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Abstract. This study examined the possibility that the renal tubules are the site of the sensors
that respond to renal artery stenosis (RAS) and which initiate the events leading to pressor
hyperresponsiveness. A nonfiltering kidney (NFK) was produced in 32 rabbits by 2 hr of total
renal ischemia plus permanent ligation of the ureter; the opposite kidney remained undisturbed.
Sixteen of these rabbits also received RAS of the NFK. An additional 16 rabbits received RAS
without production of a NFK, and 16 more rabbits were sham-operated controls. In acute
experiments 3 days later in conscious rabbits, infusions of norepinephrine at several doses
resulted in greater increases in mean arterial pressure in the RAS rabbits, with filtering kidneys
(2-K, 1-clip) and with NFKs (2-K, 1-clip with NFK), than in the NFK rabbits without RAS
(2-K control with NFK) or in the control rabbits (2-K control). Measurements of cardiac
output revealed greater increases in total peripheral resistance as well as in mean arterial
pressure in response to norepinephrine in the RAS rabbits both without and with a NFK.
Because production of a NFK in rabbits did not prevent the development of pressor and
vascular hyperresponsiveness 3 days after RAS, these studies indicated that the renal sensors
that detect changes in the kidney following RAS and which initiate the series of events leading

to pressor and vascular hyperresponsiveness, probably are not located in the renal tubules.

It 1s well established that patients with
hypertension, as well as animals with exper-
imental hypertension, have exaggerated in-
creases in arterial pressure in response to
vasoconstrictor agents (1-4). The mechanisms
responsible for this pressor hyperresponsive-
ness in hypertension are not understood
completely. In previous studies (5-8) we have
shown that pressor hyperresponsiveness oc-
curs in rabbits 3 days after renal artery
stenosis (RAS), with the opposite kidney
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either removed (1-K, 1-clip) or intact (2-K,
1-clip). The renal perturbations which occur
in the kidney during RAS and which result
in pressor hyperresponsiveness probably are
perceived by sensors or receptors of some
type in the kidney. These most likely are
baroreceptors located in the arterial system
of the kidney or chemoreceptors located in
the renal tubules or renal vascular system.
The present study was designed to provide
information on the location of these receptors.
To test the hypothesis that these receptors
are located solely or mainly in the renal
tubules, this study used rabbits with a non-
filtering kidney (NFK).

Methods. A total of 64 male New Zealand
white rabbits, 2.8 to 3.2 kg in body wt, were
used in these studies. The rabbits were caged
singly in a constant environmental tempera-
ture of 27°C. Room lights were controlled
by an automatic time switch that provided
illumination from 7:00 AM to 7:00 PM daily.
All rabbits received an excess of a commercial
rabbit diet (Purina Lab Rabbit Chow
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HF5326), which provided 0.167 meq of Na*
and 0.467 meq of K* per gram of feed.
Water was available ad [libitum.

Four different animal preparations were
used. Sixteen rabbits were sham-operated (2-
K controls). An additional 16 rabbits had
only a unilateral RAS (2-K, 1-clip). A uni-
lateral NFK was produced in 16 other rabbits
(2-K control with a NFK), and 16 more
rabbits had a unilateral NFK plus RAS of
the same kidney (2-K, 1-clip with a NFK).

Surgical procedures. The production of
RAS was by the method of Brooks and
Muirhead (9). Rabbits were anesthetized with
halothane (2-5%) in nitrous oxide and oxy-
gen, as described by Sartick et al. (10). The
left kidney was exposed by a midventral
laparotomy, with sterile surgical procedures.
A silver clip, with a gap size of 0.6 mm, was
placed around the left renal artery to produce
a reduction in renal blood flow; the clip was
secured in place by a ligature across the open
end of the clip. The right kidney was not
disturbed. Each rabbit then was closed and
was returned to its cage.

A unilateral NFK was produced in rabbits
by the method described for dogs by Blaine
et al. (11). Rabbits were anesthetized with
halothane plus nitrous oxide and were opened
by a midventral incision. The left ureter was
ligated permanently with 2-O silk suture. A
serrefine clamp was placed on the left renal
artery to produce total occlusion of the vessel.
Each rabbit was then closed, with the renal
artery occluded, and was allowed to recover
from the anesthesia. Two hours later, each
rabbit was again anesthetized as before, re-
opened, and the serrefine clamp was removed
from the left renal artery to reestablish blood
flow to the kidney. The right kidney remained
intact. In rabbits designated to receive both
RAS and a NFK, the clip was placed around
the left renal artery at this time. Each rabbit
again was closed and was returned to its
cage.

