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Abstract

We examined the changes in glomerular hemodynamics produced
by angiotensin II (AII) in both normal Munich-Wistar rats and
rats which were unilaterally renal denervated (measured kidney)
4-6 d prior to the measurement periods. Measurements of glo-
merular dynamics were performed in a control period after plasma
volume expansion and during infusion of 11 ng. 100 g body
wt-1 * min-' of AI. The glomerular hydrostatic pressure gradient
increased from 38±1 to 49±1 mmHg in denervated rats compared
with a lesser response in controls (from 39±1 to 45±1 mmHg,
P < 0.05). Single nephron plasma flow decreased from 213±17
to 87±4 nl * min-' g kidney wt (KW)-' in denervated kidneys
versus a more modest decrease in control kidneys (from 161±9
to 102±5 nl* min * gKW-1). These changes were due to a greater
increase in both afferent and efferent arteriolar resistance after
AII infusion in denervated compared with control kidneys. Gl-
merular AII receptor maximum binding was 1,196±267 fmol/
mg protein in denervated kidneys compared with 612±89 fmol/
mg protein (P < 0.01) in controls with no change in receptor
affinity. We conclude the subacute unilateral renal denervation
(a) results in renal vasodilation, (b) denervation magnifies the
vasoconstrictive effect of AII infusion on glomerular hemody-
namics, and (c) the observed increased response to AII after
denervation is associated with increases in glomerular AII re-
ceptors.

Introduction

Studies performed by our laboratory (1, 2) and others (3-7) have
demonstrated a renal vasoconstrictor response to angiotensin II
(All)' infusion resulting in decreases in renal blood flow and
nephron filtration rate as well as a reduction in the glomerular
ultrafiltration coefficient. A large amount of investigative effort
has been expended in delineating the role ofthe renin-angiotensin
system in the control ofglomerular ultrafiltration. Research has
revealed a specific interaction between renin release and sym-
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1. Abbreviations used in this paper: AI, angiotensin II; BW, body weight;
DNX, unilaterally denervated (rat); KW, kidney weight; see Glossary
for other abbreviations.

pathetic nerve activity in which renin release is mediated, in
part, by adrenergic activity to the kidney (8-10). Studies from
this laboratory have also shown that the many effects of renal
nerve stimulation can be greatly diminished by inhibitors of Al
to All converting enzyme or by All receptor antagonists (1 1).
Data have also been provided that suggest that All activity par-
tially compensates for the loss of adrenergic vasoconstrictors
after acute renal denervation, because agents inhibiting either
the generation or the action of All result in greater vasodilation
in this setting (1 1). These studies demonstrate a definite link
and a complex interaction between renal adrenergic activity and
the renin-angiotensin system. A next logical step is to examine
whether or not the link between adrenergic and angiotensin sys-
tems is bidirectional in that inhibition ofadrenergic activity could
modulate the effects of All on the dynamics of glomerular ul-
trafiltration. One hypothesis is that All could either directly
stimulate release of norepinephrine or modify reuptake of nor-
epinephrine by an action on the renal nerve terminal which
could magnify the increases in renal vascular resistance observed
in vivo during either exogenous infusions of angiotensin (1, 2)
or conditions in which All is generated endogenously (13, 14).
Alternatively, removal of normal renal adrenergic innvervation
might magnify the renal hemodynamic response to infusion of
All by mechanisms that have not been fully delineated.

In this study we examined the changes in the dynamics of
glomerular ultrafiltration produced by a given dose of All in
both normal, innervated rats and rats which were unilaterally
denervated 4-6 d prior to the measurement period. The animals
were plasma volume expanded during the measurement period
to provide conditions offiltration pressure disequilibrium which
permit an exact evaluation ofthe glomerular ultrafiltration coef-
ficient and a fluid volume status in which both endogenous gen-
eration ofAll and catecholamines should be minimized. Tissue
catecholamines were measured in both innervated and dener-
vated kidneys to establish the efficacy of the denervation pro-
cedure by documenting the reduction in tissue catecholamines
after 4-6 d of denervation. We also examined the effect of sub-
acute denervation on glomerular All receptors to determine
whether any change in receptor affinity or number contributed
to altered renal hemodynamic response observed in subacutely
denervated compared with normally innervated kidneys.

Glossary
AR
BMAX
ER
EFP
FF
GFR
LpA
MAP
AP

afferent arteriolar resistance
maximum glomerular receptor binding
efferent arteriolar resistance
mean effective filtration pressure
filtration fraction
glomerular filtration rate
glomerular ultrafiltration coefficient
mean arterial pressure
glomerular hydrostatic pressure gradient
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PBS
PG
RBF
RPF
RVR
SNBF
SNGFR
SNPF

Bowman's space pressure
glomerular capillary hydrostatic pressure
renal blood flow
renal plasma flow
renal vascular resistance
single nephron blood flow
single nephron glomerular filtration rate
single nephron plasma flow

Methods

Experiments were performed on male Munich-Wistar rats with a weight
range of 190-250 g at the time of the study. The animals were bred and
maintained in an isolated colony housed at the San Diego Veterans
Administration Medical Center.

