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Abstract. To examine the role of the renal vascular receptor in the control of renin secretion
in the rat, a denervated, nonfiltering kidney model (DNFK) was developed. The left kidney was
subjected to a 2-hr period of total renal ischemia followed by ureteral ligation and section.
Denervation was accomplished by stripping all visible nerves and painting the renal vessels with
5% phenol. Forty-eight hours later lissamine green dye was injected iv and failed to appear in
either the cortical or medullary tubules, indicating that glomerular filtration had ceased. His-
tological study of these kidneys revealed diffuse tubular necrosis with extensive intratubular cast
formation. Norepinephrine content of the DNFK was reduced 91% compared to the contralateral
normal kidney (P < 0.001). In another group of anesthetized rats with a single DNFK, 15 min
of suprarenal aortic constriction (SAC) increased plasma renin activity (PRA) from 3.4 + 0.6
to 11.5 + 1.6 ng Al/ml/hr; in a time control series, PRA was unchanged. To exclude the influence
of adrenal catecholamines in this response, bilateral adrenalectomy was performed in a separate
group of animals with a DNFK. In this series, SAC also markedly increased PRA. The present
data indicate that in the rat the macula densa, the renal nerves, and adrenal catecholamines
were not essential for the hyperreninemia induced by a reduction in renal perfusion pressure.

In 1970-71, Blaine et al. (1, 2) developed
a denervated, nonfiltering kidney preparation
in the dog for the investigation of renin release
mechanisms. This model has been very useful
for the study of the renal vascular receptor or
so-called renal baroreceptor which seems to
function autonomously for the control of renin
secretion. However, the characteristics of this
receptor have not been defined in other spe-
cies. Other investigators (3, 4) have studied
the response to alterations in renal perfusion
pressure in the isolated perfused rat kidney,
but the macula densa input for the control of
renin release was not eliminated.

The above considerations prompted the
present experiments, in which the renal vas-
cular receptor in the rat has been isolated from
the influence of the macula densa, the renal
nerves, and circulating adrenal catechol-
amines by a method similar to that of Blaine
et al. (2). Under these conditions, the func-
tional capacity of the renal vascular receptor
in the denervated nonfiltering kidney (DNFK)
was tested by an acute reduction in renal per-
fusion pressure. Our results indicate that the
renal vascular receptor in the rat is responsive
to a decrease in perfusion pressure and ap-
pears to function autonomously for the con-
trol of renin release. The development of this
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new model in the rat should help to provide
a better understanding of the mechanisms that
regulate renin secretion in this animal species,
particularly in the study of baroreceptor me-
diated renin release.

Methods. Preparation of the denervated,
nonfiltering kidney. Seven male Sprague-
Dawley rats weighing between 250-350 g. were
used. They were fed a commercial chow diet
and tap water was available ad libitum. Under
pentobarbital anesthesia (50 mg/kg, ip), the
left kidney was exposed via a flank incision.
The renal vessels were isolated and a serrefine
microclamp (Sargil-Clip DBGM/DBP, S.P.
1.0-1.5 N, Aesculap Instruments) was applied
for 2 hr to the renal artery near its origin from
the aorta. Following this period of total isch-
emia, the clamp was removed and the ureter
was ligated and sectioned. Denervation was
accomplished by carefully stripping all visible
renal nerves and thoroughly painting the renal
vessels with 5% phenol. The kidney was re-
positioned and the incision closed. Forty-eight
hours later the animals were anesthetized with
pentobarbital and an indwelling polyethylene
catheter (PE-50) was positioned in the left jug-
ular vein. Both kidneys were exposed via a
midline ventral incision. Lissamine green dye
was injected into the jugular vein and the sur-
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face of both kidneys was observed through a
dissecting microscope for the passage of dye
into the tubules. The kidneys were removed
and longitudinally sectioned for the obser-
vation of the presence of dye in the cortical
and medullary tubular areas. The kidneys were
placed immediately in 10% Formalin for fix-
ation and prepared for histological studies. In
a separate series of identical experiments (7
= 6), after observation of the renal tubules for
lissamine green, both kidneys were immedi-
ately frozen until assayed for norepinephrine
content.

