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It has been suggested that redistribution
of renal blood flow within the cortex of the
kidney alters sodium excretion (1, 2). The
mechanisms by which this intrarenal distri-
bution of renal blood flow may be regulated
have not been elucidated. The purpose of
the present study was to investigate the ef-
fect of two renal vasoconstrictor stimuli,
renal nerve stimulation (RNS) and norepi-
nephrine (NE), on the intrarenal distribu-
tion of renal blood flow, and to locate the
cortical sites involved in regulation of intra-
renal blood flow distribution.

The isolated blood-perfused canine kid-
ney was used so that perfusion pressure (PP)
and renal blood flow (RBF) could be con-
trolled. In addition, the use of the isolated
organ system eliminated systemic reflexes
which otherwise might have altered the ef-
fect of RNS or NE.

Materials and methods. The method for
isolated perfusion has been described fully
in previous reports (3, 4). Kidneys were
obtained from pentobarbital-anesthetized
(30 mg/kg) male mongrel dogs weighing 18-
23 kg. Within 2-min of removal, the kidneys
were perfused with 800-900 ml of autolo-
gous heparinized blood at a constant tem-
perature of 37°. The systolic pressure was
maintained at 130 mm Hg as control pres-
sure by adjusting RBF with a pulsatile pump
(Waters Co.). For those experiments involv-
ing renal nerve stimulation (RNS), the renal
nerves were removed with the kidneys. To
accomplish this, the renal nerves were iso-
lated as they approach the aorticorenal gan-
glion and cut distal to the ganglion. After
perfusion of the kidney was begun, the
nerves were secured in bundle fashion and
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placed on stimulating electrodes connected
to a square wave stimulator (Grass Instru-
ments). Stimulation duration was 10 msec,
frequency was 10 cps, and the voltage was
adjusted to increase renal resistance as
needed (usually 1 to 5 V).

Renal blood flow (RBF) was measured
directly by timed collections of renal venous
effluent. The intrarenal distribution of
blood flow was assessed with radioactive-
labeled microspheres (3M Company) ac-
cording to the technique of McNay and Abe
(5) as modified for the isolated organ system
(6). The microspheres were injected into
the perfusion circuit just proximal to the
perfusion pump 8.4 m from the kidney. This
ensured adequate mixing of the micro-
spheres as demonstrated by the uniform dis-
tribution of radioactivity at each level of the
cortex from outer to inner cortex. To deter-
mine the distribution of renal blood flow,
the cortex was divided into four equal zones
from outermost to innermost. Six tissue
samples were taken from each of the four
cortical zones, and analyzed for their iso-
topic activity. A maximum of four isotopes
(*Sc, *8r, '"'Ce, 3'Cr) was injected into
any one kidney. Blood flows were calcu-
lated for the outer half of the renal cortex
(outer two zones) and for the inner half of
the renal cortex (inner two zones). This par-
tition was used since the medullary vascula-
ture in the canine kidney is derived from
arterioles of the inner half but not of the
outer half of the renal cortex, thus hemody-
namic changes in the inner cortex reflect
changes in the medullary circulation (7).

The experimental protocol was as follows.
Distribution of intrarenal blood flow was
measured during a control period with renal
perfusion pressure at 130 mm Hg. Then,
renal vasoconstriction was induced by RNS
or NE (Levophed) infusion (250-500 ng/
min into the renal artery). Three to five
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minutes after vasoconstriction, intrarenal
distribution of blood flow was again mea-
sured (this always occurred within 15 min of
the control measurement). The intensity of
the vasoconstriction was adjusted by alter-
ing the voltage of the stimulator or the dose
of NE infusion. Two studies were done on
22 kidneys in each study. In the first, the
vasoconstrictor stimulus was increased to
change perfusion pressure from 130 mm Hg
systolic to approximately 170 mm Hg sys-
tolic, then PP was adjusted back to 130 mm
Hg systolic by reducing RBF with the pump.
In the second study, the vasoconstrictor
stimulus was again adjusted to increase PP
to approximately 170 mm Hg systolic. Per-
fusion pressure was left at this level; thus,
RBF remained constant.