Rabbits selected as sham-operated controls
were anesthetized with halothane plus nitrous
oxide. They were subjected to a midventral
laparotomy, and the left kidney was exposed.
These rabbits then were closed and were
returned to their cages without either kidney
being disturbed.

Three days after these initial operations,
each rabbit again was anesthetized as before,
and polyvinyl catheters (Fr 5 infant feeding
tubes) were placed in the lower aorta and
inferior vena cava via the femoral artery and
vein. These catheters were filled with a hep-
arin solution (1000 units/ml), and the free
ends of the catheters were sutured to the
backs of the animals. Thirty-two rabbits in
which cardiac output was to be determined
(experiment 2) also had a similar catheter
placed in the jugular vein so that the catheter
tip would lie near the right atrium; this
catheter also was filled with a heparin solution
and was coiled and sutured to the back of
the neck. Each rabbit was allowed to recover
from the anesthesia, was weighed, and was
placed in a rectangular box to limit its move-
ments. The acute experiments were per-
formed 6 hr later in conscious rabbits. During
the acute experiments the rabbits were not
restrained in any way except by the limita-
tions of the size of the box.

Two separate experiments were performed.
Each experiment used eight 2-K control rab-
bits; eight 2-K, 1-clip rabbits; eight 2-K con-
trol rabbits with a NFK; and eight 2-K, I-
clip rabbits with a NFK.

Experiment 1: Pressor responses (o norepi-
nephrine. At the start of the acute experiment
an arterial blood sample (2 ml) was obtained
from the arterial catheter and was placed in
a chilled tube containing ethylenediaminetet-
raacetate (EDTA); this blood sample was
used for the determination of plasma renin
activity (PRA). Mean arterial pressure was
measured through the arterial catheter with
a pressure transducer (Statham, Model
P23Db) and was recorded on an oscillo-
graphic recorder (Hewlett-Packard, Model
7754A). Heart rate was obtained by recording
pulsatile arterial pressure at a fast paper
speed (10 mmy/sec). The gain of the recorder
amplifier then was increased so that a 1-mm
pen deflection represented a change in mean
arterial pressure of 1 mm Hg, and the pen
position was adjusted on the recorder channel
by the use of a zero-suppression control on
the amplifier. This allowed the recording of
small changes in mean arterial pressure. Nor-
epinephrine solutions were prepared by di-
luting a fresh ampule of a commercial solu-
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tion (Levophed, Breon Laboratories) in 5%
dextrose in water. While mean arterial pres-
sure was being recorded continuously, nor-
epinephrine was infused iv at doses of 25,
50, 100, 200, 400, 800, and 1200 ng/min/kg
of body wt, with a syringe infusion pump.
Norepinephrine solutions were infused at flow
rates of 0.3 or 0.6 ml/min. Each norepineph-
rine solution was infused for 5 min, and 5
min were allowed between infusions for the
mean arterial pressure to return to the prein-
fusion level and to stabilize. The mean arterial
pressure during the l-min period prior to
each norepinephrine infusion was taken as
the control pressure, and the increase in
mean arterial pressure that occurred during
the fifth minute of norepinephrine infusion
was accepted as the pressor response.

At the end of the experiment, each rabbit
was sacrificed with 3 ml of a strong barbitu-
rate solution (Sleepaway, Fort Dodge Labo-
ratories). Each NFK was examined grossly,
and the decapsulated kidney was examined
under a dissecting microscope. Tissue samples
were obtained from each NFK; these were
placed in neutral Formalin and were pro-
cessed for histologic examination.