Effects of suprarenal aortic constriction in
anesthetized rats with a single denervated
nonfiltering kidney (n = 8). Forty-eight hours
after the preparation of a DNFK as described
above, the rats were anesthetized with pen-
tobarbital (50 mg/kg, ip). They were placed
on a surgical tray over a heating pad to main-
tain rectal temperature between 37-39°C. A
tracheotomy was performed to facilitate ven-
tilation and removal of secretions. Indwelling
heparinized polyethylene catheters (PE-50)
were placed in the left jugular vein, the right
carotid artery, and in the inferior abdominal
aorta via the right iliac artery. Through an
abdominal midline incision the right kidney
was removed and a loop of umbilical tape
(snare) placed around the aorta above the left
renal artery. Thirty minues were allowed for
recovery from these preparatory procedures.
Supra- and infrarenal blood pressures were
measured constantly with Statham P23Db
pressure transducers and tracings were made
on to a Hewlett Packard 7702B recorder. Fol-
lowing the equilibration period, 1 cc of ar-
terial blood was withdrawn for measurement
of PRA. All blood samples were replaced with
equal amounts of fresh donor blood. The aorta
was then constricted to decrease renal per-
fusion pressure to a level between 40 and 60
mm Hg for 15 min. At the end of the period,
arterial blood samples for PRA, plasma elec-
trolytes, and hematocrit were collected. Fol-
lowing the last blood collection, the aortic
constriction was released and lissamine green
dye injected for the observation of the renal
tubules as previously described. Studies in a
time control series (n = 8) were made in a
group of animals prepared with an identical
methodology and following the same exper-
imental design as described above with the
exception that an inferior aortic abdominal
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catheter was not positioned and aortic con-
striction was not performed.

Effect of suprarenal aortic constriction in
anesthetized, bilaterally adrenalectomized rats
with a single denervated nonfiltering kidney
(n = 9). To exclude the influence of adrenal
catecholamines in the response of PRA ob-
served after aortic constriction, a group of rats
was studied in an identical manner as in the
first series except that acute bilateral adre-
nalectomy was performed by surgically re-
moving both adrenal glands immediately be-
fore the equilibration period.

Effects of suprarenal aortic constriction in
anesthetized rats with a single intact filtering
kidney (n = 8). In this group of experiments,
the response of PRA to suprarenal aortic con-
striction was studied in rats with a single in-
tact filtering kidney. The experimental design
was identical to the first series, except that
lissamine green dye was not infused at the end
of the experiment. In addition, observations
in a time control series (n = 8) were made in
a group of animals with a filtering kidney fol-
lowing the same protocol with the exception
that an inferior aortic abdominal catheter was
not positioned and aortic constriction was not
performed.

Analytical methods. Plasma electrolytes
were measured by flame photometry. He-
matocrits (Hct) were determined by the mi-
crocapillary tube method. Plasma renin ac-
tivity and tissue norepinephrine content were
determined by radioimmunoassay (5) and by
high-pressure liquid chromatography (HPLC)
with electrochemical detection (6), respec-
tively. Histological examination was per-
formed by fixing the kidneys in 10% buffered
Formalin overnight, embedding them in par-
affin, and obtaining sections of 7 microme-
ters. Alternate sections were stained with he-
matoxylin and eosin (H and E) and periodic
acid-Schiff (PAS). All sections were examined
microscopically by a pathologist (AL) without
knowledge of the treatment given to the an-
imals,

The experimental results are expressed as
means + SEM. Statistically significant changes
are defined as P < 0.05 as determined by Stu-
dent’s ¢ test and with unpaired ¢ test for anal-
ysis between groups.

Results. Gross, functional, and histological
findings in the denervated nonfiltering rat kid-
ney (n = 7). Gross examination of the DNFK
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revealed minimal hydronephrotic changes
when compared to the contralateral normal
kidney. After lissamine green dye was in-
jected, the passage of the dye through the sur-
face vessels of the kidney was observed. In the
DNFK, in contrast to the contralateral nor-
mal kidney, the dye failed to appear either in
the cortical or medullary renal tubules. These
observations provided functional evidence for
the absence of glomerular filtration in the
preparation. This criterion was met by all of
the kidneys made nonfiltering and denervated
in this study.