Statistical analysis of the data was per-
formed using Student’s ¢ test for paired ob-
servations (8).

Results. The functional characteristics of
the isolated kidney during control periods
are given in Table I. Renal blood flow was
similar to that measured in anesthetized
dogs, but glomerular filtration rate (clear-
ance of creatinine) was about 30% less (9).
The isolated kidney reabsorbed about 98%
of the filtered sodium and 97% of the fil-
tered water, slightly less than the kidney in
situ. The isolated kidney concentrated the
urine. These results are similar to previously
published data from this laboratory utilizing
the isolated kidney model (3).

The effects of RNS and NE on total RBF
are shown in Table II. RNS and NE were
adjusted in all cases to increase systolic pres-
sure from 130 mm Hg to approximately 170
mm Hg. In those experiments where the
pressure was subsequently returned to 130
mm Hg with the perfusion pump, RNS and
NE significantly reduced RBF by 28 and
23%, respectively. In those experiments

TABLE 1. FuNcTIONAL CHARACTERISTICS OF
IsoLATED KIDNEYS DURING CONTROL PERIODS

(N = 15).

Fractional Fractional
RBF GFR excretion  excretion
(ml/ (ml/ of Na of H,O  U/P os-
min) min) (%) (%) molality
150¢ 20.9 2.6 3.3 1.57

+ 10.9 + 1.0 + 0.67 +0.59 = 0.082

2 Mean + SE.

where the pressure was left at 170 mm Hg,
RNS and NE had no significant effect on
RBF. Thus, two experimental conditions
(reduced RBF and constant RBF) were cre-
ated during which the effects of RNS and
NE on the intrarenal distribution RBF were
measured.

Figure 1 shows the data for RNS and its
effect on outer and inner cortical flow and
on the intracortical distribution of blood
flow for both experimental conditions (re-
duced RBF and constant RBF). RNS which
significantly reduced RBF (first panel of
Fig. 1, solid lines) also significantly reduced
absolute flow to the outer cortex (from 108
+ 8 to 82 = 9 ml/min) and to the inner
cortex (from 39 = 6 to 24 * 5 ml/min).
Although flow was reduced in both areas,
the reduction was greatest in the inner cor-
tex as exemplified in the significant increase
in fractional flow (percentage of total RBF)
to the outer cortex (from 75 * 2 to 79 =
2%} and significant decrease in fractional
flow to the inner cortex (from 25 = 2 to 21
+ 2%) (second panel of Fig. 1, solid lines).

RNS which did not alter RBF (first panel

TABLE II. SystoLic PRESSURE AND RENAL Broop
FLow DURING RENAL NERVE STIMULATION (RNS)
AND NoOREPINEPHRINE INFUsiON (NE).

Renal blood flow

Systolic pressure

(mm Hg) (ml/min)
C E C E
RNS 130 130 147 = 132 106 = 14*
NE 130 130 167 £ 13 128 + 14*
RNS 130 170 155 £ 15 156 + 18
NE 130 170 194 + 16 189 + 18

@ Mean + SE. N = 11 for each series of experi-

ments.
* P < 0.005.

INNER
CORTEX

QUTER
CORTEX

INNER
CORTEX

QUTER
CORTEX

. 200[e—RNS Reduced Flow (n=11) 100 # p<0.025
£ »-+RNS Constant Flow (n=11) ¥ .
£ | /ﬂ&
E 1501 E 751
= 1997 K
z —
5. &t 8.
S 50k
G 100 . &
o
g <
@ 8
S, 50 I&#, Sasr S
s 2 *
w o
@ 1 1 1 1 w L 1 1

Q
CONTROL EXP CONTROL EXP CONTROL EXP. CONTROL EXP

Fig. 1. Effect of renal nerve stimulation (RNS) on
renal cortical blood flow distribution.
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of Fig. 1, dashed lines) did not alter abso-
lute flow to the outer cortex, although a
tendency to increase was noted (from 115 +
10 to 124 = 14 ml/min). Inner cortical flow
was significantly reduced (from 40 + 7 to 32
+ 5 ml/min). This resulted in a significant
increase in fractional flow to the outer cor-
tex (from 76 * 3 to 80 %= 2). Thus, when
RNS decreased RBF, flow was reduced to
both the outer and inner cortex with a redis-
tribution of fractional blood flow from inner
to outer cortex. When RBF was maintained
constant in the face of RNS, only the inner
cortex had a reduction in flow while the
outer cortex had a tendency to increase
flow, again with a redistribution of frac-
tional blood flow from inner to outer cortex.
These data demonstrate that RNS induced a
greater vasoconstriction in the inner than
outer cortical vasculature.

