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Abstract

To evaluate the pathophysiologic importance of renal nerves in
regulating the renal vasomotor tone, we measured several pa-
rameters of renal cortical microcirculation before and after acute
renal denervation (DNx) in the following three groups of anes-
thetized Munich-Wistar rats: (group 1) congestive heart failure
after surgically induced myocardial infarction (n = 10), (group
2) acute extracellular fluid volume depletion after deprivation of
drinking water for 48 h (n = 8), and (group 3) sham or nontreated
controls (n = 6). In the myocardial-infarcted rats, DNx led to a
uniform increase in glomerular plasma flow rate of, on average,
36%. Single nephron glomerular filtration rate of myocardial-
infarcted rats also increased despite a reduction in glomerular
capillary hydraulic pressure. These changes were associated with
a fall in arteriolar resistances, particularly in the efferent arte-
riole. The glomerular capillary ultrafiltration coefficient rose in
all but one myocardial-infarcted animal. A similar hemodynamic
pattern was seen after DNx in water-deprived animals. In every
water-deprived animal, glomerular plasma flow rate and single
nephron GFR increased on average by 28 and 14%, respectively.
Again, afferent and efferent arteriolar resistances decreased sig-
nificantly. Furthermore, the ultrafiltration coefficient increased
uniformly and substantially with DNx.

To ascertain the potential importance of the interaction be-
tween the renal nerves and angiotensin II in these circumstances,
we compared the renal cortical hemodynamics in additional
groups of water-deprived rats (group 4) after DNx (n = 15),
(group 5) during inhibition of angiotensin II with saralasin
(n = 15), and (group 6) during treatment with both saralasin and
DNx (n = 15). No appreciable difference was detected between
group 4 vs. 6. In contrast, substantial differences were noted
between group 5 vs. 6: on average, the glomerular plasma flow
rate was 26% higher and the afferent and efferent arteriolar re-
sistances 25% and 27% lower, respectively, in group 6.

Portions of these studies were presented at the annual meeting of the
American Society of Nephrology, Washington, DC, 1984, and at the
Annual Meeting of the Federations of American Societies for Experi-
mental Biology, Washington, DC, 1985, and were published in abstract
form (1984. Am. Soc. Nephrol. 17:134; and 1985. Clin. Res. 33:489A).
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These observations provide direct evidence to indicate
pathophysiologic importance of renal nerves in the profound in-
trarenal circulatory adjustments in prerenal circulatory impair-
ment. The vasoconstrictive effects of renal nerves appear to be
mediated in part by their stimulatory influence on angiotensin
II release and their direct constrictor actions on pre- and post-
glomerular vessels as well.

Introduction

It is well known that at normal base-line conditions, activation
of renal nerves causes antidiuresis and antinatriuresis (1-4).
Conversely, removal of the renal nerve influence by acute de-
nervation of the kidney is associated with increased urine flow
and sodium excretion (5, 6). These phenomena have been at-
tributed by many investigators to reflect a direct influence of
renal nerves on the tubule reabsorption processes. Micropuncture
measurements in normal animals have shown that acute renal
denervation led to a decrease in the fractional reabsorption of
sodium and water by the proximal tubule (5-8). That renal
nerves directly influence tubule transport is further supported
by several whole kidney clearance studies in which acute de-
nervation-induced diuresis and natriuresis in normal animals
were not accompanied by changes in renal hemodynamics or
the rate of glomerular filtration (5, 6). These observations have
been taken to indicate that, in contrast to their significant influ-
ence on tubule transport, renal nerves contribute little to the
vasomotor tone of normal animals under baseline physiologic
conditions.

These conclusions, however, do not preclude the possibility
that when the efferent neural tone is heightened above baseline
level, it may profoundly influence renal circulatory dynamics.
In fact, direct activation of renal nerves above baseline level
induces an increase in renal vascular resistances proportional
to the degree of nerve stimulation (4, 9-12). Recent studies lo-
calized the effects of renal nerve stimulation to the pre- and
postglomerular arterioles, where they cause constriction, as well
as reduction in glomerular capillary ultrafiltration coefficient
(4, 13, 14). These neural influences on renal hemodynamics are
reminiscent of actions ofmany other vasoactive substances. For
example, suppression of endogenous angiotensin II actions in
normal animals by administration of specific angiotensin II in-
hibitors has repeatedly been shown to elicit minimal changes in
renal hemodynamics and glomerular filtration rate (15, 16). At
the same time, it is now well recognized that exogenous admin-
istration of angiotensin II is capable of causing profound vaso-
constriction (17, 18). Moreover, in circumstances in which renin-
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angiotensin levels are elevated, such as chronic extracellular fluid
(ECF)' volume depletion induced by restriction of salt intake,
administration of an angiotensin II inhibitor markedly alters
renal hemodynamics and glomerular filtration (19). Therefore,
it appeared warranted to examine whether the profound effects
of renal nerves on renal vasculature demonstrated by experi-
mental electrical stimulation do, in fact, participate in patho-
physiologic settings. Two conditions, congestive heart failure
and acute ECF volume depletion, are characterized by marked
renal vasoconstriction, including high afferent and efferent ar-
teriolar resistances and depressed glomerular capillary ultrafil-
tration coefficient (15, 20). The sympathetic tone is believed to
be markedly enhanced in both of these conditions (21-24). To
determine the causal role of renal nerves under these circum-
stances, we removed the direct adrenergic influence of nerves
by renal denervation and evaluated the renal microcirculatory
indices before and after denervation. The possible intermediary
role of angiotensin II was also explored by using an angiotensin
II antagonist.