The histological studies of DNFK revealed
2+ to 3+ cortical necrosis on the basis of a
grading system ranging from a trace of ne-
crosis (5-10% of surface area of the section)
to 3+ necrosis (greater than 50% of surface
area). Tubular necrosis was evidenced by eo-
sinophilic homogenization of tubular epithe-
lial cells and desquamation of epithelial cells;
tubular cast formation was extensive (Fig. 1).
Several of the kidneys revealed papillary ne-
crosis; focal infarction was observed in one
kidney. Medial necrosis of occasional small
arteries was seen in some of the most severely
affected kidneys. Histological analysis of the
contralateral control kidneys revealed no
pathologic abnormalities.

Tissue catecholamines in denervated non-
Siltering kidneys (n = 6). Tissue norepineph-
rine (NE) content was assayed by HPLC in
the DNFK and compared to that in the con-
tralateral intact kidney. In the intact kidney
the average norepinephrine content for the
series was of 211 + 27 pg of NE/mg of kidney
wet weight. In the contralateral denervated
nonfiltering kidney the mean tissue norepi-
nephrine content was of 17.8 + 2.1 pg of NE/
mg of kidney wet weight. Comparison be-
tween the two values reveals a decrement of
91% (P < 0.001). This percentage decrement
of norepinephrine content by our technique
of denervation is similar to that reported by
others (7).

Effects of suprarenal aortic constriction in
anesthetized rats with a single DNFK (n = 8).
For the group, mean arterial pressure (MAP)
during the control period was 118 + 4 and
118 £ 5 mm Hg above and below the renal
arteries respectively (Fig. 2). During aortic
constriction, MAP above the snare rose to 146
+ 6 mm Hg (P < 0.001) while the perfusion
pressure below the constriction was decreased
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to 48 =+ 2 mm Hg (P < 0.001). Heart rate
decreased from a control level of 413 + 10 to
393 + 8 beats/min during aortic constriction
(P < 0.01). PRA was elevated from a control
value of 3.43 + 0.60 to 11.51 = 1.61 ng Al/
ml/hr following the decrement in renal per-
fusion pressure (P < 0.001). Plasma electro-
lytes revealed a plasma sodium level of 144.2
+ 1.1 mEqg/liter and a potassium concentra-
tion of 4.78 + 0.34 meq/liter; hematocrit was
43% + 0.55.

In the time control series, MAP was un-
changed from a value of 121 + 4 to 125 = 3
mm Hg during the control and experimental
periods, respectively (P > 0.05) (Fig. 2). Like-
wise, heart rate was unchanged from 403
+ 12 to 403 = 13 beats/min during the same
periods (P > 0.05). PRA was unchanged with
levels of 4.13 + 0.81 and 3.86 *+ 0.83 ng Al/
ml/hr (P > 0.05) during the control and ex-
perimental periods. At the end of the exper-
iment, plasma sodium concentration was
143.7 + 1.2 meq/liter, plasma potassium con-
centration was 4.81 + 0.37 meq/liter, and he-
matocrit was 44% =+ 0.32.

Effects of suprarenal aortic constriction in
anesthetized, bilaterally adrenalectomized rats
with a single DNFK (n = 9). This experiment
was performed to exclude the influence of ad-
renal catecholamines in the renin response to
suprarenal aortic constriction in the DNFK.
For the group, the MAP during the control
period was 105 £ 3 and 104 + 2 mm Hg above
and below the left renal artery, respectively
(Fig. 3). During aortic constriction, MAP
above the snare increased to 142 + 3 mm Hg
(P<0.001) while the MAP below the
constriction decreased to 48 + 1 mm Hg
(P < 0.001). Heart rate also decreased from
441 x 7 during control to 411 = 7 beats/min
during constriction (P < 0.001). As in the pre-
vious series, PRA was significantly increased
approximately three-fold from a control value
of 5.7 £ 0.8 to a level of 14.5 + 1.8 ng Al/
ml/hr during the decrement in renal perfu-
sion pressure (P < 0.001). At this time, plasma
sodium concentration was 144.1 + 1.3 meq/
liter, plasma potassium concentration 4.92
+ 0.10 megq/liter, and hematocrit 44% + 0.30.