Denervation procedure. 4-6 d prior to either the micropuncture ex-
periment or harvesting of the kidneys for receptor analysis the rats were

anesthetized with Brevitol (Eli Lilly and Co., Indianapolis, IN) intra-

peritoneally, and a flank incision was performed to expose the renal

artery and nerves. Denervation ofthe left renal artery was accomplished
under stereomicroscopic observation. The renal artery was stripped of
its adventitia and subsequently coated with a solution of 10% phenol in
absolute alcohol for a period of 15-20 min (12, 15). The kidney and

surrounding structures were protected from exposure to the phenol so-

lution and the lymph vessels were left intact during the procedure. After

denervation the animals were sutured, closed, and allowed to recover.

Rats to be used for micropuncture studies as innervated controls also
underwent the surgical procedure as the denervated rats but the renal

pedicle and nerve remained untouched.

Preparationfor micropuncture. The rats were anesthetized with inactin
(100 mg/kg body wt) given intraperitoneally. A tracheostomy was per-
formed (PE-240) and PE-50 catheters were placed in the left jugular
vein, left femoral artery, bladder, and left ureter. Arterial blood pressure
was monitored continuously throughout the studies with a P23dB Gould-

Statham (Oxnard, CA) pressure transducer and recorded on a Statham

chart recorder. Body temperature was regulated on a heated table with
a servo-controlled heating unit. Further surgical preparation for rat mi-

cropuncture was as previously described (16). Beginning 60 minprior
to the micropuncture measurements the rats were infused with 2.5%

body wt donor plasma and 1.25% body wt/h isotonic NaCI-NaHCO3
solution for 1 h followed by urinary replacement with isotonic NaCl-

NaHCO3. An infusion of[3H]inulin (ICN, Irvine, CA) at a rate of - 120

MCi/h was initiated 60 minprior to the first micropuncture measurements
and continued throughout the remainder of the study as a marker of

glomerular ultrafiltration.

Micropuncture studies, control plasma volume expansion to AIIin-

fusion. Both the shams (innervated, n = 8) and unilaterally denervated
rats (n = 7) were submitted to the same micropuncture protocol. The
left kidney was the micropunctured kidney in all cases. Measurements
of glomerular dynamics were obtained during the control period. Pres-

sures were measured in surface glomerular capillaries, Bowman's space,
and the efferent arterioles or large "star" peritubular capillaries (16, 17).
At least five proximal tubular collections were obtained to measure single
nephron filtration rate (SNGFR). Efferent arteriolar (or large peritubular
capillary) blood samples (at least three) were collected for determination

postglomerular blood protein concentration. Allthese measurements
were obtained within a period of -60 min. Renal vein blood samples
were obtained to measure renal plasma and renal blood flow at the end

each micropuncture period. After completion of these initial mea-
surements, All (Asp- I,Ile-8; Beckman Instruments, Inc., Palo Alto, CA)
was infused i.v. starting at 5 ng/100 g body wt (BW) minand gradually
increased until blood pressure was elevated 20 mmHg higher than the
control period. The dosage sufficient to maintain 20 mmHg blood pres-
sure elevation was continued throughout the remainder of the study.
After a 20-minstabilization period, the measurements were repeated.

At the end ofthe second measurement period the kidneys were weighed
and then snap-frozen in liquid nitrogen for analysis of tissue catechol-
amine concentrations.

Receptor analysis studies in isolated glomeruli. All the rats were de-
nervated as described previously. 4-6 d after the denervation procedure
the animals were anesthetized with inactin i.p., and both the left dener-
vated and the right innervated kidneys were harvested within 15 min of
anesthesia and placed in cold-filtered isotonic NaCl-NaHCO3 solution.
The animals were euvolemic prior to the harvesting of the kidneys. The
cortical tissue was then placed on a 140-mesh screen (106 Mm, W. S.
Tyler Co., Mentor, OH) and pressed through the screen and rinsed with
filtered NaCl-NaHCO3 solution. This suspension is then placed on a
200-mesh screen (75 um, W. S. Tyler Co.) and washed. The glomeruli
remain on top of the screen. The glomeruli were then transferred to
centrifuge tubes and slow centrifugation and washing with cold isotonic
NaCl-NaHCO3 solution was performed several times until a >95% purity
ofisolated glomeruli was achieved with yields of98,000±14,000 glomeruli
for the left kidneys and 113,000±25,000 for the right kidneys (n = 7
kidneys, NS) for each assay. This procedure is a modification of the
technique by Kreisberg (18). These yields resulted in an average mem-
brane aliquot (28 aliquots per assayed group) of0.140±0.034 mg protein
for the left kidneys and 0.154±0.016 mg protein fQr the right kidneys in
the receptor assays performed in this study. The glomeruli were analyzed
for All receptors with comparison ofthe unilateral denervated left kidneys
to the contralateral right kidneys in the following fashion. Four separate
All receptor assays were performed in which denervated and innervated
kidneys were compared in a paired analysis. Seven rats (or 14 kidneys)
were utilized in each assay. A fifth assay was performed in which de-
nervated and innervated kidneys from the same rats were analyzed along
with the left and right kidneys from seven undisturbed rats. Binding
curves were determined in the same assay in order to determine which
kidney, denervated or centrally innervated, represented the normal values.
In each assay glomeruli were harvested from (a) denervated kidneys, (b)
contralaterally innervated kidneys, and (c) in the case of one assay, left
and right normal kidneys, and All receptors were analyzed in the same
assay in order to provide a direct intra-assay comparison ofAll receptors
among denervated, contralateral innervated, and normal kidneys.
Therefore two or four binding curves for Scatchard analysis were gen-
erated from each assay and the data from all assays were submitted to
analysis of covariance.