Methods

Treatment before micropuncture experiments. Studies were performed
in adult male Munich-Wistar rats weighing 183-369 g. Group 1 (n
= 10) consisted of animals with congestive heart failure secondary to
myocardial infarction (MI). Infarcts were surgically produced using the
technique previously described (25). Briefly, under ether anesthesia, a
left thoracotomy was performed and the heart exteriorized. The left cor-
onary artery was ligated between the pulmonary outflow tract and the
left auricle. In some animals, distal blanches of the left and/or right
coronary arteries were also cauterized. The heart was then returned into
the chest and the thorax closed. The rats were allowed free access to tap
water and standard rat chow. Micropuncture experiments were performed
-4 wk after surgery. Only rats having left ventricular end-diastolic pres-
sure (LVEDP) > 15 mmHg during the micropuncture experiments were
included in group 1. Group 2 (n = 8) were normal rats deprived ofwater
for 48 h before the experiment (acute water deprivation [AWDD). Group
3 (n = 6) included four sham-operated animals that underwent a tho-
racotomy and exteriorization ofthe heart and two nonoperated animals.
Group 3 animals were maintained on standard rat chow and water ad
libitum until the day of experiment. In addition to these three groups of
animals, which underwent two-period studies described below, three more
groups of water-deprived rats (groups 4-6) were prepared for a one-
period micropuncture study in a fashion identical to that in group 2.

Treatment during micropuncture experiments. On the day of exper-
iment, all animals were anesthetized with Inactin (Byk, Federal Republic
of Germany; 100 mg/kg, i.p.) and placed on a temperature-regulated
micropuncture table. Each animal underwent a tracheostomy. In-dwelling
polyethylene catheters were inserted into the right and left jugular veins
for infusion of inulin and isoncotic rat plasma. A 0.2-ml bolus of 10%
inulin in NaCl was given, followed by a continuous infusion at the rate

1. Abbreviations used in this paper: AP, femoral arterial pressure; AWD,
acute water deprivation; CA, protein concentration in systemic plasma;
CE, protein concentration in efferent arteriolar plasma; ECF, extracellular
fluid; Hct, blood hematocrit in femoral artery; Kf, glomerular capillary
ultrafiltration coefficient; LVEDP, left ventricular end-diastolic pressure;
PE, hydraulic pressure in surface efferent arteriole; Pac, hydraulic pressure
in single glomerular capillary; MI, myocardial infarction; PT, hydraulic
pressure in proximal tubule; AP, glomerular transcapillary hydraulic
pressure difference (= Poc - PT); QA, glomerular plasma flow rate; RA
and RE, resistance to blood flow in afferent and efferent arteriole, re-
spectively; SNFF, single nephron filtration fraction; SNGFR, single
nephron glomerular filtration rate; (TF/P)N, proximal tubule fluid-to-
plasma inulin concentration ratio; UN&V, urinary sodium excretion rate;
V, urine flow rate; V~TF, tubule fluid flow rate; -, (over-bar) mean value.

of 1.2 ml/h. Plasma equal to 1% body weight in groups I and 3, and
0.5-0.7% body weight in groups 2, 4, 5, and 6 were infused, followed by
infusion of 1.2 ml/h throughout the remainder of the experiment to
replace the plasma volume lost during surgical preparation (20, 26). The
left femoral artery was catheterized for periodic sampling of blood and
recording of mean systemic arterial blood pressure (AP). AP was mon-
itored with an electronic transducer (model P-23Db [Statham Instruments
Div., Gould Inc., Oxnard, CA]) connected to a direct writing recorder
(model 2200 [Gould Inc.]). An in-dwelling left ventricular catheter was
inserted through the right carotid artery and connected to a Millar mi-
cromanometer (PC-350, Millar Industries, Houston, TX), which was
linked to the writing recorder.

