1977)
studied four normal adult males and found that, when sodium intake was
increased from 10 to 1500 milliequivalents (mEq) per day, there was a
significant concomitant increase in arterial pressure from 86 to 100 mmHg
(Figure 4). If one assumes that the subjects in this study weighed 70 kg,
their maximal sodium intake was 21.4 mEq-kg']‘day']. The normal American
dietary sodium intake is about 2.5 mEq~kg']~day']. Thus, it is apparent-
1y necessary to increase sodium intake as much as 4- to 9-fold in order
to see a significant change in blood pressure over the course of a week
or two. Baboons, studied for several years while on a high-sodium diet
of 26 mEq‘kg'1Aday—], developed a significant, irreversible hypertension
(Cherchovich, Capek, Jefremova et al., 1976).

Thus, we have the impression from clinical and epidemiological
studies that high salt intake on either an acute or chronic basis may be
related to an elevated arterial pressure. Further, several reports have
indicated that hypertension may be prevented or even reversed by a low-
salt diet.

Integrating human epidemiological studies with the results from
a rat model of experimental hypertension, Dahl developed an impressive

set of data to buttress his assertion that the level of salt intake in a



group of rats or men is related to the incidence of hypertension. He
found that the incidence of hypertension in a White American population
was correlated with the self-reported Tevel of salt consumption (Dahl
and Love, 1954). When he examined the reports of salt intake from five
cultures with various mean salt intakes from 4 to 26 grams per day, Dahl
(1961) found a Tinear relation between salt intake and the prevalence of
hypertension. An interesting study of death from stroke in Japan found
a geographic coincidence of groups with high salt intake, high blood
pressure and stroke (Sasaki, 1962). Workers in the South Pacific (Prior,
Evans, Harvey et al., 1968; Page, Danion and Moellering, 1974) and in
Africa (Shaper, 1972) found that even between groups that were geneti-
cally similar, low salt intake was associated with low to normal blood
pressure, whereas the incidence of hypertension was much higher in those
cultures in which salt intake was high. An interesting additional obser-
vation is that mean blood pressure did not increase with age in adults
Tiving in cultures accustomed to a Jow-salt diet. (Prior et al., 1968;
Shaper, 1972; Page et al., 1974; Oliver, Cohen and Neel, 1975). This
lends empirical support to the practice of defining the normal limits

of blood pressure in absolute terms rather than using a correction for
age (Hypertension Detection and Follow-up Program Cooperative Group,
1977).

A criticism of these epidemiological studies is that they cannot
clearly assign cause and effect roles to salt intake and hypertension.
The rat model of salt-sensitive hypertension developed by Dahl, Heine and
Tassinari (1962) offers an opportunity to examine this problem more criti-

cally. This experimental model of hypertension was a natural extension
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of the earlier work by Meneely (Meneely, Tucker and Darby, 1952; Meneely,
Tucker, Darby et al., 1953; Meneely, Lemley-Stone and Darby, 1961).

Dahl selectively inbred two lines of rats from a Sprague-Dawley
colony which either became hypertensive or remained normotensive on a
high-salt diet (Dahl, Heine and Tassinari, 1962); the two strains were
called sensitive and resistant respectively. After three generations,
rats from the sensitive strain would remain normotensive until challenged
with a high-salt diet after which they became clearly hypertensive. Rats
from the resistant strain remained normotensive even on a high-salt diet.
As have many others, Dahl emphasized the necessity of the presence of
two or more hypertensinogenic factors simultaneously to produce hyper-
tension. He asserts that the interplay of diet and heredity was responsi-
ble for hypertension in his salt-sensitive rats.

The positive correlation between salt intake and blood pressure is
a general phenomenon which has been observed in several rat strains.
Hall, Ayachi and Hall (1975a) studied the effects of high salt intake on
blood pressure in four different types of rats. Sprague-Dawley rats from
two sources, and Wistar rats became hypertensive when they were given
normal saline to drink. Only "Fischer 344" rats remained normotensive,
possibly because these rats limited their salt intake to normal amounts
even with saline drinking water. Even the spontaneously hypertensive
(SHR) rat, which becomes hypertensive on a normal salt diet, had a lower
systolic blood pressure and increased longevity when placed on a low-

salt diet (Dahl and Tuthill, 1974).
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The Analysis of Guyton

Although the idea that renal function is central to the regulation
of blood pressure has a long history, general appreciation and accept-
ance of the concept came only after the publication of a series of theo-
retical and empirical studies by Guyton beginning in 1963 (Langston,
Guyton, Douglas et al. 1963) with the observation of the synergistic
nature of high-salt diet and partial nephrectomy in producing hyperten-
sion in dogs.

Figure 1 summarizes the mechanisms by which the relation between
renal sodium excretion rate and renal perfusion pressure may act to con-
trol chronic arterial pressure. Should an initial disturbance such as
the infusion of norepinephrine increase the mean arterial pressure, this
will lead to an increase in sodium excretion rate. If sodium intake re-
mains unchanged, the blood volume will fall and, with a fall in venous
return, cardiac output will also fall. A lower cardiac output will act
to lower arterial pressure, tending to correct the initial hypertensive
disturbance in this example.