The All receptor assay employs the following method. The isolated
glomeruli were maintained on ice, weighed, and then disrupted at 00C
with a Polytron (Brinkmann Instruments, Inc., Westbury, NY) using a
power setting of 6 for 15 s, in 3 ml of homogenization buffer (50 mM
Tris-HCl, 150 mM NaCl, and 3 ,M phenylmethylsulfunyl fluoride pH
7.2, measured at 250C). The homogenate was centrifuged at 28,000 g
(Sorvall RC5, DuPont-Sorvall, Newtown, CT) for 20 minand the pellet
resuspended in 3 ml of hypotonic 50 mM Tris-HCIbuffer, pH 7.2, with
a brief(l-2 s) rehomogenization to lysered cells. Homogenization buffer
(containing saline) was immediately added, and the sample was recen-
trifuged as above. The resulting pellet (i.e., crude membrane fraction)
was resuspended in the Tris-saline buffer to a concentration of 6-12 mg
protein/mland assayed. For the ligand-binding experiments, an aliquot
of the membrane suspension (40 ttl) was incubated in total volume of
150 Ml ofassay medium containing 0.5% bovine serum albumin (Pentex,
Miles Laboratories, Inc., Elkhart, IN)and various concentrations of ra-
dioligand for Scatchard analysis (0.25-12 nM All). Nonspecific binding
was determined with IMM unlabeled val5-AII in addition to the 125i-
labeled peptide. All assays were run in duplicate. Specific binding was

defined as total minus nonspecific. The time ofincubation was terminated
after 30 minby the addition of 3 ml of ice-cold saline to each assay tube,
and the contents immediately filtered under vacuum through glass fiber
filter discs (GF/C). An additional 3 ml of cold saline was used to rinse
the filter. The entire filtering sequence took - 10 s for each tube. Ra-
dioactivity retained on the filter discs was determined with Packard model
8000 gamma-counter (Packard Instrument Co., Inc., Downers Grove,
IL) and protein in the homogenates determined by Lowry et al. (19).
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The receptor-binding data were analyzed with the Ligand Program using
a Tektronix computer (Beaverton, OR) interfaced with the University
VAX computer. This analysis is a modification ofa previously published
All receptor assay (20). In this receptor assay there was no addition of
Mg2+,I 2+, EDTA, or dithiothreitol which has been shown to affect
receptor number and binding affinities (21, 22). Degradation of '251-AII
present in the incubation medium was assessed by reverse-phase high
pressure liquid chromatography which indicated a 75-80% integrity of
the ligand during the assay.

Analytical methods. Total kidney filtration rates were calculated as
previously described (16). 'H counts in plasma, urine, and tubular fluid
were measured in a model 2425 Packard scintillation counter (Packard
Instrument Co.). Pressure measurements were obtained with a servo
nulling device utilizing 1-3-Mm glass tip pipettes (23). Pressure mea-
surements were recorded in glomerular capillaries, Bowman's space,
proximal tubules, and "star" vessel peritubular capillaries as previously
described (16, 17, 23).

Systemic plasma protein concentration was determined by analysis
of femoral artery blood. Efferent arteriolar protein concentration was
obtained from "star" vessels on the kidney surface. All protein collections
were then analyzed by a microadaptation (24) of the method of Lowry
et al. (19) as previously described by this laboratory (16, 17). Oncotic
pressure ofsystemic protein samples (CA) and efferent arteriolar samples
(CE) were determined by the following relationship: ir = 1.74C + 0.28C2,
which is a simplification of the empirical relationship for a range of
4-10 g% defined by Landis and Pappenheimer (25): xr = 2. 1C + 0. 16C2
+ 0.0090C. This equation defines the relationship between oncotic pres-
sure and protein concentrations during normal conditions when -'50%
of the total protein is albumin.

Noiepinephrine, epinephrine, and dopamine concentration in both
innervated and denervated kidney tissues were determined by a highly
sensitive radioenzymatic assay for catecholamines previously published
(26) and utilized by this laboratory (11, 27).

Calculations. Single nephron plasma flow (SNPF) was calculated
from the following relationship: SNPF = SNGFR/(l - CAICE), where
CA is the systemic and CE is the "star" peritubular protein concentration.
Single nephron blood flow (SNBF) was determined from the following
relationship: SNBF = SNPF/(l - Hct), where Hct is the systemic he-
matocrit expressed as a fraction of one. Afferent and efferent arteriolar
resistances were calculated as previously described (16, 17).

The determinants of SNGFR are defined as SNGFR = LpA * EFP,
where LpA represents the glomerular ultrafiltration coefficient and
EFP is the mean effective filtration pressure across the glomerular cap-
illary. EFP along the glomerular capillary length (x*) is described as:
EFPx. = (AP - lr)x*. The EFP is defined by the following equation:
EFP = f(AP - wr) dx* = f EFP dx*. The EFP * curve and LpA were
determined by an iterative procedure described previously by this lab-
oratory (28). Specific values for LpA and EFP could be determined in
each rat because plasma volume expansion caused a condition offiltration

pressure disequilibrium at the efferent end of the glomerular capillary
in this study.