The left kidney was exposed by ventral midline and subcostal incisions
and suspended on a Lucite holder. Its surface was illuminated with a
fiberoptic light source and bathed with 0.9% NaCl. All micropuncture
measurements and collections were obtained from the left kidney. In
each one of the animals from groups 1-3, base-line micropuncture mea-
surements and specimen collections specified below were begun 90-120
min after induction of anesthesia. The base-line period was completed
within 30 min. Renal denervation was then carried out as previously
described (5, 7). The nerve bundles running parallel with the renal artery
were severed. In addition, the renal artery was carefully stripped of its
adventitia and swabbed with a 10% phenol solution, care being taken to
protect the kidney and surrounding tissues. To ascertain the completeness
of this denervation technique, we electrically stimulated the splanchnic
nerve by placing it on a bipolar electrode connected to a Grass stimulator
(model S44 [Grass Instrument Co., Quincy, MA]), set to deliver a square-
wave signal for 0.5 ms at 5 V and 5-10 Hz. It has previously been shown
by us and others that nerve stimulation at this frequency range caused
profound renal vasoconstriction, which is evidenced by blanching ofthe
kidney surface ifthe renal nerve is intact (4, 13, 14). In the rats undergoing
denervation, micropuncture measurements were begun after a 45-60-
min equilibration period and completed within -30 min.

In the AWD animals of groups 4-6, micropuncture measurements
and collections were performed only once (one-period study). In designing
the study for groups 4-6, it was felt necessary to perform experiments
in a relatively large number of animals (- 15 in each group), since a
wide animal-to-animal variability within each group might otherwise
hinder meaningful statistical group-to-group comparison. Group 4 defines
AWD animals that underwent denervation, and includes the second
period of group 2. Micropuncture measurements were performed 90-
120 min after denervation. In group 5 (n = 15) AWD animals, micro-
puncture was performed during infusion of saralasin (0.3 mg/kg/h, i.v.),
an angiotensin II antagonist.2 Saralasin was begun 40-120 min before
measurements of cortical hemodynamics and continued throughout the
experiment. Group 6 (n = 15) AWD animals underwent both saralasin
treatment and renal denervation. Group 6 experiments include animals
that were first denervated, then infused with saralasin (the same rats as
group 4, n = 6), or treated vice versa (the same rats as group 5, n = 6),
or which underwent both treatments simultaneously (separate rats,
n = 3).

Micropuncture measurements. Micropuncture measurements and
collections were carried out as follows. Timed (I1-2 min) samples of fluid
were collected from surface proximal tubules from each of two or three
nephrons for determination of flow rate, inulin concentration, and cal-
culation of tubule fluid-to-plasma inulin concentration ratio ([TF/P]h),
hence single nephron glomerular filtration rate (SNGFR). The rate of
fluid collection was adjusted to maintain a column of polymer oil, three
to four tubule diameters in length, in a constant position just distal to
the site of puncture. Coincident with tubule fluid collection, femoral
arterial blood samples were obtained for determination of hematocrit
and plasma inulin concentration. Urine was collected from the right and

2. This dose of saralasin has previously been used by several investigators
(I18, 20, 27) and has been shown to inhibit the microcirculatory changes
induced by endogenous and exogenous angiotensin II. There exists the
theoretical possibility, however, that in these experiments, angiotensin
II may only be partially inhibited by saralasin.
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left kidneys for determination of flow rate (V), renal sodium excretion
rate (UN8V), and inulin for the glomerular filtration rate (GFR). For the
urine collections, in-dwelling ureteral polyethylene catheters (PE-IO) were
used.

Hydraulic pressures were monitored in accessible surface structures
with a continuous-recording servo-null micropipette transducer system
(model 3 [Instrumentation for Physiology and Medicine, San Diego,
CA]). Micropipettes with outer tip diameters of 1-2 Aim containing
2.0 M NaCI were used. Hydraulic output from the servo-null system
was coupled electronically to the recorder by means of a pressure trans-
ducer. Direct measurements of time-averaged hydraulic pressures were
recorded in single capillaries of surface glomeruli (PGc), proximal tubules
(PT), and efferent arterioles (PE). Protein concentrations ofplasma entering
(CA) and leaving (CE) glomerular capillaries were determined by analyzing
femoral arterial and surface efferent arteriolar plasma, respectively (28).
Protein content was analyzed by the fluorometric technique of Viets et
al. (29). The oncotic pressure was calculated from the protein concen-
trations determined by the relationship previously described (30).

The volume of fluid collected from individual tubules was estimated
from the length of the fluid column in a constant-bore capillary tube of
known internal diameter. The concentration of inulin in tubule fluid
was measured in duplicate by the microfluorescence method of Vurek
and Pegram (31). Inulin concentrations in plasma were determined by
the macroanthrone method of Fifhr et al. (32). The sodium concentration
in the urine was determined by flame photometry.