Effects of suprarenal aortic constriction in
anesthetized rats with a single intact filtering
kidney (n = 8). For the group, control MAP
was 123 =+ 3 and 125 £ 4 mm Hg above and
below the renal artery, respectively (Fig. 4).
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FIG. 1. Photomicrograph of a rat kidney which had been subjected to 2 hr of renal ischemia, ureteral
ligation, and denervation 48 hr previously. Note the tubular necrosis and extensive tubular cast formation
while the glomerular tufts appear normal.

During constriction, MAP above the snare (P < 0.001). During clamping, heart rate de-
rose to 156 + 3 mm Hg (P < 0.001) while creased from a control of 418 = 13 to 405
MAP below it decreased to 51 + 2 mm Hg =+ 14 beats/min (P < 0.05). The baseline PRA
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FIG. 2. Effects of suprarenal aortic construction in rats with a single denervated nonfiltering kidney (right
panel) and a time control series (left panel). Values are expressed as means + SEM. Abbreviations MAP
and PRA are explained in the text. In addition; C = control and E = experimental period after 15 min of

aortic constriction.

was 12.82 + 2.89 ng Al/ml/hr and increased
to 25.80 + 2.32 ng Al/ml/hr during constric-
tion (P < 0.001). Plasma sodium and potas-
sium concentrations were 142.3 + 0.45 and
4.33 + 0.14 meq/liter, respectively, while he-
matocrit was 45% =+ 0.65.

The results of the time control series with
a single intact filtering kidney are also de-
picted in Fig. 4. Mean arterial pressure during
the control and experimental periods was un-
changed from a value of 125 + 2to 124 + 3
mm Hg (P > 0.05). Heart rate was unaltered

from a control of 418 + 13 to a value of 409
+ 14 beats/min during the experimental pe-
riod. Also, PRA was not significantly changed
from a control value of 11.58 = 1.62 to a level
of 13.20 *+ 1.36 ng Al/ml/hr during the ex-
perimental period (P > 0.05). Plasma sodium
and potassium concentrations were 143.9
+ 0.30 and 4.05 = 0.13 meq/liter, respec-
tively, while hematocrit was 45% + 0.27.
Discussion. More than two decades ago To-
bian et al. (8) introduced the concept of an
intrarenal “baroreceptor” in the control of
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FIG. 3. Comparison of the effects of suprarenal aortic constriction in rats with a single denervated
nonfiltering kidney with and without adrenal glands (left and right panels respectively); left panel is from
Fig. 2. Period of constriction: 15 min. Values are expressed as means + SEM. Abbreviations as in Fig. 2;
in addition, ADX = adrenalectomy.
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FIG. 4. Effects of suprarenal aortic constriction in rats with a single intact filtering kidney (right panel)
and a time control series (left panel). Period of constriction: 15 min. Values are expressed as means +

SEM. Abbreviations as in Fig. 2.

renin secretion. By studying the response to
changes in renal perfusion pressure in an iso-
lated rat kidney preparation, these workers
noted that juxtaglomerular (JG) cell granu-
lation was consistently decreased in associa-
tion with an increment in renal perfusion
pressure. In 1962, Tobian suggested that the
JG cells act as receptors that respond inversely
to the degree of stretch of the renal afferent
arteriole for the control of renin release (9).
Skinner and associates (10) performed graded
suprarenal aortic constriction in dogs and
noted that changes in renin secretion were not
necessarily dependent on either a decrease in
renal blood flow or pulse pressure.

These first studies of the renal vascular re-
ceptor did not take into account the changes
in the rate of glomeruler filtration that vari-
ations in renal perfusion pressure produce.
For instance, the studies of Skinner ez al. (10)
did not consider that a decrement in renal
perfusion pressure could have resulted in a
fall of the filtered load of sodium chloride
which the macula densa senses for the release
of renin, Indeed, experiments by Vander and
Miller (11) demonstrated that renin release
secondary to aortic constriction in the dog
was blunted or prevented by the simultaneous
administration of diuretics which increased
sodium chloride load or delivery to the mac-
ula densa. Thus, the difficulties in interpreting
the various experimental manipulations that
could influence either or both receptors for
renin release became apparent.