Experiment 2: Vascular responses to nor-
epinephrine. An arterial blood sample (2 ml)
for PRA was obtained at the start of the
acute experiment. Each rabbit then was given
1000 units of heparin iv. Control measure-
ments were obtained for mean artenal pres-
sure, heart rate, and cardiac output. Cardiac
output was determined by dye dilution, as
has been described previously (12). Blood
was pumped from the arterial catheter
through a densitometer cuvette (model DC-
410, Waters Instruments) at a rate of 10.0
ml/min by a roller pump; the blood was
returned to the rabbit through the femoral
catheter. A volume of 0.15 ml of indocyanine
green dye (Cardio-Green; Hynson, Westcott,
and Dunning, Inc.), with a dye concentration
of 2.5 mg/ml, was placed in the jugular
catheter and was flushed into the circulation
with 0.8 ml of isotonic saline. The densitom-
eter cuvette was interfaced with a densitom-
eter (Model TD-1; Waters Instruments), and
the dye concentration curves were recorded
on the oscillographic recorder. All cardiac
output determinations were performed in

triplicate, and the average of the three deter-
minations was accepted as the cardiac output
value.

Following these control measurements, a
solution of norepinephrine, prepared as de-
scribed in experiment 1, was infused iv at a
dose rate of 800 ng/min/kg of body wt, for
5 min, and the pressor response was recorded.
During the final minute of norepinephrine
infusion, heart rate and cardiac output again
were determined. Each rabbit was then sac-
rificed as before, and tissue samples were
obtained from each NFK for histologic ex-
amination.

Cardiac output values were expressed in
ml/min/kg of body wt. Values for total pe-
ripheral resistance (TPR) were expressed in
the arbitrary units that result from dividing
the mean arterial pressure in mm Hg, by the
cardiac output in ml/min/kg of body wt.
Stroke volume was calculated as ml/kg of
body wt.

Analytical procedures. Blood samples for
PRA were spun in a refrigerated centrifuge,
and the plasma was stored frozen at —14°
C. At a later time the plasma samples were
thawed, and PRA was determined by ra-
dioimmunoassay of generated angiotensin I,
by a modification of the method of Cohen
et al. (13); these procedures, as used in our
laboratory, have been described previously
in detail (12). Values for PRA were expressed
as nanogram of generated angiotensin I per
milliliter of plasma, per hour of incubation.

Statistics. In experiment 1, the values for
mean arterial pressure, heart rate, PRA, and
the pressor response to each dose of norepi-
nephrine were compared among the four
groups of rabbits by analysis of variance (14).
In experiment 2, the values for mean arterial
pressure, heart rate, PRA, cardiac output,
TPR, and stroke volume in the initial part
of the experiment were compared among the
four groups of rabbits by analysis of variance.
In both experiments, when significant values
were obtained, the data were analyzed further
by Duncan’s new multiple range test (14). In
experiment 2, values for mean arterial pres-
sure, heart rate, cardiac output, TPR, and
stroke volume during norepinephrine infusion
were compared to the values prior to norepi-
nephrine infusion by the u test (14), to
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TABLE 1. INITIAL VALUES FOR RABBITS IN EXPERIMENT 1

27

Mean arterial

pressure Heart rate

(mm Hg) (per min) PRA
2-K control rabbits 94 £ 2 272 £ 14 59+08
2-K, I-clip rabbits 95+ 3 260 £ 13 5.0+ 0.6
2-K control rabbits with a NFK 97 £3 263 + 11 6.1 £1.3
2-K, 1-clip rabbits with a NFK 102 =3 250 + 11 5.1+£0.8

Note. Values are means + SEM for eight rabbits per group. PRA = plasma renin activity. 2-K, 1-clip = 2-kidney
rabbits with unilateral 3-day renal artery stenosis. NFK = nonfiltering kidney. There were no significant differences
among the four groups of rabbits for any of these measurements.

determine if a change occurred during the
infusion of norepinephrine. For those mea-
surements in which a change occurred with
norepinephrine, the values for the changes
were analyzed among the four groups of
rabbits by analysis of variance plus Duncan’s
new multiple range test.

Results. The initial values for mean arterial
pressure, heart rate, and PRA for the rabbits
in all four groups in experiment 1 are given
in Table I. There were no significant differ-
ences among the groups of rabbits for any of

1-clip rabbits with a NFK, but these differ-
ences were significant only for norepinephrine
doses of 100 and 200 ng/min/kg. There were
no significant differences in the pressor re-
sponses to any of the doses of norepinephrine
between the 2-K controls and the 2-K controls
with a NFK.