NE infusion produced the same pattern of
results as RNS. This is shown in Fig. 2. NE
infusion, which significantly reduced total
RBF (first panel of Fig. 2, solid lines), re-
duced absolute flow to the outer cortex
(from 116 + 9 to 94 = 11 ml/min) and to
the inner cortex (from 51 * 6 to 34 = 5 ml/
min). This resulted in an increase in frac-
tional flow to the outer cortex (from 70 + 2
to 74 = 2%) and a decrease in fractional
flow to the inner cortex (from 30 + 2 to 26
+ 2%) (second panel of Fig. 2, solid lines).
NE infusion which did not change RBF
(first panel of Fig. 2, dashed lines) did not
alter absolute flow to the outer cortex, al-
though a tendency to increase was observed
(from 133 = 11 to 138 = 13 ml/min). Inner
cortical flow was decreased significantly
from 61 = 7to 51 = 7 ml/min. NE, with no
change in RBF (second panel of Fig. 2,
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FiG. 2. Effect of norepinephrine infusion (NE) on
renal cortical blood flow distribution.

dashed lines), significantly increased frac-
tional flow to the outer cortex (from 69 + 2
to 73 * 2%) and significantly decreased
fractional flow to the inner cortex (from 31
+ 21026 + 2%).

NE thus produced similar effects as RNS,
with a redistribution of fractional blood flow
from the inner to the outer cortex in both
conditions, when RBF was reduced and
when RBF was not changed. It is apparent
that NE, like RNS, has a greater vasocon-
strictor effect on the inner cortical vascula-
ture than on the cortical vasculature.

Discussion. In the present study, the use
of the isolated perfused kidney permitted
the evaluation of vasoconstriction on intra-
renal hemodynamics under two experimen-
tal conditions. In the first series of experi-
ments, vasoconstriction decreased RBF and
perfusion pressure (PP) was held constant
(130 mm Hg). These conditions reflect the
in situ situation which may occur during the
natural release of vasoactive hormones or
increased sympathetic activity. Under these
conditions, both RNS and NE caused a rela-
tive redistribution of RBF from the inner
half of the cortex to the outer half of the
cortex. Absolute flow to both areas was de-
creased, but there was a relatively greater
decrease in the inner cortical flow. This sug-
gests that the inner cortical vasculature re-
sponded to the stimuli with a greater vaso-
constriction, although both RNS and NE
caused vasoconstriction throughout the cor-
tex.

In the second series of experiments, RNS
and NE induced vasoconstriction elevated
PP to approximately 170 mm Hg. Perfusion
pressure was permitted to remain elevated
as RBF was maintained constant. Under
these conditions it is possible to define more
clearly the sites of relative vasoconstriction.
In a parallel circuit such as we have in the
kidney, when RBF is constant any vasocon-
striction will direct flow away from the area
of greater resistance into an area of less
resistance. Both RNS and NE directed flow
from the inner half to the outer half of the
cortex. In fact, under these conditions there
was an increase in absolute flow to the outer
cortex while decreasing flow to the inner
cortex. This demonstrates that the vasocon-
striction induced by RNS and NE is greatest
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in the vasculature supplying the nephrons of
the inner half of the cortex.

There have been reports that alpha-adre-
nergic stimulation may not produce homo-
geneous vasoconstriction throughout all of
the nephrons. Pomeranz ef al. (2) suggested
that RNS, induced either by bilateral ca-
rotid ligation or splanchnic nerve stimula-
tion, decreased outer cortical and increased
inner cortical and outer medullary blood
flow. Adrenergic stimulation also has been
suggested to cause a redistribution of blood
flow away from the outer renal cortex in
humans with heart failure and in experimen-
tal models of sodium retention (1).