Let us now examine this system in more detail and see why Guyton
arrived at the conclusion that in all cases of long-standing hypertension
there must be an abnormality in the relationship between sodium excretion
rate and arterial pressure (Guyton, Coleman, Cowley et al., 1974a). In
expanding on Borst's thesis, Guyton used analytical models based on con-
trol theory, believing that " .the analytical approach to understanding
function of the bodily mechanisms can Tead to far greater depths of mean-
ing than can possibly be true when using the informal, intuitive approach"

(Guyton, Coleman, Cowley et al., 1972). Using a computer model of the
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Figure 1:

Diagramatic summary of the systems involved
in the regulation of arterial pressure.
Refer to the text for a full description

of the system.
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systems which regulate arterial pressure, he demonstrated that, in the
long run, the most powerful system which regulates blood pressure is the
salt and water excretion system. Guyton cautions that specific results
from computer simulations are of questionable specific validity since
the experimental values for many parameters which must be entered into
the program are not known with sufficient precision. Further, it is not
really valid to use linear control theory in the analysis of non-linear
biological systems. The conclusion that the renal handling of sodium
and water is of overriding importance in long-term pressure regulation
may not, however, suffer from these criticisms since the conclusion does
not depend upon specific experimental values or the linear nature of the
model. This conclusion will now be examined in some detail.

Two classes of control systems, proportional and integral, will be
used here to examine the nature of arterial blood pressure control. Many
of the devices concerned with blood pressure regulation may be modeled as
proportional devices. This type of device will act to minimize devia-
tions of the controlled variable from a reference value. The nature of
the reference pressure in the blood pressure regulation system is not at
all clear. It may be useful to think of a normal pressure rather than a
reference pressure. Pressure may be sensed either directly or, more
1ikely, by some other parameter that is related to pressure, such as
arterial wall strain. In a control device, the error is the difference
between the normal and the actual pressure value. The error is related
to the magnitude of the corrective response by the system. The quotient
of the output (corrective response) divided by the input (error) is known

as the gain of the system. The error will be small when the gain is
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large but there will always be some finite error with a purely propor-
tional device.

The baroreceptor is the sensor for a well known blood pressure re-
gulating system which acts like 2 proportional system. The output of
the baroreceptor is related to the difference between the actual pressure
and the normal pressure, which is the errvor. A proportional device which
could represent the baroreceptor is shown in analog form at the top of
Figure 2. Included in the design 1is an allowance for gradual onset of
the baroreceptor system response and a means to reset the reference point
of the device (Guyton, Coleman, Cowley et al., 1974a). It is known that
there is a resetting of the baroreceptor in rats over a perijod of days
for downward changes in the prevailing pressure (Salgado and Krieger,
1978) and within hours for upward changes (Salgado and Krieger, 1973).
After complete baroreceptor resetting subsequent to either an increase or
decrease in the prevailing pressure, the threshold pressure for aortic
nerve activity is raised or Towered respectively. Although the prevail-
ing blood pressure may be changed, aortic nerve activity after complete
resetting is not different from what it was before blood pressure was
altered.

In the case of an integral device, the magnitude of the correction
is not related only to the value of the error; it is related to the time
integral of the error. The renal salt and water excretion system is the
only recognized example of an integral device among the systems whicn
requlate arterial pressure. The kidney regulates blood pressure by con-
trolling salt and fluid excretion rate and its time integral, namely the

body fluid volume. If blood pressure is higher than the normal pressure,



Figure 2:
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An analog-style representation of a proportional control
device (e.g. baroreceptor system) and an integral device
(i.e. renal fluid excretion system) and their points of
interaction in the regulation of arterial pressure
(Adapted from Guyton, Coleman, Cowley et al. 1974a).
Symbols: t= total time elapsed since a change in basic
pressure, at= time increment interval (fixed as 1/200th
of the total simulation time), PB= basic pressure without
the intervention of either control device, PR]= reference
pressure for the integral device, PR2 = reference pressure
for the proportional device, F] = feedback from the inte-
gral device, F2= feedback from the proportional device,

G = gain of the proportional device, k1 = constant which
relates the error of the integral device to the rate of
change in that device's influence on arterial pressure,
k2 = constant controlling the rate of resetting of the
proportional device, k3 = constant governing the amount
of cross-feed from the proportional device to the inte-

gral device.



/e

et

WA\

kp

PROPORTIONAL DEVICE

| Arterial

Resetting

f

Pressure

INTEGRAL DEVICE

,( E‘E } Error
Ry

Error
i ) .
Ry

Ot



16

fluid loss will exceed intake so that there is a net loss of body fluid.
As long as there is any discrepancy between actual and normal pressure,
fluid loss will continue and the fluid volume of the body will decrease.
Given enough time, the difference between actual and normal pressure,
which is the error, will be reduced to zero. This means that, in time,
the gain will be infinite. This feature leads us to conclude that renal
salt and water excretion mechanisms probably dominate the long-term con-
trol of arterial blood pressure.

An integral device is represented on the bottom half of Figure 2.
Included is a cross-feed from the proportional or baroreceptor system
since the vascular changes brought about by baroreceptor activation
affect not only the peripheral vasculature but also the renal vascular
resistance and the rate of fluid Toss.

The behavior of a system with both a proportional device and an
integral device can best be shown by some analytical examples. The
representation in Figure 2 was translated into a series of equations
which were solved by numerical methods on an HP-9810 calculator with
plotter. Refer to Figure 2 for the meaning of the symbols used in the
following analytic equations.

