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Effect of Volume Expansion on Hemodynamics
of the Hypoperfused Rat Kidney

PAUL A. JOHNSTON,DAVID B. BERNARD,JOHNF. DONOHOE,NANCYS. PERRIN, and
NORMANG. LEVINSKY, Evans Memorial Department of Clinical Research and
Department of Medicine, Boston University Medical Center, Boston,
Massachusetts 02118

A B S T RA C T The hemodynamics of the rat kidney
were studied during reduction of renal arterial pressure
to 35-40 mmHg (H), and after volume expansion at
that pressure with 0.9% NaCl (IS), 1.7% NaCl (HS),
5%mannitol in 0.9% NaCl (MS), 5%mannitol in water
(MW), or 50 mMmannitol + 125 mMNaCl. During H,
left renal blood flow (RBF) was 0.8±0.1 ml/min. Ex-
pansion with IS did not alter RBF, but expansion with
HS, MS, MW,and 50 + 125 mMNaCl elevated RBFto
200-250% of hypoperfusion values. Glomerular capil-
lary pressure rose significantly from 15.7±0.7 mmHg
during H to 22.3+1.1, 24.4±0.7, and 26.6±0.7 mmHg
following expansion with HS, MS, or MW,respectively.
Efferent arteriolar pressure also rose significantly to
6.9+0.5, 9.7±0.8, and 9.5±0.9 mmHg, respectively.
Preglomerular resistance fell to 18-24% of H values,
and postglomerular resistance fell to 58-74% of H
values after expansion with HS, MS, or MW.Glomerular
filtration (GFR) could not be detected during H or after
IS expansion. HS and mannitol-containing solutions
restored GFR to 0.10±0.02-0.15±0.02 ml/min, and
single nephron glomerular filtration to 6-12 nl/min.
Papaverine, acetylcholine, and kinins had no effect on
RBFor GFRat a perfusion pressure of 35-40 mmHg.
Weconclude that mannitol and HShave the capacity to
augment RBFduring hypoperfusion by reducing arteri-
olar resistance. The mechanism of the rise in RBF is
uncertain; it may be due to changes in effective osmolal-
ity of the extracellular fluid or to a direct action of
mannitol on vascular smooth muscle. Other potent
vasodilators were ineffective during hypoperfusion.
Restoration of GFRoccurs as a result of the combined
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effects of augmented RBF and elevated net filtration
pressure.

INTRODUCTION

The use of mannitol to promote renal function during
episodes of ischemia is of both clinical and physiologic
interest. Mannitol has been shown to improve hemo-
dynamics and glomerular filtration in several animal
models of acute renal failure (1-4). The effectiveness
of mannitol treatment in the human syndrome, either
prophylactically or therapeutically, is unclear (5, 6).
However, there would seem to be indications for its
use in certain types of human acute renal failure.

Previous studies from our laboratory (7) have focused
on the effect of volume expansion with mannitol and
saline solutions on the function of the hypoperfused
rat kidney, a model of "prerenal failure." This animal
model may provide meaningful information about the
pathogenesis of acute renal failure not available from
the more widely used models in which failure is al-
ready fully developed. Our initial observations demon-
strated that volume expansion during reduced perfusion
with mannitol and hypertonic saline restored the
glomerular filtration rate (GFR)1 and urine flow (V), but
expansion with isotonic saline was ineffective. One
explanation for this was the expansion with mannitol
and hypertonic saline reduced renal vascular resist-
ance (RVR), allowing renal blood flow to rise, and
thereby aiding in restoration of the GFR. Studies in
hydropenic animals (8-13), and in other animal models

1Abbreviations used in this paper: 50 M+ 125 NaCl, 50 mM
mannitol + 125 mMNaCl; GFR, glomerular filtration rate;
HS, 1.7% NaCl; IS, 0.9% NaCl; MS, 5% mannitol in 0.9%
NaCl; MW,5%mannitol in water; APa, RPP-PGC; APe, PGC-PEA;
PEA, end efferent arteriolar pressure; PGC, glomerular capillary
pressure; ire, arterial plasma oncotic pressure; RBF, renal
blood flow to the left kidney; RPP, renal perfusion pressure;
RVR, renal vascular resistance; SNGFR, single nephron glo-
merular filtration rate; V, urine flow rate.
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of acute renal failure (1-4), have shown that treatment
with mannitol leads to a reduction of RVRat normal
or nearly normal perfusion pressures. However, little
is known about the effects of mannitol or other expansion
solutions on the hemodynamics of severely hypoper-
fused kidneys.