Calculations. SNGFR was calculated by SNGFR = (TF/Ph& X VTF,
where (TF/PhN and VTF refer to tubule fluid-to-plasma inulin concen-
tration ratio and tubule fluid flow rate, respectively. Glomerular capillary

ultrafiltration coefficient (Kf) and resistances of single afferent (RA) and
efferent (RE) arterioles were calculated using equations described in detail
elsewhere (30).

Paired t test was used for period to period comparison within the
same group. Analysis of variance was used to compare groups 4, 5, and
6. Statistical significance is defined as P < 0.05. Significance for analysis
of variance are given at levels ofP < 0.05 and P < 0.01.

Results

Group I (MI rats). LVEDP of MI animals ranged from 15 to
30 mmHg, with a mean value of 21 mmHg. Other pertinent
parameters of systemic and renal functions during the control
period and after renal denervation are shown in Table I. When
compared to the identically prepared MI rats in our previous
experiments (15), the degree of impairment of cardiac perfor-
mance in the current rats appears to be somewhat less, i.e., higher
mean systemic arterial pressure (101 vs. 96 mmHg) and lower
values for LVEDP (21 vs. 24 mmHg). Nevertheless, the renal
microcirculatory pattern found in the present series of MI rats
was qualitatively similar to that reported earlier (15). Thus,
compared to normal control rats, MI rats were again character-
ized by high afferent and efferent arteriolar resistances and re-
duced ultrafiltration coefficient.

Comparing various measurements before and after dener-

Table I. Summary of Whole Body and Bilateral Kidney Function

V USv GFR

Body wt AP Hct R L R L R L

g mmHg vol % mIl/min mIl/min eq/min ueq/min ml/min ml/min

MI(n= 10rats)
Baseline 280 101 47 0.0064 0.0074 0.32 0.35 0.77 0.68

±14 4 1 0.0010 0.0011 0.05 0.07 0.09 0.07

Denervation 103 47 0.0098 0.0194 0.65 1.32 0.76 0.88
(left kidney) 4 1 0.0021 0.0034 0.13 0.34 0.07 0.09

P value* NS NS NS <0.05 NS <0.01 NS <0.05
P value4 NS NS NS NS NS NS NS NS

AWD (n = 8 rats)
Baseline 247 106 56 0.0036 0.0040 0.14 0.14 0.65 0.62

± 11 3 1 0.0005 0.0005 0.04 0.05 0.07 0.11

Denervation 103 55 0.0042 0.0052 0.23 0.27 0.62 0.68
(left kidney) 3 1 0.0006 0.0004 0.09 0.06 0.12 0.11

P value* NS <0.025 NS <0.05 NS <0.05 NS <0.05
P value§ NS NS NS <0.05 NS NS NS NS

CONT (n = 6 rats)
Baseline 290 115 48 0.0086 0.0086 0.44 0.50 0.86 0.91

±18 4 1 0.0009 0.0007 0.05 0.12 0.30 0.16

Denervation 115 48 0.0108 0.0125 0.53 0.80 0.97 0.87
(left kidney) 4 1 0.0024 0.0015 0.13 0.05 0.07 0.12

P value* NS NS NS <0.05 NS <0.025 NS NS

Values are expressed as mean±SE. CONT, control. R, right kidney. L, left kidney. NS denotes P > 0.05. * tests were performed between the
baseline and denervation in the same group. Statistical comparison was also performed for denervation-induced changes between MI vs. CONT
(f) and AWD vs. CONT (§).
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Table II. Summary ofParameters for Cortical Microcirculation ofthe Lei Kidney

SNGFR POC PT AP CA Qua SNFF RA Re Kr

nil/min mmHg mmHg mmHg gidl nl/min XIO'dyn s. cm-5 nl/(s. mmHg)

MI (n = 10 rats):
Group 1

Baseline 26.6 52.6 13.0 39.9 5.9 92.0 0.31 2.61 2.19 0.0414
±2.3 0.7 0.7 1.1 0.1 12.8 0.02 0.43 0.35 0.0045

Denervation 30.8 49.0 12.8 36.3 6.1 122.7 0.27 0.29 1.41 0.0640
(left kidney) ±2.1 1.0 0.4 0.8 0.1 18.4 0.02 0.37 0.15 0.0103

P value* <0.01 <0.01 NS <0.01 <0.025 <0.025 NS NS <0.01 NS
P value* <0.01 NS NS <0.05 <0.05 <0.01 NS NS <0.01 NS

AWD (n = 8 rats):
Group 2

Baseline 27.8 56.7 11.9 44.8 6.7 80.8 0.36 2.46 2.15 0.0511
±3.3 2.1 1.0 1.8 0.1 12.3 0.02 0.35 0.37 0.0073