The feedback from the two devices can be analyzed separately by an
iterative process starting from time t=0 and using increments of st.

At time t=0, F1=F2=O.
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The feedback from the proportional device will be:

- {1(Pg-F,(t)-F ()P )k, 881 .

B 2 2

Fz(t + At) = G{ P,-F (t)-F1(t)_PR

+(Pg-Fo(t)-F (t)-Pp Dk, At] (o, ]
B~ 2 1 R,""2 t= t

Where F2(t+ at) is the value of F2 at time t+ at.

The feedback from the integral device will be:

Fi(t +at) = {(PB-FZ(t)-F](t)-PR1) (Fo(thky + ky) at} g

+{(PB-F2(t)-F](t)-PR1) (Fp(thkg + kq) atd .o 0 + ...

+{(PB-F2(t)-F](t)-PR]) (Fo(t)kg + ky) ot}

The arterial pressure at any time t (MAP(t)) is given by:
MAP(t) = PB-F](t) - Fz(t)

Values for the parameters were chosen so that the renal salt and
water system compensated for a simulated volume Toad in a week or two.
Baroreceptors were activated in much less than a day and reset in about
a day (Guyton, Coleman, Cowley et al., 1972). The solutions of these

equations for several sets of parameters are shown in Figure 3. Each
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Figure 3:

Temporal changes in blood pressure produced by a sudden in-
crease in the basal blood pressure Avwv from 80 to 175 mmHg.
Values listed in Table 1 were used in the model shown in

Figure 2.
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curve is a simulation of the response of all or part of the system in
Figure 2 to an acute volume load which, if uncorrected, would raise mean
arterial pressure from 80 to 175 mmHg.

Table 1: Values of the parameters used in computing the five curves
in Figure 3. See Figure 2 for the meaning of the parameters.

Curve PB PR1 PRZ & k? k2 k3
A 175 80 80 6 0 0 0
B 175 80 80 B 0.3 0 0
s 175 80 80 £ D.3 15 0.01
D 179, 175 80 65 D3 128 0.01
E 175 80 /% 6 0.3 1.5 0.01

Curve A of Figure 3 shows the effect of a non-resetting baroreceptor
system acting alone. The effect of the renal salt and water excretion
system in isolation is shown in curve B. Note that, although the renal
system responds more slowly than does the baroreceptor system, the error
of the renal system approaches zero within two weeks. The results of
acute studies of the combined system will be dominated by the baroreceptor
system, obscuring the long-term importance of the renal system. With
both the proportional and the integral device operating and with resetting
of the proportional device and a cross-feed from the proportional to the
integral device, the system responds in a manner depicted in curve C.

By reducing the duration of pressure elevation and the conseguent diure-
sis, the baroreceptor system actually causeﬁ the renal system to bring
the pressure back down more slowly than it would have in the absence of

the baroreceptor system.
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Previously, I have assumed that the reference pressure for both de-
vices was the same (80 mmHg). Let us now consider the effect of raising
the reference pressure of only one device coincident with the acute vol-
ume load. Should the renal reference pressure be raised to 175 mmHg as
in curve D, the actual pressure will eventually rise to this value.
Raising the reference pressure of the baroreceptor system to 175 mmHg
while keeping the renal reference pressure at 80 mmHg (curve E) does
not, in the long-term, raise the actual pressure above 80 mmHg. The last
two examples provide particularly clear examples of the long-term domi-
nance of the integral device.

Because the fluid volume system is a type of integral control de-
vice with infinite long-term gain, it far surpasses the strength of any
neural, humoral or structual vascular components of blood pressure regu-
lation since those systems which do not operate through the renal fluid
control system have finite gains. Adapting the arguments of Ledingham
(1964), Coleman and Guyton (1969) modified this basic idea to agree with
clinical data which indicate that there may be a normal or even diminished
blood volume in established hypertension (Hansen, 1968; Dustan, Tarazi
and Bravo, 1972; Safar, Chau, Weiss et al., 1976) and that cardiac out-
put may be normal (Frohlich, Tarazi and Dustan, 1969). Guyton proposed
that, in the early stages of hypertension, there is an elevated extra-
cellular fluid volume and increased cardiac output. He suggested that
the body responds to the resulting tissue hyperperfusion with an increase
in vascular resistance. This secondary increase in total vascular re-
sistance obscures the hypervolemic origins of the hypertension. By this

hypothesis, the increase in blood volume and cardiac output that was
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present during the early stages of hypertension is replaced by an in-
crease in total peripheral resistance which operates to return local
tissue perfusion levels to normal and maintains the hypertension at a
normal cardiac output and normal plasma volume. The increase in total
peripheral resistance means that, even though plasma volume is normal
or even lower thén normal in established hypertension, plasma volume is
inappropriately elevated in view of the normal inverse relation between
plasma volume and arterial pressure (Safar, Chau, Weiss et al., 1976).
It is the sum of these resistance changes which Guyton (CoTeman, Granger
and Guyton, 1971) terms "whole body autoregulation” of tissue perfusion.