The purpose of the present study was (a) to examine
the effect of severe hypoperfusion on renal hemo-
dynamics, (b) to determine the effect of volume expan-
sion with mannitol and saline solutions on renal blood
flow to left kidney (RBF), RVR, and intrarenal distribu-
tion of RBF, and (c) to localize the site of microvascular
change in response to volume expansion. Wehave found
that RVRduring extreme hypoperfusion is increased.
Expansion with mannitol-containing solutions and
hypertonic saline increased RBFprincipally by reduc-
ing preglomerular resistance. As in our previous study,
we observed that mannitol and hypertonic saline re-
stored GFR. Increased RBFand concomitant increases
in net filtration pressure presumably account for this
improvement in filtration.

METHODS

Munich-Wistar and Charles River rats (Charles River Breeding
Laboratories, Inc., Wilmington, Mass.) weighing 150-320 g
were anesthetized intraperitoneally with ketamine hydro-
chloride (100 mg/kg) and inactin (20 mg/kg). The animals
were placed on a heated animal board, and a tracheostomy
was performed. Catheters were placed in the left jugular
vein for infusion of fluids, and in the femoral artery for
sampling of blood and monitoring of renal perfusion pressure
(RPP). The left kidney was isolated through a suprapubic
incision, and both ureters were catheterized. An adjustable
clamp was placed around the descending aorta above both
renal arteries so that perfusion pressure to the kidneys could
be regulated.

Four series of animals were studied. In the first series,
RBF and GFR were assessed in both Munich-Wistar and
Charles River rats during reduction in RPPand after volume
expansion during reduced perfusion. As the results from both
types of rat were not different, the data have been combined.
After a control period during which isotonic saline was infused
at a rate of 0.03 ml/min, RPPwas reduced to 35-40 mmHg.
After 30 min of equilibration, the animals received an infusion
of one of the following solutions: 0.9% NaCl (IS), 1.7% NaCl
(HS), 5%mannitol in 0.9% NaCl (MS), 5%mannitol in water
(MW), or 50 mMmannitol + 125 mMNaCl (50 M+ 125 NaCI)
at 1.0 ml/min until a volume equivalent to 3-5% of body
wt had been administered. Subsequently, the infusion rate
was reduced to 0.1 ml/min, and continued at the rate through-
out the remainder of the experiment. Perfusion pressure was
maintained at 35-40 mmHg. 10-15 min after the infusion
rate had been decreased, urine collection was begun. Blood
flow in the left renal artery was measured continuously by
small diameter flow probe (EP model 401.5; Carolina Medical
Electronics, Inc., King, N. C.) connected to a square wave
electromagnetic flowmeter (model 501, Carolina Medical
Electronics, Inc.). The flowmeter system was calibrated
in vitro by perfusing a segment of femoral artery with whole
blood. The response of this system was linear over a range
of flow from 0.5 to 10.0 ml/min. The flowmeter was also as-
sessed in vivo by comparing measurements made with this

system to RBF determined from the clearance of [3H]p-
aminohippuric acid (13). In seven rats, the mean differ-
ence between the measurements was 0.23±0.11 ml/min
(SE). This was not statistically significant, and was <5%of the
mean control values of RBF. In addition, RBF was measured by
clearance and extraction of [3H]p-aminohippuric acid before
and after positioning of the probe around the left renal artery.
Blood flow, after the probe had been positioned, was 99±7%
of the flow before positioning the probe. These data indicate
that direct measurement of RBF by the flowmeter system is
comparable to estimates of RBFby clearance techniques, and
that the process of positioning the probe around the renal
artery does not significantly alter hemodynamics. In addition,
the effect of changes in hematocrit on RBF measurement was
assessed by perfusing the in vitro calibration system with
blood of varying hematocrits. Variation of hematocrit over
the range of 40 to 50% (similar to that observed in the following
experiments) resulted in a maximum change of RBF of 0.15
ml/min. Inasmuch as this change borders on the limit of
accuracy of the flowmeter system, blood flows obtained during
the experiments were not corrected for changes in hematocrit.

Whole kidney GFR was estimated from the clearance of
[I4C]inulin (New England Nuclear, Boston, Mass.), and single
nephron glomerular filtration (SNGFR) was estimated from
timed collection of proximal tubule fluid and tubule fluid:
systemic plasma [14C]inulin concentration ratios. In some
instances itwas impossible to collect tubule fluid. Under these
circumstances the occurrence of filtration was assessed quali-
tatively by observing the passage of lissamine green dye into
tubules.