Denervation 31.2 51.2 13.3 38.2 6.5 107.6 0.30 1.96 1.40 0.0723
(left kidney) ±3.3 1.6 0.9 1.6 0.2 15.9 0.02 0.26 0.15 0.0083

P value* <0.025 <0.005 NS <0.001 <0.05 <0.005 <0.005 <0.05 <0.025 <0.001
P value§ <0.05 <0.01 NS <0.01 NS <0.01 <0.05 <0.05 <0.05 NS

CONT (n = 6 rats):
Group 3

Baseline 41.4 50.9 12.3 38.5 5.7 135.9 0.31 2.00 1.21 0.0650
±2.0 1.5 1.2 2.0 0.2 12.4 0.02 0.29 0.08 0.0118

Denervation 38.9 50.1 12.0 38.1 5.7 132.6 0.30 2.20 1.35 0.0712
(left kidney) ±2.1 1.8 1.0 2.1 0.2 14.0 0.02 0.31 0.29 0.0187

P value* NS NS NS NS NS NS NS NS NS NS

Values expressed as mean±SE. CONT, control rats. NS denotes P > 0.05. Statistical comparison performed between the initial and second periods
in the same rat (*) as well as for changes induced by denervation between MI and CONT (t) and AWD and CONT (§) rats. Values for HE/AP
were found to be <0.95 (unique value for Kf) in six MI rats in the initial period and six after denervation; three AWD rats in the initial period and
two after denervation were calculated to have unique Kf values; three CONT rats in the initial period and six after denervation were calculated to
have unique Kf values. These unique values of Kf were pooled with minimum values obtained under equilibrium conditions in calculating the
means.

vation revealed that left renal denervation did not affect AP,
which remained essentially unchanged, 101±4 vs. 103±4 mmHg.
The blood hemocrit in femoral artery (Hct) also remained un-
changed at 47±1 vol % in both periods. Although the rate of
urine flow from the intact right kidney did not significantly
change with left renal denervation, urine flow from the left kidney
more than doubled, from an average of 0.0074±0.0011 to
0.0194±0.0034 ml/min. Similarly, sodium excretion increased
substantially only in the left kidney, average of 0.35±0.07 vs.
1.32±0.34 Ateq/min.3 Whole kidney GFR (n = 8) in the right
kidney was not affected by left renal denervation, 0.77±0.09 vs.

3. Ipsilateral natriuresis has been shown to be accompanied by contra-
lateral antinatriuresis, termed, renorenal reflex (10, 32). This phenomenon
was not observed in our experiments. We hypothesize that the already
heightened renal nerve tone in the pathophysiologic conditions of MI
and AWD may not be responsive to further activation imposed by con-

tralateral denervation. Our control rats (group 3) also differed from those
previously described in that the previous studies described volume ex-

panded animals undergoing sodium pentobarbital anesthesia, while the
animals in the present experiments were euvolemic and were anesthetized
with Inactin. These differences may explain the disparate findings.

0.76±0.07 ml/min, whereas denervation led to a GFR increase
in the left kidney, on average from 0.68±0.07 to 0.88±0.09 ml/
min (P < 0.05).

The renal cortical microcirculatory parameters before and
after denervation are shown in Table II. SNGFR increased on

average from 26.6±2.3 to 30.8±2.1 nl/min. This increase reflects
the increased SNGFR in eight animals and essentially unchanged
SNGFR in two rats. This denervation-induced increase in
SNGFR contrasted the absence ofchange in SNGFR level after
renal denervation of normal rats. The Prc ofMI rats fell slightly
with denervation, from a mean of 52.6±0.7 to 49.0± 1.0 mmHg.
The PT remained virtually unchanged at 13.0±0.7 vs. 12.8±0.4
mmHg. Therefore, the mean glomerular transcapillary hydraulic
pressure difference, AP, was lower in the second period, a mean

of 39.9±1.1 mmHg fell to 36.3±0.8 mmHg. The CA increased
slightly in the second period from 5.9±0.1 to 6.1±0.1 g/dl. De-
nervation caused a uniform increase in the glomerular plasma
flow rate, QA, which rose on average from 92.0±12.8 to
122.7±18.4 nl/min. This increase in plasma flow rate was as-

sociated with a fall in arteriolar resistances, particularly in the
efferent arteriole, as shown in Table II. Lastly, the Kf rose from
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a mean of0.0414±0.0045 to 0.0640±0.0103 nl/(s - mmHg). This
numeric rise in Kf represents the direction of change in all but
one animal; the change in the mean value, however, was just
short of reaching statistical significance by t test (0.05 < P
<0.10).