Table II presents the initial values for
mean arterial pressure, heart rate, PRA, car-
diac output, TPR, and stroke volume for all

these values. The pressor responses to nor-

epinephrine in these four groups of rabbits , -
are illustrated in Fig. 1, which is a plot of 30 ff:.fiiﬁjlii',':, with NFK %%
the various doses of norepinephrine infused, Ly 25 — 2? g°“:'°'| - i
on a logarithmic scale, vs the increase in g3 ’ omrer A
mean arterial pressure produced by these :§ e 201 £ 1
doses. It was found that these dose-response .. z T e
relationships could be described adequately 3¢ '° Ty ;/ﬁt"’
by the equation y = a(log x)”, where y is the 5 i i f
increase in mean arterial pressure, x is the ~ "/i /3{ '

dose of norepinephrine, and g and 7 are 5 R i S

constants. The curves in this figure are the it

least-squares fit of this equation to the values ® 2% 50 100 200 400 800 1200
obtained for each group of rabbits. The in- NE DOSE ng/min. kg

creases in mean arterial pressure in response
to norepinephrine were significantly greater
in the 2-K, 1-clip rabbits with a filtering
kidney than in either group of rabbits without
RAS, for all doses of norepinephrine. Pressor
responses to norepinephrine in the 2-K, 1-
clip rabbits with a NFK were significantly
greater than in the 2-K control rabbits with
a NFK for all norepinephrine doses except
25 and 100 ng/min/kg. The 2-K, 1-clip rabbits
without a NFK had pressor responses that
were generally greater than those of the 2-K,

FIG. 1. Increases in mean arterial pressure (mm Hg)
in response to infusions of norepinephrine (ng/min/kg
body wt; log scale) in four groups of rabbits in experiment
1. 2-K, 1-Clip = 2-kidney rabbits with 3-day unilateral
renal artery stenosis. NFK = nonfiltering kidney. Values
are means + SEM for eight rabbits per group. Lines
represent best fit of the data to the equation: y = a(log
X). * = P <005 and ** = P < 0.01 that the value is
greater than the corresponding value for the 2-K control
group and the 2-K control group with a NFK. * = P
< 0.05 that the value for the 2-K, 1-Clip with a NFK is
less than the corresponding value for the 2-K, 1-Clip
group.
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TABLE II. INITIAL VALUES FOR RABBITS IN EXPERIMENT 2

Mean arterial

pressure Heart rate Cardiac output Stroke volume
(mm Hg) (per min) PRA (ml/min kg) TPR (ml/kg)
2-K control rabbits 93 +2 263 £13 55+09 260 + 13 0.36 + 0.02 1.00 + 0.06
2-K, l-clip rabbits 94 +3 275+ 14 49+ 1.0 249 + 10 0.38 £ 0.01 0.92 £ 0.05
2-K control rabbits
with a NFK 95+3 243 £ 11 52+09 263 + 13 0.37 £ 0.02 1.10 = 0.07
2-K, I-clip rabbits
with a NFK 97+ 5 255+ 10 58+0.8 279 + 8 0.35 £ 0.02 1.10 £ 0.05

J_Vote Values are means = SEM for 8 rabbits per group. PRA = plasma renin activity. TPR = total peripheral
resistance. 2-K, l-clip, = 2-kidney rabbits with unilateral 3-day renal artery stenosis. NFK = nonfiltering kidney.
There were no significant differences among the four groups of rabbits for any of these measurements.

four groups of rabbits in experiment 2. There
were no significant differences among these
groups for any of these factors. The changes
in mean arterial pressure, heart rate, cardiac
output, TPR, and stroke volume that oc-
curred during the infusion of norepinephrine
at 800 ng/min/kg are summarized in Table
III. Norepinephrine infusion resulted in sig-
nificant increases in mean arterial pressure,
TPR, and stroke volume in all groups of
rabbits, while heart rate decreased signifi-
cantly; cardiac output decreased slightly but
significantly only in the 2-K, 1-clip rabbits
without a NFK. Comparing the magnitudes
of these changes among these four groups of

rabbits revealed that the increases in mean
arterial pressure and TPR were significantly
larger in the 2-K, 1-clip rabbits and in the 2-
K, I-clip rabbits with a NFK than they were
in the 2-K control rabbits or in the 2-K
control rabbits with a NFK. The changes in
heart rate and stroke volume were not differ-
ent among the four groups of rabbits.