The effect of hypoperfusion and volume expansion during
hypoperfusion on renal microvascular pressures and arteriolar
resistance was assessed in a second series of rats (Munich-
Wistar only). Hydrostatic pressures in the glomerular capillary
(PGC) and at the end of the efferent arteriole (PEA) were meas-
ured during hypoperfusion, and after expansion with IS, HS,
MS, or MW.End efferent arteriolar pressures were measured
directly with a servo-null device (14, 15). Two methods were
used to estimate PGC. Direct puncture of surface glomeruli
(15) was carried out with a micropipette (2- to 3-Am tip
diameter) attached to a servo-null system. The pipette was
filled with 1 M saline lightly colored with lissamine green
dye. Because of the lack of the pulsatile pressure in glomerular
capillaries at RPPof <40 mmHg, the pattern of dye perfusion
when injected from the micropipette was used to determine
the position of the pipette tip in the capillary. If the dye was
expelled with very little pressure and passed quickly from
the glomerular structure, it was concluded that the pipette was
poorly placed. A second factor used to indicate proper posi-
tioning of the pipette was a stable pressure recording for
20-30 s.

In addition to the direct puncture technique, PGC was
estimated from stop-flow pressures and arterial plasma oncotic
pressure. Oncotic pressure (7Ta) was calculated from plasma
protein concentration by the formula lTa = (1.52 + 0.35 M)Ca
+ (0.234 + 0.009/M)Ca2 (16), in which M is the molarity of
the fluid containing the protein (in this case, 0.15 M) and Ca is
the plasma protein concentration. Plasma protein concentra-
tion was measured by the Lowry technique (17). Glomerular
capillary pressure was estimated by the formula PGC = vra
+ SFP, in which SFP equals the stop-flow pressure in the
earliest convolution of the proximal tubule. The stop-flow
pressure was the stable hydrostatic pressure achieved in the
earliest accessible proximal convoluted tubule 2 min after
blocking the nephron distally with castor oil (18). Direct
measurement and stop-flow estimates of PGC were compared
in six animals after volume expansion during hypoperftusion
with MS, and in one animal expanded with HS during hypo-
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outer cortical tissue was compared to the cpm per gram of
total kidney. Kidneys were discarded in which there was a
difference of >20% in this ratio between duplicate outer
cortical slices. A reduction in the ratio (outer cortex:whole
kidney) for the isotope given after volume expansion, 103Ru,
compared with that given before, 14'Ce, would indicate a re-

0* distribution of RBF away from the outer cortex.
A fourth group of rats (both Munich-Wistar and Charles

* / River) was studied to assess the effect of known vasodilators
on RBF at low perfusion pressure. After 30 min of hypo-
perfusion, either papaverine (0.1-2.0 ,ug/min), acetylcholine
(2-40 jug/min), or kinin (bradykinin or kallidin, 0.25-2.4

g/min) were infused into the renal artery through a siliconized
glass micropipette (25-gm tip diameter). Care was taken to
assure adequate infusion. Left renal blood flow was monitored
continuously with a flowmeter.

One-way and multifactorial analysis of variance tests (20)
were used to determine the significance of the change in RBF
and superficial vascular hydrostatic pressures following volumeI I l I I expansion. The significance of the difference between mean10 15 20 25 30 35 experimental response and control group was evaluated by

PGC, direct a Dunnett's test of multiple treatment means vs. control (21).
(mm Hg) Data are reported as mean-+SE. A P < 0.05 was considered

iarnifinnnnt
FIGURE 1 Comparison of measurement of PGC by direct
puncture of surface glomeruli (PGC, direct) and by stop-flow
techniques (PGC, SFP). Solid line is the line of identity. Mean
difference (PGC, direct PGC, SFP) was 0.66±0.93 mmHg
(P > 0.40, n = 7).

perfusion. The mean difference between the two techniques
was 0.66±0.93 mmHg (Fig. 1). Thus, under the conditions
of this study, estimates of PGc determined by direct puncture
or stop-flow were comparable.

Changes in pre- and postglomerular resistance following
volume expansion were estimated by calculated values for
pre- and postglomerular pressure gradients determined from
the second series of animals, and measured changes in RBF
determined from the first series of animals. The following
equation was used to calculate resistance changes of pre- or
postglomerular segments:

Rvea/Rha = (Pvea/APha) (Qh/Qve).