Group 2 (water-deprived animals). The parameters for sys-
temic and renal microcirculatory dynamics of water-deprived
rats are also shown in Tables I and II. AP averaged 106±3 mmHg
before and 103±3 mmHg after renal denervation. The Hct fell
by 1 vol %, from 56±1 to 55±1. Urine volume and sodium
excretion rose significantly only in the denervated left kidney,
as shown in Table I. Whole kidney GFR (n = 6) in the intact
right kidney was 0.65±0.07 ml/min before and 0.62±0.12
ml/min after left denervation (NS), while the left kidney in-
creased slightly, but significantly, from 0.62±0.11 to 0.68±0.11
ml/min after denervation (P < 0.05). As in the rats with MI,
SNGFR rose slightly, from an average of 27.8±3.3 to 31.2±3.3
nl/min (Table II). PGc fell in every animal, averaging 56.7±2.1
mmHg during the base-line period and 51.2±1.6 mmHg after
denervation. Together with the trend toward higher value of PT
following denervation, AlP was markedly lower in the second
study period, mean 44.8±1.8 vs. 38.2±1.6 mmHg. Systemic
plasma protein concentration decreased slightly from an average
of 6.7±0.1 to 6.5±0.2 g/dl. QA increased in every animal, av-
eraging 80.8±12.3 nl/min with renal nerves intact and
107.6±15.9 nl/min after denervation. Both RA and RE fell sig-
nificantly, as shown in Table II. The relatively greater increase
in QA than SNGFR in this group of animals is reflected by the
fall in single nephron filtration fraction, a mean of 0.36±0.02
fell to 0.30±0.02. Finally, the value for Kf also increased signif-
icantly with renal denervation, i.e., from 0.0511±0.0073 to
0.0723±0.0083 nl/(s -mmHg).

Group 3 (normal control). To test whether the effects ofrenal
denervation seen in Groups 1 and 2 animals were specific to the
experimental conditions of these animals, we subjected a third
group of normal Munich-Wistar rats to micropuncture study.
Blood pressure and Hct were again not affected by denervation.
As can be seen in Table I, renal denervation increased urine

flow in the left kidney, from an average of 0.0086±0.0007 to
0.0125±0.0015 ml/min. The magnitude of this increase was
larger in these euvolemic animals than the postdenervation in-
crease in urine volume observed in AWD rats. Sodium excretion
also rose only in the left kidney, mean 0.50±0.12 vs. 0.80±0.05
,ueq/min. Whole kidney GFR was not affected by left renal de-
nervation in either kidney 0.86±0.30 vs. 0.97±0.07 ml/min on
the right and 0.91±0.16 vs. 0.87±0.12 ml/min on the left. A
similar pattern has been observed by many previous investigators
(5-8). By contrast, due to the subtle and directionally dissimilar
effects of renal denervation on hemodynamics among the ani-
mals studied, statistical significance was not reached in any of
the microcirculatory parameters described in Table II. These
findings echo previous micropuncture observations following
renal denervation (7).

Groups 4-6. To examine the potential interaction between
renal nerves and angiotensin II in renal cortical microcirculation,
we studied three groups of water-deprived rats. The results of
renal denervation alone, treatment with saralasin alone, or both
ofthese maneuvers are shown on Table III. Comparison between
group 4 (denervation alone) and group 6 (both saralasin treat-
ment and denervation) revealed that the systemic blood pressure
was lower following simultaneous saralasin treatment and de-
nervation than denervation alone (98±3 vs. 107±3 mmHg).
Similarly, values for PGC were lower in group 6 than group 4
(48.2± 1.1 vs. 52.8±1.2 mmHg). Values for PT were also slightly
but significantly lower in group 6 than group 4. AP, although
numerically lower in the saralasin- plus denervation-treated rats
than denervation alone, was not significantly different. Except
for the slight decrease in CA, statistical significance was not
reached in any of the other parameters of microcirculatory dy-
namics between these two groups.

The effects of administering saralasin to acutely water-de-
prived animals has recently been described in detail (20) and
the results are comparable, including the tendency toward lower
RA, RE, and higher QA (group 2 baseline vs. group 5), although
these comparisons did not reach statistical significance in the
present study. In the current study, we compared the treatment

Table III. Summary ofSystemic and Renal Microcirculatory (Left) Hemodynamics in Acutely
Water-deprived Rats Undergoing Either Left Renal Denervation, Saralasin, or Both Treatments

AP SNGFR Pac PT AP CA Hct QA SNFF RA RE Kf

mmHg nil/min mmHg mmHg mmHg gidi vol % nil/min XIO'0dyn - s* cm-5 ni/(s * mmHg)

Group 4 AWD 107 32.0 52.8 13.6 39.2 6.5 54 117.5 0.29 1.87 1.41 0.0678
denervation ±3 2.6 1.2 0.6 1.2 0.1 1 11.4 0.01 0.19 0.16 0.0070
(n= 15)