Calculations for whole kidney glomerular filtration rate (GFR), fil-
tration fraction (FF), renal plasma flow (RPF), and renal blood flow
(RBF) are as previously described (28). Renal vascular resistance (RVR)
was calculated from the following relationship: RVR - (MAP -3 mmHg)
RBF, where 3 mmHg is assumed to be the renal vein pressure.

Statistical analysis. Significance of data between control and exper-
imental conditions was determined by analysis of variance and paired
Student's t test where appropriate (29,30). Comparisons between groups
were analyzed by unpaired t test to determine significant differences.
Analysis of differences in receptor number from multiple Scatchard
analyses was performed by analysis of covariance (30). All data values
are given as the means±standard error of the mean.

Results

Effect of subacute unilateral renal denervation on renal tissue
cdtecholamines. A 4-6-d unilateral renal denervation signifi-
cantly decreased renal tissue norepinephrine concentrations. The
denervated kidney exhibited tissue norepinephrine levels of
0.5±0.3 pg/mg tissue wt, values not different from 0, significantly
in contrast to the contralateral right kidney value of 5.7±0.7 pg/
mg wet tissue wt (P < 0.01). There was no difference in tissue
norepinephrine between left (sham denervated) and right kidneys
in the sham group (5.5±0.3 vs. 5.3±0.5 pg/mg wet tissue wt,
respectively). These data indicate the efficacy ofthe denervation
procedure in substantially reducing adrenergic activity to the
denervated kidney.

Effect ofAII on systemic blood pressure and whole kidney
function. All was infused intravenously, gradually increasing the
dose until mean arterial pressure' (MAP) was elevated 20 mmHg
above the control period in both unilaterally denervated (DNX)
and sham rats. The increase inMAP after All infusion is depicted
in Table I. The AMAP for the DNX was 20±2 mmHg and 21±2
mmHg for the shams. The All dose required was 11.0±0.2
ng * 100 g BW-' * min-' for theDNX group and 10.9±0.3 ng, 100
g BW-1 * min-' for the sham group. These data demonstrate that
the systemic response to Ia given dose of All was equivalent in
both sham and DNX rats. The effect of All infusion on whole
kidney function (left kidney) for both sham and DNX groups
is shown'in Table I. DNX resulted in a significantly lower RVR
in the control period compared with the shams (P < 0.05), al-
though there was no significant difference bly unpaired compar-
ison in RBF between shams and DNX. After All infusion RVR

Table I. Response to AII Infusion on MAP and Whole Kidney Function

MAP PFR EF RPF Hct RBF RVR

mmHg mi/min-gKW % ml/min-gKW % ml/min gKW XIOldynes-s-cm5

Group 1 (n = 8)
Shams 118±3 1.16±0.05 26±2 4.7±0.6 43±1 8.2±1.0 12.3±1.0
Shams + All 139±3* 1.09±0.05 40±3* 2.8±0.3* 43±1 4.9±0.4* 22.8±1.1*

Group 2 (n = 7)
DNX 109±4 1.23±0.06 22±3 5.9±0.8 44±1 10.5±1.5 8.7±0.8t
DNX + All 129±5* 0.94±0.10* 43±2* 2.2±0.2* 42±1 3.8±0.4* 31.2±3.8*t

* P < 0.05 compared with first period. * P < 0.05 compared with sham rats in corresponding experimental period.
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Figure 1. Effect of All on the glomerular hydrostatic pressure gradient
(AP) in innervated and denervated rats. (A) Innervated rats; (i) dener-
vated rats. In the denervated rats AP increased from 38 to 49 mmHg
after administration of All. This increase in AP represents a signifi-
cantly greater response to the same dose of All than observed in in-
nervated shams. *P < 0.05 compared with control period; fP < 0.05
with innervated shams.

increased significantly in both groups; however, the RVR in the
DNX kidneys increased to a value greater than the shams (P
< 0.05). This increase in RVR after All infusion in the DNX
group was more than twice the increase observed in the shams
either when expressed as absolute increases or percentage in-
creases in RVR (P < 0.05). The resulting percentage reduction
in RPF was also nearly twice as great in theDNX kidney (57±7%
vs. 34±9% in innervated kidneys, P < 0.05). RBF decreased by
60±6% in the DNX kidney and by 34±8% in innervated kidneys,
P < 0.05). These data indicate that there was an increased re-
sponse ofthe RVR and a greater decrease in RPF and RBF with
systemic All infusion after subacute denervation.