Guyton's studies, the well-known efficacy of diuretics and of Tow-
salt diets in the treatment of hypertension, the hypertensinogenic effect
of a high-salt diet and the association of renal abnormalities with se-
condary hypertension all indicate that the kidney 1is importantly involved
in conditions in which there is a chronic elevation of arterial pressure.
This is not to say that the kidney itself is abnormal in all cases of
hypertension. It is possible that the primary pathology in a given type
of hypertension is extrarenal. The point of Guyton's analysis is that,
for chronic hypertension to persist, this extrarenal abnormality must be
reflected in an abnormal ability of the kidney to excrete salt and water:

"... almost no effect can cause éontinued elevation of arterial

pressure unless it in some manner affects the kidneys."
{Guyton and Coleman 1969)

This analysis is in agreement with clinical experiences concerning the
antihypertensive efficacy of drugs which act at extrarenal sites, in-

cluding the central nervous system and the autonomic nervous system. In
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dogs the observable hemodynamic consequences of volume loads (Vogel,
1966; Coleman and Guyton, 1969; Granger and Guyton, 1969; Guyton, Coleman,
Cowley et al., 1972) support this analysis.

At the center of Guyton's analysis of the regulation of arterial
blood pressure (Guyton, Coleman and Granger, 1972; Guyton, Coleman,

Cowley et al., 1972; Guyton, Coleman, Cowley et al., 1974a) is the re-
lation between the sodium excretion rate and the arterial pressure which
he calls the renal function curve. The solid 1line in Figure 4 is an ex-
ample of a renal function curve which was redrawn from the data of Murray,
Luft, Block et al. (1977) obtained with four normal human subjects, each
at four levels of sodium intake. In assessing their data, I assumed that
10 g of salt (172 milliequivalents of sodium) is found in the normal

daily American diet. These data provide a recent example of the relation
between sodium excretion rate and blood pressure which has been recognized
for many years. As I shall explain, not only can increased salt intake
lead to an elevated arterial pressure as in the study of Murray et al.
(1977) but an increase in blood pressure will tend to increase sodium
excretion rate.

Fifty years ago Starling and Verney (1925), working with jsolated
dog kidneys, established the correlation represented by the renal func-
tion curve and stated that "... blood pressure as a factor in the rate
of urine elimination may, therefore, be taken as established." Growth,
evaporation and fecal losses account for a rather constant if not minor
difference between intake and renal excretion of salt and water so that,

in the chronic state, intake and renal excretion of salt and water are

closely related.



Figure 4:

&3

The renal function curve. Arterial pressure is related

to sodium excretion rate. In the chronic state, sodium
intake and excretion will be the same. The observed

renal function curve for normotensive humans (solid Tine)
is from Murray, Luft, Block et al. (1977). The curve

for isolated human kidneys (dashed line) is based on extra-
polation from reports using isolated animal kidneys.

There are no reports of the renal function curve in

isolated human kidneys.
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A feature of feedback systems is that we cannot always use the con-
cept of dependent and independent variable (Riggs, 1963). If we open
the feedback Toop for the renal sodium excretion and volume regulation
system by studying the isolated kidney it is appropriate to consider the
renal function curve in terms of an independent variable (mean arterial
pressure) and a dependent variable (sodium excretion rate). If the feed-
back Toop is closed, however, the variables are interdependent. In the
intact preparation, we may vary the sodium excretion rate acutely by
changing the blood pressure or we may vary the mean arterial pressure by
changing the sodium intake which is equivalent to changing the long-term
sodium excretion rate. As long as the feedback loop is not interrupted,
variables can then be spoken of as being interdependent.

Recognizing that the tradition of representing the independent
variable on the abscissa and the dependent variable on the ordinate is
not relevant, I will use the convention that sodium excretion rate or the
related water loss is presented on the ordinate and that mean arterial
pressure is presented on the abscissa. With this orientation, a right-
ward shift of the renal function curve, as in hyperaldosteronism or a
major loss of renal mass, will mean that an elevated arterial pressure
is required to maintain a balance between sodium excretion rate and a
normal sodium intake level.

An important characteristic of the renal function curve in vivo is
its steep slope. In normal people a Targe increase in salt intake is
associated with only a minor change in arterial pressure (Figure 4).

The nature of the renal function curve is quite different depending on

whether the curve is measured in the isolated kidney (McDonald and
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de Wardener, 1965; Tobian, Johnson, Lange et al., 1975; Thompson and
Dickinson, 1972; 1976), the intact animal with acute renal arterial
pressure changes (Selkurt, Hall and Spencer, 1949; Selkurt, 1951; Blake,
Wegria, Ward et al., 1950; Thompson and Pitts, 1952; Beierwaltes and
Arendshorst, 1978), the intact salt-loaded animal with consequent chronic
differences in blood pressure (Bianchi, Baer, Fox et al., 1975; Hall,
Ayachi and Hall, 1975a; Berglund, Wikstrand, Wallentin et al., 1976;
Cherchovich, Capek, Jefremova et al., 1976; Murray, Luft, Bloch et al.,
1977; Norman, Enobakhare, DeClue et al., 1978; Pan, Young and Guyton,
1978) or the intact human with acute ganglionic blockade (Birkenhager,
van Eps and de Vries, 1962).