Gross examination of each NFK revealed
a mild hydronephrosis. Visualization of the
decapsulated surface with a dissecting micro-
scope showed an extensive network of short,
white lines, which were the necrotic surface
tubules; examination of the cut surface of
these kidneys revealed that these extended

TABLE IIIl. CHANGES DURING NOREPINEPHRINE INFUSION FOR RABBITS IN EXPERIMENT 2

Mean arterial

pressure Heart rate Cardiac output Stroke volume
(mm Hg) (per min) (ml/min kg) TPR (ml/kg)
2-K control rabbits +13 £ 1¢ —51 £ 8¢ -5+ 6 +0.06 + 0.01¢ +0.23 £ 0.08¢
2-K, 1-clip rabbits +25 + 24b —43 + 6° —-14 + 5¢ +0.13 = 0.014¢ +0.12 = 0.04¢
2-K control rabbits
with a NFK +12 £ 1° —36 + 4 -6+ 8§ +0.06 £ 0.01¢ +0.19 £ 0.07¢
2-K, 1-clip rabbits
with a NFK +19 + 1< —55 + 8¢ —16 £ 16 +0.10 + 0.02%¢ +0.24 + 0.09°¢

Note. Values are means + SEM for eight rabbits per group. TPR = total peripheral resistance. 2-K, I-clip = 2-
kidney rabbits with unilateral 3-day renal artery stenosis. NFK = nonfiltering kidney.

4 P < 0.05 that a change occurred during infusion of norepinephrine.

4 P < 0.05 that the increase in mean arterial pressure and TPR were greater than in the 2-K control rabbits or in

the 2-K control rabbits with a NFK.

¢ P < 0.05 that the increase in mean arterial pressure was less than in the 2-K, 1-clip rabbits.
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throughout the renal cortex. Figure 2 is a
photomicrograph of a histologic section from
the cortex of a rabbit NFK. Histologic ex-
amination revealed extensive tubular necrosis
with casts filling the tubular lumina, but with
normal glomerular tufts.

Discussion. The production of RAS in
rabbits initiates an unknown series of events
that lead to pressor and vascular hyperre-
sponsiveness to vasoconstrictor substances.

Although elevated angiotensin II concentra-
tions will result in pressor hyperresponsive-
ness in rabbits (5), and increased activity of
the renin-angiotensin system occurs acutely
after RAS in rabbits (12), by 3 days after
RAS the plasma angiotensin II levels (8) and
PRA (5-7) are normal. Normal PRA values
were observed in the 3-day RAS rabbits in
the present study. Thus, increased plasma
angiotensin II probably was not responsible

FIG. 2. Photomicrograph of a nonfiltering kidney preparation from a rabbit. Note the tubular necrosis
with casts in the tubular lumina (arrows). The glomerular tufts appear normal.
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for the pressor and vascular hyperresponsive-
ness in these 3-day RAS rabbits.

Folkow et al. (15) proposed that pressor
hyperresponsiveness in hypertension may be
due to structural changes in the arterioles
resulting from the elevated arterial pressure.
As seen in the present study and in previous
studies from this laboratory (5-8), rabbits
with RAS of 3-days duration were normoten-
sive, but nevertheless these rabbits had en-
hanced pressor responses to norepinephrine
to the same extent as rabbits with chronic
hypertension due to RAS (5, 7). Thus, it
seems unlikely that the structural alterations
in the arterioles contributed to the pressor
hyperresponsiveness in these 3-day RAS rab-
bits.

Expansion of body fluid volumes will result
in pressor hyperresponsiveness, as shown by
recent experiments (16) in which the iv in-
fusion of isotonic saline at 1.5 to 1.8 ml/min
for 24 hr in rabbits resulted in pressor and
vascular hyperresponsiveness to norepineph-
rine. Three-day 2-K, 1-clip rabbits, however,
have been shown to have normal values for
plasma volume, extracellular fluid volume,
and total body water (7). Therefore, the RAS
rabbits in the present study probably were
not volume expanded, and the pressor and
vascular hyperresponsiveness observed in
these rabbits probably were not due to in-
creases in body fluid volumes.