Group 5 AWD 104 28.1 49.8 12.1 37.8 6.6 53 99.2 0.30 2.18 1.47 0.0788
Sar(n = 15) ±3 1.2 1.0 0.8 1.0 0.1 1 6.3 0.02 0.19 0.15 0.0120

Group 6 AWD 98 29.2 48.2 12.1 36.1 6.2 52 124.9 0.25 1.64 1.08 0.0593
Sar + denervation ±3 1.3 1.1 0.8 1.0 0.1 1 9.1 0.02 0.13 0.11 0.0079
(n= 15)

P value t <0.05 NS <0.01 <0.01 NS <0.05 NS NS NS NS NS NS
P value I NS NS NS NS NS <0.01 NS <0.05 NS <0.05 <0.05 NS

Values expressed as mean±SE. Sar, saralasin. NS denotes P > 0.05. Statistical comparison performed between denervation vs. Sar + denervation
(4) also for Sar vs. Sar + denervation (I). Values for IIE/AP were found to be <0.95 (unique value for K,) in nine denervated rats; five Sar rats;
and 11 Sar + denervated rats. These unique values were pooled with minimum values obtained under equilibrium conditions in calculating the
means.
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with saralasin alone (group 5) with the effects produced by sar-
alasin and denervation together (group 6). Systemic blood pres-
sure tended to be lower in group 6 than group 5, as shown in
Table III. PCC and AP were not different between these two
groups. CA was somewhat higher in group 5 than group 6. Glo-
merular plasma flow was significantly higher in animals treated
with both saralasin and denervation than those with saralasin
treatment alone (124.9±9.1 vs. 99.2±6.3 nl/min, P < 0.05). This
higher value for QA in group 6 was associated with a significantly
lower level ofRA in this group, as shown in Table III. Similarly,
RE was lower in the saralasin- and DNx-treated animals than
those with only saralasin treatment (P < 0.05) (Table III).

Discussion

Although urine flow and sodium excretion increased in the de-
nervated left kidney in normal rats, denervation failed to change
any ofthe parameters of renal cortical microcirculation in these
control animals. These findings are in good agreement with
previously reported micropuncture studies from other labora-
tories (5-8). In contrast, in the two experimental conditions
studied, MI and AWD, denervation caused an amelioration of
renal vasoconstriction, as evidenced by the significant increase
in whole kidney and SNGFR, and QA. The cardiac performance
ofthe currently studied animals appears to be less compromised
than those previously reported (15), i.e., higher AP and lower
LVEDP. It is conceivable that with a more severe degree ofheart
failure, with more profound hypoperfusion of the renal cortex,
the degree of vasodilation after denervation would be even
greater.

In MI rats, changes in circulatory dynamics included a de-
crease in arteriolar resistances, particularly in RE, on average by
30% of its base-line value. This was accompanied by a slight but
uniform fall in the glomerular capillary hydraulic pressure and
a marked increase in QA, which rose on average by 36% with
denervation. Although the numerical increase in Kf was short
of reaching statistical significance, the individual Kf values in-
creased in all but one MI animal.

Hypoperfusion of renal cortical microcirculation in acute
ECF volume depletion also appears to be attributable to the
profound tonic influence of renal nerves on renal vasculature.
As described in the Results section, denervation in water-de-
prived animals caused a uniform increase in QA. In these ex-
periments, diminution ofvasoconstriction was evidenced by the
marked decreases in both afferent and efferent arterioles, and a
uniform rise in the ultrafiltration coefficient. In association with
these changes, a mild increase in SNGFR was seen after dener-
vation.

The denervation-induced pattern of renal cortical microcir-
culation is qualitatively opposite to the changes seen in our pre-
vious study of stimulation of renal nerves in normal animals
(4). That is, contrasting the amelioration of vasoconstriction that
occurred after removal of renal nerves, we previously observed
that electrical stimulation of renal nerves causes profound va-
soconstriction. In response to moderately high frequency stim-
ulation, QA fell by -40%. This reduction in plasma flow was
accompanied by a marked increase in both RA and RE. The
glomerular capillary ultrafiltration coefficient also fell, on average
by some 70% with nerve stimulation. These changes were suf-
ficient to cause a reduction in SNGFR by >50%. As discussed
above, in the current study of MI and water-deprived rats, di-

rectionally opposite changes occurred in virtually all of these
microcirculatory parameters after renal denervation. The find-
ings of these and our previous studies are strengthened by nu-
merous observations of adrenergic innervation of various vas-
cular structures, including afferent and efferent arterioles and
glomerular mesangium (34-38).4