In general, the in vivo renal function curves are steeper than
curves for isolated kidneys because of extrarenal influences on sodium
excretion. Human kidneys, however, are not readily available for iso-
lated experiments and we must rely on animal studies to establish the
probable nature of the renal function curves for isolated human kidneys.
In Figure 4, the dashed 1ine is a hypothetical representation of the
renal function curve for isolated human kidneys. There are extrarenal
influences on the intact kidney, such as neural and vascular tone, cir-
culating renin, aldosterone, prostaglandins and vasopressin, which act
to change sodium excretion at a given mean arterial pressure. The net
effect of these varying extrarenal influences implies that the intact
renal function curve is steeper than the curve for isolated kidneys.

It has not been established whether salt intake in hypertensive
patients is greater than or less than in normotensive individuals. Using

interviews of a general population to assess dietary salt intake, Dahl and
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Love (1954) found that 10.1% of those who added salt to all foods before
tasting them had hypertension whereas only 1% of those who never used
added salt had hypertension. In a large study of untreated men with
essential hypertension, Berglund, Wikstrand, Wallentin et al. (1976)
found that there was a significant negative correlation between blood
pressure and voluntary sodium intake as estimated from urine collections.
This correlation was positive in normotensive individuals. It appears
that high salt intake may have some role in initiating hypertension but
that hypertensive patients restrict their intake voluntarily. Berglund's
patients were not treated for their hypertension but they had been in-
formed of the diagnosis of hypertension and may have then modified their
salt intake to conform with lay knowledge of the value of a low-salt

diet in hypertension. Even if salt intake is moderately elevated in
hypertension, this cannot by itself account for the severity of hyper-
tension in view of the steep renal function curve in vivo. Consequently,
the renal function curve in vivo must be to the right of the normotensive
curve in most human and experimental hypertension (Figure 5).

In my presentation of the renal function curve, I will only present
data for sodium intake or excretion. It should be realized, however, that
the importance of an elevated sodium intake is that there will be a con-
comitant increase in body fluid volume. Guyton (Norman, Coleman, Wiley
et al., 1975) studied nephrectomized sheep in which fluid volume was
varied with hemodialysis. When plasma sodium concentration was then in-
creased with deoxycorticosterone acetate (DOCA), only those sheep with
increased extracellular fluid volume became hypertensive. Increased

plasma sodium concentration was hypertensinogenic only when it was
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Renal function curves for normotensive and hypertensive
humans. These curves are based on theoretical considera-
tions and are designed to illustrate the principle that
the chronic renal function curve for the hypertensive
patient will be shifted to the right of the normo-

tensive curve. This shift need not be parallel.
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accompanied by elevated extracellular fluid volume.

To point out that there must be a rightward shift of the in vivo
renal function curve1 is not to say that the kidney itself is abnormal
in chronic hypertension. Table 2 is a partial list of mechanisms which
may modify the relation between arterial pressure and sodium excretion
in rats so that the renal function curve is shifted to the right. Table
2 is divided into those mechanisms which may modify sodium excretion
rate by acting before the glomerular capillary barrier, those which
may act at the glomerular capillary barrier and those mechanisms which
may act on renal tubular structures. I will provide more detailed des-
criptions of some key mechanisms later when I discuss the pathogenesis
of hypertension in the spontaneously hypertensive (SHR) rat. Examina-
tion of the pathogenesis of hypertension should not consider the factors
in Table 2 or other factors in isolation but must consider how the fac-
tors can maintain the rightward shift of the renal function curve in

hypertension.

1 The phrase “rightward shift of the renal function curve" will be used

here to mean that the renal function curve is to the right of the
appropriate control renal function curve. By using the word "shift",
I do not mean to imply anything about the prior position of the renal
function curve.
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Table 2: Physiologic and pathophysiologic mechanisms which may be
capable of moving the position of the renal function curve

of rats to the right.

Decreased Glomerular Capillary Filtration Pressure or Decreased
Glomerular Capillary Plasma Flow at a Normal Renal Perfusion Pressure

Increased stimulation of the renal sympathetic nerves

Increased renal vascular or juxtaglomerular cell reactivity to
sympathetic nerve stimulation

Increased plasma colloid osmotic pressure

Increased local or circulating angiotensin II concentration
Increased local or circulating prostaglandin (PGEZ) concentration
Increased plasma calcium concentration

Structurally-based increase in pre-glomerular or post-gliomerular
renal vascular resistance

Decreased Glomerular Capillary Filtration Coefficient

Increased local or circulating angiotensin II concentration
Increased plasma calcium concentration
Decreased renal mass

Increased Tubular Sodium Reabsorption

Increased plasma colloid osmotic pressure

Increased circulating mineralocorticoid concentration

Increased stimulation of the renal sympathetic nerves

Increased circulating vasopressin concentration

Decreased natriuretic hormone concentration

Increased local or circulating prostaglandin (PGEZ) concentration
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THE SPONTANEOUSLY HYPERTENSIVE (SHR) RAT MODEL
The Value of Animal Models

The lack of a consistent hemodynamic, hormonal or environmental
pattern in humans with essential hypertension constitutes an impediment
to research on the pathogenesis of hypertension. Studies of hypertension
in humans require large numbers of subjects in order to allow for the
multitude of parameters which are related to hypertension but that cannot
be controlled and must, therefore, be included in the analysis of results
(Veterans' Administration Cooperative Study Group, 1967; 19705 1972;
Berglund, Andersson and Wilhemsen, 1976; Hypertension Detection and
Follow-up Program Cooperative Group, 1977; Perry, Schnaper, Fitz et al.,
1977; Medical Research Council Working Party, 1977). An understanding of
many aspects of human hypertension requires long periods of prospective
study since the disease usually progresses slowly with approximately 15
years between the onset of hypertension and the appearance of complica-
tions (Perera, 1955). In addition, much of the data on the pathologic
changes during the development of hypertension, the behavior of isolated
organs and the effect of extreme experimental manipulations cannot be
obtained from any human study.