Effect ofAll on the dynamics ofglomerular ultrafiltration.
The specific effects of the exogenous All on the dynamics of
glomerular ultrafiltration in both sham and DNX rats are shown
in Table II. There was no change in the glomerular capillary
hydrostatic pressure after the All infusion in either group; how-
ever, after All infusion there was a small but significantly greater
increase in glomerular capillary hydrostatic pressure (PG) in the
DNX group compared with the shams (P < 0.05). After All

infusion Bowman's space pressure (PBS) decreased in both shams
and DNX (Table II). The decrease in PBS in the shams was
6.7±0.9 mmHg which was significantly less than the decrease
in the DNX group (A = 10.1± 1.1, P < 0.05). The greater re-
duction in PBS and significantly higher PG in the DNX group
after All infusion resulted in not only a greater increase in glo-
merular hydrostatic pressure gradient (AP) in the DNX group
(A = 5.9±1.5 mmHg in shams vs. 10.7±1.4 mmHg) but also
the absolute value for the AP was higher (Table II, Fig. 1, P
< 0.05). These data demonstrate that subacute denervation not
only failed to reduce AII-induced increase in AP but the increase
in AP was even larger than in the shams. SNGFR decreased in
both shams (A = 7±2 nl . min-'- g kidney wt (KW)-') and in
DNX (A = 13±2 nl* min-'* gKW-') after All infusion and this
decrease was not significantly different between the two groups
(Table II, Fig. 2). However, SNPF was higher in the DNX group
compared to the shams prior to the All infusion (213±17 vs.
161±9 nl-min-'-gKW-1, P < 0.05). The decrease in SNPF
after All infusion was greater in the DNX group (A = 126±20
nl min') than in the shams (A = 59±9 nl min-'.gKW-',
P < 0.02, Fig. 2). The infusion of exogenous All resulted
in a significantly lower SNPF in the DNX group
(87±4 nl* min-' . gKW-') compared to the shams (102±5
nl * min-' * gKW-'). Because there was no change in the hema-
tocrit after All infusion in either group, the changes observed
in SNPF were paralleled by the changes in SNBF (Table II).
These data suggest that there were significant differences in af-
ferent (AR) and efferent (ER) arteriolar resistance between the
two groups. AR doubled after All infusion in the shams. How-
ever, the same dose ofAll in the DNX group more than tripled
AR (Table II). This greater increase in AR owing to the infusion
of All did not result in higher value for AR in the DNX group
compared with the shams but was the consequence of subacute
unilateral denervation decreasing AR to values less than the
shams (Fig. 3, P < 0.05) prior to All infusion. There was no
significant difference in (ER) between sham and DNX groups
prior to the All infusion (Fig. 3, Table II). After the All infusion
ER increased significantly in both shams and DNX (Fig. 3, Table
II). However, the increase in ER in the DNX group (A = 23±2

Table II. Effect ofAII Infusion on the Dynamics ofGlomerular Ultrafiltration in Both Innervated Shams and DNX Rats

MAP PO PBS AP SNGFR SNPF SNBF AR ER TA WE EFP LpA

mmHg nI * min' * gKW-' dynes* s* cm-5 mmHg ni * s-'*mmHg' *gKW-
x 109

Group 1
(n = 8)

Shams 118 60 21 39 45 161 282 18 14 20 35 11 0.08
+3 ±1 ±1 ±1 ±2 ±9 ±15 ±2 ±2 ±1 ±2 ±1 ±.02

Shams
+ AII 139* 59 14* 45* 38* 102* 180* 36* 25* 16* 34 20* 0.03*

+3 ±1 ±1 ±1 ±1 ±5 ±9 ±3 ±3 ±1 ±2 ±1 ±.003
Group 2

(n = 7)
DNX 109 61 23 38 48 213* 376t 11$ 10 20 32 12 0.07

+4 ±2 ±1 ±1 ±2 ±17 ±27 ±1 ±1 ±1 ±2 ±1 ±.01
DNX
+ AII 129* 62t 13* 49*t 35* 87*t 149*t 36* 33*t 14*t 31 27** 0.02*t

+5 ±1 ±1 ±1 ±1 ±4 ±7 ±3 ±2 ±1 ±2 ±2 ±.002

* P < 0.05 compared with respective control. t P < 0.05 compared with respective period in sham group.
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Figure 2. Effect of All infusion on nephron filtration rate and nephron
plasma flow in (o) innervated sham and (x) denervated rats. In both
groups, nephron filtration rate significantly decreased in response to
All infusion. The magnitude of the decrease in filtration rate was not
significantly different between the two groups. However; in the dener-
vated group, not only was plasma flow significantly greater than the
innervated rats in the control period, but also nephron plasma flow
decreased to a value significantly lower in denervated rats after All in-
fusion compared with shams. *P < 0.05 compared with control period
and *P < 0.05 compared with innervated shams.
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Figure 3. Effect of All infusion on AR and ER in (-) innervated and
(i) denervated rats. In denervated rats, the control AR was signifi-
cantly less than the shams. The lower AR resistance contributed to a
higher nephron plasma flow in those denervated rats. ER increased to
a significantly greater extent after AII infusion in the denervated group
than in the sham innervated kidneys.

X 109 dynes. s. cm-5) was greater than in the sham kidney (A
11±2 X 109 dynes s cm-5, P < 0.01) and resulted in an

absolute value that was greater than the shams (Fig. 3, Table II,
P < 0.05). Subacute denervation resulted in both a lower AR
prior to the All infusion and a significantly increased ER after
All infusion, which suggests an increased renal vascular response
to a given dose of All after DNX.