Following RAS there is decreased pressure
in the arterial system of the kidney and
decreased glomerular filtration rate, which
decreases the amount of the filterable com-
ponents of the plasma reaching the renal
tubular system. It is likely that in animals
with RAS these disturbances act on barore-
ceptors in the renal vascular system or on
chemoreceptors in the renal tubular system
or in the renal vascular system to trigger
mechanisms which ultimately result in pressor
and vascular hyperresponsiveness. The pos-
sibility exists that, like the control of renin
release (17), both vascular and tubular re-
ceptors may be involved in promoting
hyperresponsiveness following RAS.

The NFK model has been used to study
the mechanisms controlling renin release in
dogs (11, 18) and in rats (19). That glomerular
filtration is lacking in this model has been

demonstrated by the failure of lissamine
green, a dye that is filtered by the glomerulus,
to appear in the surface tubules of dogs and
rats following its injection into the circulatory
system; also, after reopening the ureter in
dogs with a NFK, the glomerular filtration
rate remained extremely low (20). In the
present study, the histologic appearance of
the NFKs from rabbits (Fig. 2) was similar
to that seen in NFKs from rats (19). The
gross and histologic appearance of the NFK
preparations in this study suggested that these
kidneys did, indeed, lack filtration.

In this study, the 3-day 2-K, 1-clip rabbits
had pressor hyperresponsiveness to norepi-
nephrine when compared to controls, as was
seen in an earlier study (7). Also, the 3-day
2-K, l-clip rabbits with a NFK had greater
pressor responses to norepinephrine than did
the 2-K control rabbits or the 2-K rabbits
without RAS. The results of experiment 2
revealed that the exaggerated increases in
mean arterial pressure in response to norepi-
nephrine in the 3-day 2-K, 1-clip rabbits
with and without a NFK were accompanied
by more pronounced increases in TPR than
occurred during norepinephrine infusion in
the 2-K control rabbits or in the 2-K rabbits
with a NFK without RAS. These pronounced
increases in TPR in response to norepineph-
rine presumably were due to more pro-
nounced contractions of arteriolar smooth
muscle cells. Thus, these 3-day 2-K, 1-clip
rabbits, both with and without a NFK, ex-
hibited vascular hyperresponsiveness as well
as pressor hyperresponsiveness to norepi-
nephrine.

The 2-K rabbits with a NFK but without
RAS did not show pressor and vascular hy-
perresponsiveness. However, the 2-K, 1-clip
rabbits with a NFK did exhibit pressor and
vascular hyperresponsiveness to norepineph-
rine. Because hyperresponsiveness occurred
in these rabbits with RAS of a kidney that
lacked filtration, it seems improbable that
the renal tubules are the site of the receptors
that sense the changes in the kidney following
RAS and that initiate the events leading to
pressor and vascular hyperresponsiveness.
This suggests that the renal vasculature is the
most likely location for these sensors.

Studies from this laboratory (21) have
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shown that a bloodborne substance is in-
volved in mediating pressor hyperresponsive-
ness in 3-day 1-K, 1-clip rabbits, as the cross-
circulation of blood between these rabbits
and normal rabbits resulted in the transfer
of pressor hyperresponsiveness to the normal
rabbits. We speculate that RAS produces
changes in the kidney, and that these changes
are detected by sensors in the kidney, bringing
about the release of a hormonal factor that
then acts to promote increased responsiveness
of the arteriolar smooth muscle cells to pres-
sor agents. Because the kidney is the organ
perturbed directly by RAS, it is suspected
that the kidney may be the source of this
circulating humoral hyperresponsiveness fac-
tor; however, it is also possible that the
changes in the kidney following RAS might
alter afferent neuronal signals from the kidney
(22) that could bring about release of the
hormonal hyperresponsiveness factor from
some other organ.

It is of interest that although the 2-K, 1-
clip rabbits with a NFK had greater pressor
and vascular responses to norepinephrine
than did either the 2-K control group or the
2-K group with a NFK but without RAS,
these 2-K, 1-clip rabbits with a NFK had
pressor and vascular responses that were less
than the 2-K, 1-clip rabbits with RAS of a
filtering kidney. This difference in the pressor
responsiveness was significant at two dose
levels of norepinephrine. In the NFK prepa-
ration there was less total functional renal
tissue in the NFK, due to the period of
ischemia. If the hormonal hyperresponsive-
ness factor originates from the kidney, this
observation could be explained by there being
less of the hormonal factor being produced
and available for release in response to RAS
in the NFK rabbits than in the rabbits with
filtering kidneys.
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