For these reasons, researchers have sought an animal model of human
hypertension. Goldblatt's model of hypertension secondary to renal
artery stenosis was an important advance but is clearly not directly
applicable to most cases of human hypertension since severe renal vascu-
lar disease is usually not present. Work with several strains of rats
with an inherited predisposition for hypertension which have been de-

veloped over the last 20 years promises to help unravel the processes

which are relevant to human essential hypertension.
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Development of Rat Strains with an Inherited Predisposition for Hyper-

tension

During the 1950's, Sir Horace Smirk, working in Dunedin, New Zealand,
developed an inbred strain of hypertensive rats (Smirk and Hall, 1958).
Systolic blood pressures reached a plateau of 165 to 175 mmHg by 6 to 8
weeks in some rats. Unfortunately, only about 30% of the inbred strain
would develop hypertension. This limits the usefulness of this animal
model. The partial arrest of the development of hypertension with 6-
hydroxy dopamine injections may indicate a role for the sympathetic ner-
vous system in the pathogenesis of hypertension in this strain (Clark,
1971).

By 1962, Dahl, Heine and Tassinari (1962) had separated strains of
Sprague-Dawley rats at Brookhaven which were either sensitive or resis-
tant to the hypertensinogenic properties of dietary salt. Cross-
transplantation studies indicated that the kidney may be involved in the
pathogenesis of hypertension in the salt-sensitive rats (Dahl, Heine and
Thompson, 1974).

Between 1964 and 1968, Bianchi developed a strain of hypertensive
rats from a Wistar colony in Milan. As with the Dahl strain of hyper-
tensive rats, there is strong evidence from transplantation studies to
implicate the kidney directly in the pathogenesis of hypertension in this
strain (Bianchi, Fox, DiFrancesco et al., 1973).

The rat that is now most widely used as a model of hypertension is
the spontaneously hypertensive (SHR) rat which was developed in Kyoto by
Okamoto and Aoki from 1960 to 1962 (Okamoto and Aoki, 1963). The SHR rat

was derived by selective out-breeding of those animals with the highest
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systolic blood pressure from a colony of Wistar rats. The most appropri-
ate single normotensive control for the SHR rat is the Wistar-Kyoto (WKY)
rat which was bred from the normotensive members of the Wistar colony at
Kyoto.1

Mean arterial pressure of SHR rats was observed to be significantly
elevated relative to WKY rats at 21 days (Lais, Rios, Boutelle et al.,
1977). Practically all SHR rats become hypertensive with systolic blood
pressures plateauing at about 190 mmHg and mean arterial pressures of
about 150 mmHg. Both SHR and WKY strains are maintained by brother-sister

mating at Kyoto, other research centers throughout the worid and several

commercial animal suppliers.

L The accepted use of the terms "SHR" and "WKY" is as adjectives rather
than nouns (Institute of Laboratory Animal Resources, 1976).
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Comparison of SHR Rats and Humans with Essential Hypertension

An important feature of the SHR rat and other major rat models of
hypertension is the dominance of heredity as a factor in their hyper-
tension. There are several studies which also support an important role
for heredity in human hypertension. In these studies heredity was re-

"~ ported to account for 33% to 63% of the variability in blood pressure
between parents and their children (Platt, 1959; Miall and Oldham, 1963;
Pickering, 1968). The results of a recent study in Detroit, which used

a family set method, suggest that heredity may be minor relative to en-
vironmental factors in predicting hypertension (Ranjit, Schull, Harburg
et al., 1977). A difference in the degree of heritability of hyperten-
sion in humans and in the SHR rat would present a major problem in our
ability to apply findings in SHR rats to humans with essential hyperten-
sion. This reservation aside, there are several features of the SHR rat
which make it a valuable model for human hypertension.

Just as humans with hypertension Tive shorter 1ives than do normo-
tensive individuals (Holme and Waaler, 1976), the median life-span of
untreated SHR rats is 18 months compared to 24 months for WKY rats.
(Nagaoka, Kikuchi, Kawaji et al., 1972). As in most cases of human
hypertension, SHR rats develop hypertension spontaneously without any
special treatment or diet. Most forms of human hypertension can be
treated effectively with salt restriction. Likewise, a low-salt diet
also offers significant protection against hypertension in SHR rats
(Dahl and Tuthill, 1974). Some of the same antihypertensive drugs that
are effective in the treatment of human hypertension are partially effec-

tive in the SHR rat; antihypertensive drugs will lower blood pressure and
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eliminate organ damage (Freis, Ragan, Pillsbury et al., 1972; Folkow,
Hallback, Lundgren et al., 1972) as well as increase longevity (Freis

and Ragan, 1975). SHR rats did not, however, respond to some antihyper-
tensive drugs (e.g. reserpine) which are effective in hypertensive humans
(Frohlich and Pfeffer, 1975; Freis and Ragan, 1976).