The LpA was not different between shams and DNX prior
to the All infusion, and All infusion decreased LpA dramatically
in both groups (Table II). However, LpA was significantly lower
after All infusion in the DNX group compared with the shams
(P < 0.05, Table II). This further decrease in LpA was offset by
the greater EFP in the DNX group after All compared with
shams maintaining post-AU infusion SNGFR at equivalent val-
ues in both groups (Table II).

Both the whole kidney RVR response and the quantitative
difference in the dynamics ofglomerular ultrafiltration between
the sham and DNX groups to the same rate of infusion of All
provides clear evidence that subacute unilateral renal denervation
increases the response of the renal vasculature and glomerular
capillaries to this dose of All.

Effect ofsubacute unilateral renal denervation on glomerular
AII receptors. Glomerular All receptors were measured in iso-
lated glomeruli preparations from both denervated left kidneys
and contralateral right controls harvested from the same rats
and the results of these assays are depicted in Table III (four
assays, seven rats per assay). Maximum binding of '231-AlI was
measured by Scatchard analysis and was significantly greater (P
< 0.01) in glomeruli from the denervated kidney compared with
the contralateral right kidney (Table III). Denervated and paired
contralateral kidneys were always evaluated in the same assay.
The receptor dissociation constant (KD) was not different between
denervated and contralateral innervated kidneys. These data on
glomerular receptors and the data from the glomerular hemo-
dynamic studies would suggest that there is an increase in All
receptors in glomeruli from denervated kidneys. However, these
data did not rule out the possibility ofa reduction in glomerular
All receptor number in the contralateral kidney as opposed to
an increase in All receptor number in the denervated kidney.
For this reason we performed a single analysis in which glomeruli
from denervated and contralateral innervated kidneys (n = 7
rats) as well as glomeruli from left and right kidneys in untouched
control rats (n =7) were evaluated in the same assay. There was
no difference in maximum glomerular All receptor binding
(Bmkx) between left and right control kidneys (485±14 vs. 510±8
fm/mg protein, respectively). Bm.x from the contralateral in-
nervated right kidney in the DNX rats was also not different

Table III. Effect ofSubacute Denervation of Glomerular AII
Maximal Receptor Binding and Dissociation Constant

Maximum binding Dissociation constant

finol/mg protein X10'OM

Denervated 1196±267* 1.8±0.3
Contralateral innervated 612±89 1.7±0.1

Data are based upon four paired assays conducted in the same rats-
seven rats evaluated per assay.
* P < 0.01 compared with contralateral.
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from the controls (490±38 fm/mg protein). Only glomeruli from
denervated kidneys demonstrated an increase in BmAx compared
with the controls (627±14 fm/mg protein, P < 0.05 compared
with contralateral right glomeruli, P < 0.01 compared with either
control glomeruli (n = seven kidneys per group). There was no
significant difference in values for the dissociation constant in
any of the four groups which varied from 1.2 to 1.5 X 10-9 M.
Values from this single assay for BmAx appeared lower than values
reported in the other four assays. However in each of five assays,
paired comparisons revealed significantly higher values for BmAx
in the denervated kidneys. These data demonstrate that the in-
creased vascular response to exogenous infusions of All in the
subacute denervated kidneys is correlated with a significant in-
crease in glomerular All receptors.

Discussion

The data of this study demonstrate that removal of renal adren-
ergic input for several days results in major modifications in the
glomerular hemodynamic response to infusion ofAll. According
to our original hypothesis, it was proposed that a portion of the
renal hemodynamic response to All might be mediated by en-
hancement of functional renal adrenergic activity via All effects
on norepinephrine reuptake and release. Had such a formulation
been correct, glomerular hemodynamic responses to All would
have been decreased in denervated kidneys. Examination ofthe
resulting data demands a quite different conclusion. Subacute
renal denervation, as evidenced by nearly total renal tissue cat-
echolamine depletion, resulted in marked enhancement of glo-
merular hemodynamic responses to All infusion when compared
with the normally innervated condition. In addition to the greater
functional response of the denervated kidney to All infusion,
we also observed an increase in glomerular All receptors from
kidneys which had been deprived of renal nerve traffic activity
for a period of4-6 d compared with the contralateral innervated
kidneys.

Other studies have examined certain aspects ofrenal function
after similar periods of renal denervation (31), but the current
study represents the first direct examination of glomerular he-
modynamics after subacute denervation. This procedure per-
mitted the examination of the effects of All on glomerular he-
modynamics without the potential secondary effect of All on
the intrarenal release and reuptake of norepinephrine (32, 33).
The subacute denervation protocol provided an experimental
model in which nerve traffic activity was effectively eliminated
for 4-6 d, but was of a sufficiently short duration that reinner-
vation of the kidney had not occurred (31). However, because
there is evidence in the literature that renal adrenergic activity
is important to renin release and angiotensin generation (34-
37), it is likely that subacute renal denervation led to reduction
in the intrarenal generation of All. Subacute denervation did
decrease total RVR as a result of a marked decrease in AR.
Normally, a decrease in AR should increase glomerular capillary
hydrostatic pressure but there was also a numerical decrease in
ER although this trend did not achieve statistical significance.
The decrease in resistance during subacute denervation resulted
in increased nephron blood flow. These results suggests that ad-
renergic activity does contribute to normal renal vascular tone,
at least under these experimental conditions.