It is believed that the sympathetic tone is enhanced in both
acute ECF volume depletion and congestive heart failure, pre-
sumably through mechanisms involving activation and/or at-
tenuation of baroreceptor systems (21-24). The enhanced sym-
pathetic tone under these circumstances is believed to contribute
to improved cardiac performance by increasing the heart rate
and myocardial contractility, thereby sustaining perfusion to vital
organs (39). It has been experimentally demonstrated that the
antidiuresis and antinatriuresis induced by constriction of the
thoracic vena cava or tricuspid insufficiency in dogs was abol-
ished by pretreatment with systemic or intrarenally administered
adrenergic blockers (40-43) or, as in the present study, surgical
denervation (43-45). In some of these studies, whole kidney
plasma flow rate, estimated by renal clearance of para-amino-
hippuric acid, was found to change to a relatively small and
variable degree after the adrenergic inhibition (40, 41). By mea-
suring pressures and flows in renal cortical microcirculation in
MI and water-deprived animals, our study has provided direct
evidence to indicate that renal nerves contribute substantially
to the enhanced vasomotor tone and hypoperfusion of renal
cortical circulation in some circumstances.

There is accumulating evidence of interaction between renal
nerves and other vasoactive substances (43-51). The relationship
between renal nerves and the renin angiotensin system, in par-
ticular, has generated intense interest. It has been shown that
activation of renal nerves increased renal release of renin and
generation of angiotensin II (46, 47). Pelayo et al. (13) recently
showed that treatment of rats with angiotensin II inhibitors par-
tially prevented reduction of SNGFR and QA during mild elec-
trical stimulation of renal nerves. It was speculated that the tonic
influences of renal nerves on cortical microcirculation are, in
part, mediated by enhanced renal renin release and angiotensin
II action. In our study, therefore, an additional effort was made
to examine the potential intermediary role of angiotensin II in
the profound hemodynamic effects of renal nerves demonstrated
in groups 1-3.

Intergroup comparison between denervation alone (group
4) vs. concurrent treatment with saralasin and denervation (group
6) revealed that inhibition of angiotensin II in a denervated kid-
ney does not elicit further vasodilative response in cortical mi-
crocirculation (Table III) and indicates that the vasoconstrictive
effects of angiotensin II on renal microcirculation are virtually
entirely channeled through activation of renal nerves. On the
other hand, when renal denervation was superimposed on an-
giotensin II antagonism, further renal vasodilatation was ob-
served. Thus, in addition to their actions through enhanced an-
giotensin II, renal nerves appear to exert vasoconstrictor effects
directly on the cortical microcirculation as evidenced by lower
values for both afferent and efferent arteriolar vascular resistances
measured in group 6 when compared with group 5. Fig. 1 sum-
marizes our observations by considering four biological processes

4. In view of the fact that activation of nerves identified as sympathetic
and adrenergic elicits a constrictor response in the renal vasculature, we
have interchangeably used the terms sympathetic and adrenergic
throughout the text.
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Figure 1. Summary of the four biological processes through which an-
giotensin II (AII) and renal nerves (Renal N) may contribute to high
afferent (RA) and efferent (RE) arteriolar resistances in acute ECF vol-
ume depletion.

that may contribute to the vasoconstriction characteristic of
AWD, namely increased arteriolar resistances and decreased
glomerular capillary ultrafiltration coefficient. All and renal
nerves may act independently as renal constrictors, as indicated
by arrows 1 and 2 in Fig. 1. In addition, enhanced renal nerve
activity may exert its constrictor actions through augmentation
of intrarenal All release, as discussed above (Fig. 1, arrow 3).
Finally, high intrarenal levels of All may facilitate local release
or delay in uptake of norepinephrine by nerve endings, thereby
causing the renal constriction response, as indicated by arrow 4
in Fig. 1 (52, 53). The absence of saralasin effects in previously
denervated kidneys speaks against a significant contribution of
the first process, that is direct actions of All. Additional vaso-
dilation following denervation in previously saralasin-treated
animals supports process 2, that is, direct vasoconstrictor action
of renal nerves. Although this vasodilatory effect is not expected
to occur through processes 3 and 4 (which have already been
suppressed with saralasin), our previous observations that sar-
alasin treatment in AWD rats with intact renal nerves causes
renal vasodilation support these two possibilities (20).

Although the interactions between adrenergic and renin-an-
giotensin systems were examined only in AWD, it seems rea-
sonable to speculate that this relationship also prevails in
congestive heart failure. Supporting this notion are our recent
findings that administration of teprotide, an angiotensin I con-
verting enzyme inhibitor, led to hemodynamic alterations in
renal cortical microcirculation that were similar to those follow-
ing denervation in the present study (15). Demonstration ofthe
important hemodynamic influences of renal nerve activation in
the two experimental models of prerenal circulatory impairment
suggests future studies to delineate the mechanisms ofrenal nerve
activation.
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