A number of studies concerning the hemodynamic characterization of
the adult SHR rat seem to indicate that the SHR rat is a suitable model
for established human essential hypertension. Table 3 summarizes these
similarities. Relevant parameters that are similar both in established
human hypertension and in the SHR rat include an elevated heart rate,

a normal blood volume, elevated total peripheral resistance, normal car-
diac output and normal plasma dopamine beta hydroxylase activity. On the
other hand, hypertensive humans tend to be overweight whereas the SHR

rat is, if anything, underweight compared to the WKY rat.



Table 3: Comparison of various parameters in SHR rats and
humans with essential hypertension. Young SHR
rats are less than 20 weeks old. Data are
given as mean + SEM.

*P<0.05 for the comparison of SHR vs. WKY rats or hyper-
tensive vs. normotensive humans.
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Humans
Hypertensive
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Rats

SHR
WKY Young Adult
4109 2 453%9
397%9 4385 7%
7 750" 9.8%1.2%
49.2%3.3 0 50.9%3.4%
4.9%0.1%  s5.0%0.1°
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TABLE 3 {Continued)

Humans Rats
Hypertensive SHR
Normotensive Labile Established WKY Young Adult
Renal Blood Flow
(m-min™"1.73 m™2) 1577%97 10 1345145 10
Plasma renin conc. (U-171)  g.4! g.g !l
Plasma renin activity 278 12 Amwm* 12
(pmol-m1 ™V hr~Ty 13t 12 15%2 12
Dopamine beta hydroxylase
(micromol-min~te1"1) 25.9%1.9 13 29.6T2.5 13 25,171,913
(Units-m1™T) 7.80%0.24 1 13.4%0.6+14
(nmolemin~ L 17T) 0.19%0.04 15 0.19%0.03 1°
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PROPOSED MECHANISMS FOR SPONTANEOUS HYPERTENSION!

Changes in the Vasculature

Since hypertension will have a direct effect on arterial vascular
wall stress, one may presume a priori that with hypertension there may
be structural changes in the vasculature. Increased total peripheral
resistance, calculated as the quotient of the pressure drop across the
vascular system and the cardiac output, has been consistently observed
in both humans with established hypertension (Frohlich, Tarazi and
Dustan, 1969) and in the SHR rat (Frohlich and Pfeffer, 1975). An in-
crease in total peripheral resistance may be due to one of several fac-
tors or to a combination of several factors: an increase in blood vis-
cosity, a decrease in vascular diameter, a decrease in vessel number or
an increase in vessel Tlength.

The SHR rat has an increase in red blood cell count (Manger, Werner,
Freedman et al., 1974) and hematocrit (Azar, Johnson and Bruno, 1977).
Further, workers at the Cleveland Clinic (Sen, Hoffman, Stowe et al.,
1972) have shown a highly significant linear relation between red blood
cell count and systolic blood pressure in the SHR rat. Still, the degree
of erythrocytosis seen in the SHR rat is minor. If I use data for human
blood (Wells and Merrill, 1961) to calculate the effect of the observed
erythrocytosis on viscosity, I calculate that there should be only a 6%
increase in viscosity. Total peripheral resistance in the SHR rat is
observed to be at least 50% greater than in the WKY. In addition, I shall

describe work by Folkow (Folkow, Hallback, Lundgren et al., 1970a) which

1 In this report, I shall use "spontaneous hypertension” to mean hyper-

tension in the SHR rat.
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shows that vascular resistance is elevated in the SHR rat even during
perfusion with an artificial medium. Until more work is done defining
blood viscosity in the SHR rat, it seems best to use altered vascular
resistance to account for most of the elevation in total peripheral re-
sistance in the SHR rat.

In addition to an increased total peripheral resistance in the SHR
rat, specific vascular beds with greater resistance in the SHR rat than
in the WKY rat include the coronary vessels (Noresson, Hallback and
Hjalmarsson 1977), stomach, small intestine, liver, adrenals and lung
(Tobia, Walsh, Tadepalli et al., 1974) and the kidney (Tobia, et al.,
1974; Gothberg, Hallback, Lundin et al., 1976). An important question
is whether this increased vascular resistance precedes or succeeds
hypertension in the SHR rat.

Folkow (1975) believes that increased total peripheral resistance
is secondary to and adaptive for hypertension. The functional stress
placed on the vasculature by hypertension induces hypertrophy of the
media of resistance vessels in a positive-feedback manner. The medial
hypertrophy is qualitatively much different than the vascular lesions
seen in malignant hypertension (Brunner and Gavras, 1975) which may be
influenced by humoral factors in addition to blood pressure. Morpholo-
gic studies of vascular architecture are plagued with questions concern-
ing the changes attending vessel isolation and post-fixation artifacts.
While some workers have found an increased wall thickness and decreased
Jumen diameter (Short, 1966) and a decreased number of small arterioles
(Hutchins and Darnell, 1974) in the SHR rat, there is a recent report

that there is no difference in vessel wall thickness between SHR rats



and WKY rats (Bohlen and Lobach, 1978).