The effect of All on glomerular dynamics in the sham rats
was quite similar to the results published previously from this

laboratory with the same systemic blood pressure response
(1, 2), indicating the reproducibility ofthis experimental protocol.
In the denervated animal, the same blood pressure response was
achieved with a dose of All which was the same as utilized in
sham rats, such that the differences observed in renal hemody-
namics were not the result of either differing systemic blood
pressure responses or concentrations of circulating All.

Many studies have revealed a specific interaction between
renin release and renal adrenergic activity in which increases in
adrenergic activity have been shown to stimulate renin release
(8, 10). This study was specifically designed to determine if the
expression of All response on renal hemodynamics is modified
with the deletion of renal adrenergic activity. The present study
demonstrates that with subacute renal denervation, the renal
vascular response was magnified and the same dose of All in-
creased both AR and ER to a greater extent and resulted in a
lower value for LpA compared with the sham kidneys. Utilizing
this experimental protocol, we could not demonstrate that renal
adrenergic innervation enhanced the glomerular hemodynamic
and renovascular effects of infused All via All enhancement of
adrenergic vascular effects. However, these studies did not spe-
cifically exclude some degree of All effect in magnifying adren-
ergic effects via influences on norepinephrine reuptake and re-
lease in the normal physiologic condition. It is also conceivable
that if All infusion causes extrarenal release of norepinephrine
and elevation in plasma values, the denervated kidney might
exhibit an enhanced sensitivity to circulating norepinephrine.

The greater effect of All on RVR in subacute renal dener-
vated rats compared to sham rats was associated with an increase
in glomerular All receptors in the denervated kidney compared
with both the contralateral kidney and bilaterally innervated
kidneys. Although we were not able to measure All receptors
in either afferent or efferent arterioles except as part ofthe isolated
glomeruli, it is a logical assumption that the changes in All re-
ceptor number in these vessels should parallel the changes in
All receptor number in the glomerulus 4-6 d after denervation.
There was no change in All receptor binding affinity after sub-
acute denervation. The fact that an increased vascular response
was observed after denervation indicates that cessation of renal
adrenergic activity must provide some stimulus to increase All
receptor number. Importantly, the differences in glomerular All
receptor number observed were not due to reductions in All
receptors in the contralateral, innervated kidney in that these
values were equal to values in bilaterally innervated kidneys.
One reasonable scenario is that after the elimination of basal
renal nerve activity the stimulus to generate endogenous renin
and All is reduced, and local intrarenal All concentration de-
creased, resulting in secondary upregulation of All receptor
number. With an exogenous infusion of All the increase in glo-
merular All receptors should increase the renal vascular response
when compared to normal, innervated rats. This formulation
could potentially explain the observations contained within this
study.

The measurement of glomerular All receptors requires ex-
acting techniques and a survey of the literature in this area dem-
onstrates a varied BMAX and KD among several laboratories
(21, 22, 38-40). Some of this variation can be attributed to the
addition of various concentrations of either monovalent or bi-
valent cations to the incubation medium as was so elegantly
demonstrated by Douglas et al. (21). Also, the absolute number
of binding sites and receptor binding affinity can be altered by
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the addition of bisodium EDTA to the assay protocol (22).
However, examination of these studies also indicate that even
if one receptor assay protocol is utilized, interassay variation
does occur (21, 22, 38-40). The experimental protocol for the
glomerular All receptor assay utilized in this study was designed
to minimize the effects of interassay variation in the analysis of
the data by incorporating assessment of glomeruli from (a) de-
nervated kidneys, (b) contralateral, innervated kidneys, and (c)
bilaterally innervated kidneys in the same assay for comparison.
Because some variation in BmAx is encountered among assays,
this protocol, utilizing the internal pairing procedure, provided
intrassay comparisons. Although the absolute values for BmAx
and KD may be somewhat variable, we are confident that BmAx
in the subacutely denervated kidney was increased compared
with normal kidneys and that the BMAX was not reduced in the
contralaterally innervated kidneys.

The rats utilized for the All receptor assay were in a euvo-
lemic condition and the rats from which glomerular hemody-
namic data were obtained were plasma volume expanded with
both groups anesthetized. However, because of surgical volume
losses associated with micropuncture experiments, the actual
plasma volume difference was probably small. Although the exact
values for BmAx may be affected by this small volume difference,
it is unlikely to alter the observation that the denervated kidney
has an increased Bmx compared with the contralateral inner-
vated kidneys.

Denervation may have selectively affected angiotensinase
activity in the kidney and resulted in different measured binding
activities between denervated and control kidneys. However,
reverse-phase high pressure liquid chromatography testing of
the ligand indicated a 75-80% integrity throughout the 30-min
incubation in innervated kidneys. Also, the maximum bound
to free ratios did not exceed 5% in any ofthe All receptor assays
such that differing angiotensinase activity in the respective kid-
neys could not have explained the observed differences in All
receptor number.