In contrast to these results, Stein et al.
(10) and Rector et al. (11) have failed to
demonstrate any effect of RNS (10) or NE
(11) on the intrarenal distribution of blood
flow. The disparate results obtained by the
various investigators are most probably ex-
plained by the different technique used to
measure the distribution of blood flow. In
Barger’s laboratory (1, 2) the gas-washout
method was used, while in Stein’s labora-
tory (10, 11), the radioactive microsphere
method was used. As reviewed by Stein et
al. (12) the gas-washout method measures
total cortical flow instead of outer cortical
flow, while the microsphere method distin-
guishes between the different areas within
the cortex. Thus, a decrease in outer cortical
flow as measured by gas-washout actually
reflects a decrease in total cortical flow.

In our present study, both RNS and NE
reduce total cortical flow in agreement with
the gas-washout studies (1, 2). In addition,
the microspheres in the present study have
demonstrated that within the cortex itself,
RNS and NE result in a relative redistribu-
tion of flow from the nephrons in the inner
half of the cortex to those of the outer half
of the cortex. Our study does differ from
those of Stein and colleagues (10, 11) who
also used the microsphere method, but
showed no change in distribution of flow
during RNS (10) or NE (11). The reason for
the differing results is not clear. There are,
however, two possibilities. One is the possi-
ble existence of a different response occur-
ring in an isolated organ system as com-
pared with that occurring in situ. If this is
true, the reason for the difference needs to

be investigated. The second reason may be
the different level of stimulus used. In the
present study, RNS and NE (250-500 ng/
min) reduced RBF by 28 and 23%, respec-
tively. While in the in situ experiments,
RNS reduced RBF 40% (10) and NE (4 ug/
min) reduced RBF 49% (11). These may
possibly explain the differing results; how-
ever, further study is needed to clarify the
differences.

It is evident from the data presented here
that both RNS and NE can cause a redistri-
bution of renal blood flow within the cortex
and that this redistribution is from inner to
outer cortical nephrons.

For a redistribution of blood flow to oc-
cur, there must be a differential response of
the renal vasculature to vasoactive stimuli.
Through the use of radioactive micro-
spheres various investigations have been
able to demonstrate a redistribution of renal
blood flow between inner and outer cortical
nephrons in response to a variety of vasoac-
tive stimuli (3, 13-15).

Renal vasodilation with bradykinin (13)
and prostaglandins (3) in the isolated per-
fused kidney, and acetycholine (14) and do-
pamine (15) in situ have been reported to
redistribute fractional blood flow from outer
to inner cortex. This redistribution is the
opposite of that demonstrated in the present
paper with vasoconstriction. These results
indicate that there was a greater vasodila-
tion of the inner cortical vasculature than
the outer cortical vasculature, resulting in a
redistribution of flow from outer to inner
cortical nephrons.

The data from the present paper (vaso-
constriction) and previous investigations
(vasodilation) suggest that the inner cortical
vasculature is more responsive to vasoactive
stimuli than is the outer cortical vasculature.
Thus, the vessels supplying the inner corti-
cal nephrons are primarily responsible for
the regulation of flow between inner and
outer cortical nephrons. This differential re-
sponse to vasoactive stimuli of the vascula-
ture in the superficial and deep cortex repre-
sents an important mechanism by which the
intrarenal distribution of blood flow can be
regulated.

Summary. The effects of renal nerve stim-
ulation (RNS) and norepinephrine infusion
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(NE) on the intrarenal distribution of renal
blood flow were studied in the isolated
blood-perfused kidney. Both RNS and NE
caused a redistribution of fractional blood
flow from the inner half to the outer half of
the renal cortex. Both vasoconstrictor stim-
uli resulted in a relatively greater vasocon-
striction of the inner cortical vasculature. It
is concluded that the inner cortical vascula-
ture is more responsive to vasoactive stimuli
and is the important locus for regulation of
the distribution of renal cortical blood flow.
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