To circumvent this problem, Blaine et al.
(1) developed a nonfiltering kidney model in
the dog, in which the influence of the macula
densa was eliminated. With the aid of this
preparation, they further explored and con-
firmed the “baroreceptor” hypothesis of To-
bian. In these studies, these investigators found
that suprarenal aortic constriction or hem-
orrhage elicited a striking increase in PRA in
the absence of a functional macula densa.
However, it was still possible that the baro-
receptor-mediated renin response to these
maneuvers could have been influenced by the
renal nerves or circulating catecholamines (12,
13). With this realization, Blaine ef al. (2) re-
peated their experiments in the nonfiltering
kidney model in the dog in which the renal
vascular receptor was further isolated from
the renal nerves by renal denervation and from
circulating adrenal catecholamines by bilat-
eral adrenalectomy. In this preparation, both
hemorrhage and suprarenal aortic constric-
tion again produced striking increments in
renin secretion. Collectively, the studies by
Blaine et al. (1, 2) demonstrated both an im-
portant role and the functional autonomy of
the renal vascular receptor in the control of
renin release in the dog. During the last de-
cade this dog model has proved to be quite
useful in the study of renin release mecha-
nisms.

The present study was undertaken to de-
velop a denervated nonfiltering kidney model
in the rat and to evaluate the renal vascular
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receptor mechanism. It seemed important to
characterize the renal vascular receptor in this
species which is being used increasingly for
study of renin secretion. The importance of
creating such a model was recognized as early
as 1946, when Selye created an “‘endocrine
kidney” by a combination of a reduction in
renal perfusion pressure and ureteral ligation
(14). In this preparation he demonstrated tu-
bular cast formation and loss of the tubular
epithelial brush border, but unfortunately no
functional evidence of the absence of glo-
merular filtration was provided. However, he
reported that the endocrine function of the
kidney probably remained intact, since “pres-
sor substance” (probably renin) produced by
this kidney was consistently detected.

In the present experiments, the renal vas-
cular receptor was isolated by denervating a
nonfiltering kidney and by adrenalectomy.
Functional evidence that glomerular filtration
had ceased was provided by the lack of ap-
pearance of lissamine green dye (injected iv)
in the renal tubules. Histological evidence re-
vealed marked tubular necrosis with extensive
cast formation; under these circumstances,
tubular flow with delivery of solute to the
macula densa in a normal manner was not
possible. Renal denervation reduced renal
norepinephrine content 91%, and adrenal cat-
echolamines were eliminated by bilateral ad-
renalectomy.

Physiological studies of the denervated,
nonfiltering kidney model were made to eval-
uate its functional capacity and to provide
evidence of its usefulness. Suprarenal aortic
constriction produced a three-fold increase in
PRA, whereas PRA was unchanged in a time
control series. To eliminate the influence of
adrenal catecholamines, bilateral adrenalec-
tomy was performed in rats with a dener-
vated, nonfiltering kidney and the response to
suprarenal aortic constriction studied again.
The response in PRA was essentially the same
as in the presence of adrenal glands. The only
noticeable difference was a lower control ar-
terial pressure in the adrenalectomy group
from loss of circulating catecholamines and a
slightly higher control PRA secondary to the
reduced renal perfusion pressure.

The response to suprarenal aortic constric-
tion was also studied in a series of normal rats
with intact kidneys for comparison with the
data in the DNFK. The control values for
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PRA were three to four times higher in intact
than in DNFK. The value of 12.5 ng Al/ml/
hr for uninephrectomized but otherwise in-
tact rats is in agreement with data from other
laboratories for anesthetized, surgically
stressed rats (15, 16) in which PRA is slightly
elevated. The low control level for PRA in the
DNFK could represent the loss of support
from the renin stimulatory mechanisms de-
leted in the DNFK, namely, the macula densa,
the renal nerves, and adrenal catecholamines.
It is also possible that the JG mass was less
in the DNFK due to the renal ischemia but
there was no histological evidence of this. It
should also be pointed out that the percentage
and absolute increments in PRA following
aortic constriction were not appreciably dif-
ferent in the normal and the DNFK.