If the only change in the vascular system is an increase in medial
thickness and the mass of the contractile elements, Folkow predicts
these functional consequences: 1) there will be a normal threshold or
sensitivity to exogenous vasoconstrictor agents such as norepinephrine,
since he assumes that the number of receptors and their avidity for vaso-
active agents is not altered in hypertension, 2) the resistance at both
maximal dilation and maximal constriction will be increased if medial
hypertrophy encroaches on the Tumen and 3) a given change in the dose of
a vasoconstrictor agent will produce a greater than normal change in re-
sistance since the increased mass of vascular smooth muscle will contract
with greater force (Folkow, Grimby and Thulesius, 1958; Folkow, Hallback,
Lundgren et al., 1970b). Figure 6 shows that the predictions of the
structural model are confirmed in hind-limb perfusion studies of two-
kidney Goldblatt rats (Lundgren, Hallback, Weiss et al., 1974) and in
SHR rats (Folkow, Hallback, Lundgren et al., 1970a). The duration and
severity of hypertension are not equivalent in the two models and an
artificial perfusion fluid was used but the effects of norepinephrine
on vasculature resistance are clearly different when the Timb is from a
hypertensive animal.

Controversy abounds concerning vascular reactivity in hypertension
(Bohr, 1974). Whereas most workers do‘find an increased peripheral re-
sistance in vivo, it is not known whether the vascular changes in SHR
rats are secondary to hypertension‘or contribute to the initiation of
hypertension. It is also not known whether the response of hypertensive

vascular smooth muscle to vasoconstrictor agents is different from the



Figure 6:
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Mean perfusion pressure in rat hind-limbs which were
perfused with various concentrations of norepinephrine

in Tyrode solution at a constant flow rate of 10 m]-min'L

1009_]. The solid line is from SHR rats (Folkow, Hallback,
Lundgren et al., 1970a). The dashed 1ine is from renal
hypertensive rats (Lundgren, Hallback, Weiss et al., 1974).
The dotted Tine is from normotensive Wistar control rats

(not WKY rats).
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response of normotensive vascular smooth muscle. Some workers find an
increased sensitivity to vasoconstrictor agents in isolated SHR rat
vessels and in perfused hind-limbs, depending on the specific vasocon-
strictor or vasodilator used (Lais, Shaffer and Brody, 1974; Lais and
Brody, 1975). Others (Spector, Fleisch, Maling et al., 1969; Shibata,
Kurahashi and Kuchii, 1973; Hansen and Bohr, 1975) find a reduced re-
sponse to vasoconstrictor agents in perfused SHR rat vessels. Folkow
reports that there is no difference in vascular sensitivity to vasocon-
strictors between SHR rats and WKY rats (Folkow, Hallback, Lundgren et
al., 1970a) and asserts that the increased response to vasopressor agents
exhibited by the SHR rat is due to increased vascular smooth muscle mass.

In agreement with his thesis that the changes in vascular resis-
tance are secondary to and accentuated by hypertension, Folkow was able
to prevent the accentuated pressor response to norepinephrine that is
usually seen with hypertension by artificially producing regional hypo-
tension. The aortas of 3 week old SHR rats and normotensive Wistar con-
trol rats (NCR) were ligated distal to the renal arteries; producing
hypotension in the hind-limbs. These limbs were isolated and perfused
at 9 and 19 weeks with various concentrations of norepinephrine in an
artificial medium (Folkow, Gurevich, Hallback et al., 1971). Both NCR
and SHR 1imbs showed similar and subnormal resistance at all concentra-
tions of norepinephrine.

Bohr did not confirm Folkow's hypothesis in isolated vascular strips
(Hansen and Bohr 1975). He ligated one external iliac in SHR rats, pro-
ducing hypotension in only one leg and then studied the reactivity of

vascular strips perfused with varying concentration of calcium. He
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found that vascular smooth muscle from both femoral arteries responded

in a similar fashion. It should be remembered that he was not specifi-
cally examining the resistance vessels. In isolated perfused por£a1

veins (protected from hypertension) from 5 month old SHR rats and Wis-

tar rats, Greenburg and Bohr (1975) found an increased rate and strength
of spontaneous contraction with SHR veins. They also found a normal ED50
but an enhanced maximal tension to several vasoconstrictors including
epinephrine, norepinephrine, Ba and Sr. The SHR vascular smooth muscle
had a lowered threshold to PGAZ— and PGEZ-induced vasoconstriction. These
inconsistent data in vascular smooth muscle from a protected region of

the circulation suggest some specific changes in vascular smooth muscle
but it is not clear whether these alterations were present before hyper-
tension or are secondary manifestations of hypertension and therefore do
not contribute to the initiation of hypertension. A report of altered in
vitro reactivity of SHR stomach fundus smooth muscle (Altman, DuPonte

and Worcel, 1976) suggests that smooth muscle alterations are not secondary
to hypertension.

In the two-kidney Goldblatt rat, Folkow (Lundgren, Hallback, Weiss
et al., 1974) examined the cause-effect relation of hypertension and
vascular changes. He measured the temporal changes in isolated hind-
1imb resistance and ventricular mass after renal artery clipping. Sig-
nificant changes in blood pressure preceded the vascular and cardiac
changes by several weeks.

Folkow's whole-Timb studies focus on a different type of vessel
than do the studies which Took at isolated conduit vessels. Until more

work is done on the isolated characteristics of the resistance vessels,
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it will not be possible to resolve the apparent conflicts between these
two lines of research. Perhaps all that can be said at this time is
that the vasculature of the mature SHR rat is hyper-responsive to cer-
tain exogenous vasoactive substances. Medial hypertrophy is one possible
explanation for the hyper-responsiveness.
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