There was increased vasoconstriction at both the afferent
and efferent arteriole with All in both sham and denervated rats.
There are studies in the literature that have proposed that the
action of All is localized to the efferent arteriole with no major
effect upon the afferent arteriole (41, 42). Edwards (43) has shown
in isolated arterioles that All did not cause vasoconstriction of
the afferent arteriole but did constrict the efferent arteriole.
However, a recent study from this laboratory has demonstrated
that both All and adrenergic activity contribute to the mainte-
nance ofAR in the condition of chronic salt depletion indepen-
dent of All effects on renal adrenergic activity (13).

This study did not completely address the interesting question
ofwhether or not the observed increase in responsiveness ofthe
renal vasculature to All after subacute unilateral renal dener-
vation was sufficient to compensate for the loss of adrenergic
activity to the kidney in either the awake state or in euvolemic
conditions. AR was decreased in dennervated kidneys in the
plasma expanded condition when compared with innervated
kidneys, suggesting that increased All receptor number alone
was not sufficient to compensate for the loss of renal adrenergic
input. However, as we have postulated, subacute loss of renal
adrenergic activity also should result in a reduction in local renin
and All generation and concentration within the denervated
kidney. Therefore, it is impossible to determine from these results
the exact mechanism leading to a lower renal vascular resistance

in the denervated kidney, however, it is likely the result of a
reduction in both adrenergic and angiotensin II responses to the
stress of surgery and anesthesia.

The results of the current study require comparison to results
recently obtained by this laboratory after acute unilateral renal
denervation in the hydropenic rat (12). It can be assumed that
in the hydropenic condition and under the stress ofsurgery and
anesthesia, renal nerve activity must be high. Acute removal of
renal nerves resulted in modest afferent arteriolar dilation, an
increase in the AP, a reduction in LpA, and a constancy of
nephron filtration rate (12). It can also be safely assumed that
the intrarenal concentration of All was high and not greatly
reduced by acute denervation. In fact, the increase in AP and
reduction in LpA observed suggested an enhanced All effect
after acute renal denervation. Treatment with a converting en-
zyme inhibitor resulted in marked vasodilation in acutely de-
nervated kidneys, normalization ofAPand LpA, and an increase
in nephron filtration rate, effects not observed in the innervated
kidney. We interpreted these results as suggesting that acute de-
nervation somehow acutely increased All activity, possibly owing
to the large reduction in proximal tubular reabsorption and sub-
sequent activation of some feedback mechanism generating All
release. The results ofthe current study differ significantly, espe-
cially because local intrarenal All concentration was likely to
be significantly reduced 4-6 d after denervation, an influence
that probably contributed to the greater glomerular All receptor
number. We did not exclude the possibility in the prior acute
renal denervation study that glomerular All receptors were also
increased, but this seems much less likely over such a short time
period (- 30 min). In addition, more chronic denervation results
in major renal vasodilation, while acute denervation did not
(12).

The results ofthe current study also complement data derived
in another recent study from this laboratory (1 1). We examined
the renal functional effects in response to moderate renal nerve
stimulation in control rats and rats in which intrarenal angio-
tensin activity was decreased by either All receptor blockers or
converting enzyme inhibitor. Reductions in intrarenal All ac-
tivity markedly diminished the RVR to renal nerve stimulation
compared to the response observed in control rats. The current
study examined the opposite relationship, the effect of removal
of renal adrenergic activity upon the glomerular hemodynamic
response to infused All. It is ofinterest that, whereas the removal
ofintrarenal All effects diminished the glomerular hemodynamic
influence of adrenergic stimulation, the prior removal of renal
adrenergic activity resulted in enhancement of the RVR to All,
probably by indirect mechanisms.

The concurrent findings of increased renal sensitivity to All
infusion, as indexed by a greater glomerular hemodynamic re-
sponse to infused All, and an increase in glomerular All receptor
number in subacutely denervated kidneys remain only an in-
teresting and provocative correlation and do not prove unequiv-
ocally a causal relation between increased All receptors and in-
creased All renovascular sensitivity. However, the coincidence
of these observations does make this conclusion quite logical.
Such a formulation implies that renal adrenergic nerve activity
is important to the regulation of glomerular All receptors by
indirect mechanisms and that the most likely intermediary link
is the receptor regulatory response to changes in local intrarenal
All generation rate and/or concentration. If this formulation is
correct, then certain other sympatholytic drugs utilized in the
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treatment of hypertension which decrease intrarenal All gen-
eration may also result in increases in glomerular All receptors.

In summary: (a) Subacute unilateral renal denervation results
in renal vasodilation in conditions ofplasma volume expansion.
This renal vasodilation observed both at the whole kidney and
single nephron level appears to be, in large part, a consequence
of decreased AR. These data add to the concept that AR is
maintained in part by the renal adrenergic activity. (b) Unilateral
renal denervation (4-6 d) magnifies the effect of exogenous All
infusion on glomerular dynamics. Specifically, renal denervation
resulted in a greater elevation of AP through increased PG, in-
creased ER, a greater reduction in nephron plasma and blood
flow, and a lower value for the LpA in response to All infusion
compared with the normally innervated kidney. (c) The increased
vascular response to exogenous infusions ofAll after denervation
is associated with the observation that the BmAx of glomerular
All receptors is increased 4-6 d after this procedure. The increase
in All receptors in glomeruli of denervated kidneys may have
resulted from reductions in local renal All concentration and/
or production as a consequence of the elimination of renal ad-
renergic activity.
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