In summary, a DNFK model has been de-
veloped in the rat in which the intrarenal vas-
cular receptor was progressively isolated from
the influence of (i) the macula densa by mak-
ing the kidney nonfiltering, (ii) the renal nerves
by surgical and chemical denervation, and (iii)
the adrenal catecholamines by bilateral ad-
renalectomy. The experimental data indicate
that the renal vascular receptor in the rat can
function autonomously for the control of renin
release and that a decrement in renal perfu-
sion pressure is a potent stimulus for renin
secretion via this receptor. Finally, this model
should be a valuable tool in renin secretion
experiments, particularly in the study of the
renal vascular receptor.

We are grateful to Ms. M. Flood, Mrs. G. Duff, and
Mr. C. Gay for their expert technical assistance and to
Dr. J. Alan Johnson for analytical help in measuring the
renal catecholamines.

1. Blaine, EH, Davis JO, Witty RT. Renin release after
hemorrhage and after suprarenal arotic constriction
in dogs without sodium delivery to the macula densa.
Circ Res 27:1081-1089, 1970.

2. Blaine EH, Davis JO. Evidence for a renal vascular
mechanism in renin release: New observations with
graded stimulation by aortic constriction. Circ Res
Suppl 1I 28, 29:118-126, 1971.

3. Hofbauer KG, Zschiedrich H, Gross F. Regulation
of renin release and intrarenal formation of angio-
tensin. Studies in the isolated perfused rat kidney.
Clin Exp Pharmacol Physiol 3:73-93, 1976.

4. Fray JCS. Stretch receptor model for renin release
with evidence from perfused rat kidney. Amer J Phy-
siol 231(3):936-944, 1976.



DENERVATED, NONFILTERING RAT KIDNEY

. Sealey JE, Laragh JH, Gerten-Barnes J, Accto RM.

Hypertension Manual. New York, Yorke Medical
Books/Dunn-Donnelley Publ Co., p621, 1974.

. Goldstein DS, Feuerstein G, Isso JL Jr, Kopin 1J,

Kaiser HR II. Validity and reliability of liquid chro-
matography with electrochemical detection for mea-
suring plasma levels of norepinephrine and epineph-
rine in man. Life Sci 28:467-475, 1981.

. Diz DI, Baer PG, Nasjletti A. Effect of norepineph-

rine and renal denervation on renal PGE, and kal-
likrein in rats. Amer J Physiol 241:F477-F481, 1981.

. Tobian L, Tomboulian A, Janecek J. The effect of

the granulation of juxtaglomerular cells in an isolated
kidney. J Clin Invest 38:605-610, 1959.

. Tobian L. Relationship of juxtaglomerular apparatus

to renin and angiotensin. Circulation 25:189-192,
1962.

. Skinner SL, McCubbin JW, Page IH. Control of renin

secretion. Circ Res 15:64-76, 1964.

. Vander AJ, Miller R. Control of renin secretion in

the anesthetized dog. Amer J Physiol 207(3):537-
546, 1964.

12.

13.

14,

15.

16.

147

Vander AJ. Effect of catecholamines and the renal
nerves on renin secretion in anesthetized dogs. Amer
J Physiol 209:659-662, 1965.

Wathen RL, Kingsbury WS, Stouder DA, Schneider
EG, Rostorfer HH. Effects of infusion of catechol-
amines and angiotensin II on renin release in anes-
thetized dogs. Amer J Physiol 209:1012-1024, 1965.
Selye H. Transformation of the kidney into an ex-
clusively endocrine organ. Nature (London) 404:131
(July 27), 1946.

Pettinger WA. Anesthetics and the renin-angioten-
sin-aldosterone axis. Anesthesiology 48:393-396,
1978.

Carvalho JS, Cherkes JK. Renin Release by pento-
barbital anesthesia in the rat: A role for vascular
mechanisms. Life Sci 30:887-897, 1982.

Received November 29, 1982. P.S.E.B.M. 1983, Vol. 173.