Rvea/Rh a represents the relative resistance change of the pre- or
postglomerular arteriole following volume expansion compared
with that in hypoperfusion; APvea and APha are the pressure
gradients APa or APe across the pre- or postglomerular arteriole
during volume expansion or hypoperfusion; and Qhand Qve are
the blood flows in the left renal artery during volume expansion
or hypoperfusion.

In a third series of animals (Charles River), RBF distribu-
tion to the outer cortex was determined during hypoperfusion
and after volume expansion with MS, HS, and IS. The left
kidney was prepared as previously described. Microspheres
(19), 15 ,um in diameter, labeled either with 14'Ce or 103Ru,
were suspended in 0.9% NaCl and 0.05% Tween 80 (Tween
Emulsifiers, ICI United States, Inc., Wilmington, Del.). A 0.15-
ml bolus of the suspension, containing _4 x 105 spheres
labeled with 14'Ce, was injected during hypoperfusion through
a catheter placed in the left carotid artery. A second 0.15-ml
bolus containing 103Ru-labeled spheres was administered 10
min after volume expansion. The experimental kidney was
then excised, its capsule was removed, and it was sectioned
sagittally. Each section was placed cut-face down on a

Stadie-Riggs microtome, and a 0.5-mm slice removed. The
slices from the two halves were considered to be duplicates
of the outer cortical zone. For each isotope, the cpm per gram

RESULTS

Effect of hypoperfusion and volume expansion on
RBF and RVR. In 35 rats, RBF during hydropenia
was 5.4+±0.2 ml/min, and RPPaveraged 105+±2 mmHg.
WhenRPPwas reduced to 36+1 mmHg, RBFfell to 0.8
±0.1 ml/min. Total renal vascular resistance (RVR
= RPP/RBF) was 53.1+3.2 mmHg/ml per min during
hypoperfusion, a value significantly greater than that of
20.7±0.7 mmHg/ml per min observed during hydro-
penia (P < 0.001). Table I shows the effect of volume
expansion with five different solutions on plasma pro-
tein concentration and hematocrit. Treatment with these
solutions resulted in a nearly comparable degree of
expansion, as judged from these changes. The effect of
saline and mannitol infusion on RBF is shown in Fig. 2.

TABLE I
Effect of Volume Expansion on Plasma Protein

Concentration and Hematocrit

Protein Hematocrit

gidl %

Hypoperfusion 4.9±0.1 49.3+1.0
(n = 33) (n = 35)

0.9% NaCl 3.1+0.2 44.8+2.9
(n = 10) (n = 8)

1.7% NaCl 2.7+0.1 45.1±+1.3
(n = 11) (n = 10)

5% mannitol in 2.8+0.1 43.6±+1.1
0.9% NaCl (n = 14) (n = 8)

5%mannitol in 3.3±+0.1 46.1±+ 1.7
water (n = 7) (n = 9)

50 mMMannitol 3.6+0.1 42.0±+1.4
+ 125 mMNaCl (n = 10) (n = 5)
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FIGURE 2 Effect of volume expansion during hypoperfusion on RBF. RBFduring hypoperfusion
was 0.8+0.1 ml/min. Data are mean+SE. *P < 0.005 vs. hypoperfusion.

Volume expansion with IS during the period of reduced
RPPdid not significantly alter RBF. However, expan-
sion with HS, MS, MW,or 50 M+ 125 NaCl elevated
RBF significantly to more than twice hypoperfusion
levels (P < 0.01 for each infusate). Because RPP was
constant, calculated RVRfell significantly to 47.7+±4.2,
43.3±+-5.4, 49.5±+-7.6, and 49.8±+-3.3% of hypoperfusion
levels following expansion with HS, MS, MW,and 50 M
+ 125 NaCl, respectively (P < 0.01 for each infusate).

Effect of volume expansion during hypoperfusion on
V, GFR, and SNGFR. V during hydropenia was 1.98
+0.23 ,ul/min (n = 20 tubules), GFRaveraged 0.95+0.1
ml/min (n = 1 tubule), and SNGFRwas 28.5+1.3 nl/
min (n= 15 tubules). During hypoperfusion there
was no V, and lissamine green dye did not enter the
proximal tubule, indicating that filtration was minimal
or absent. The effects of volume expansion are shown
in Fig. 3. Urine flow was not restored by IS; proximal
tubules remained collapsed and lissamine green dye
failed to appear in surface nephrons. Thus, filtration
remained very low or absent. Urine flow was restored
in 8 of 11 rats after volume expansion with HS, and
GFR in these animals was about 10% of hydropenic
values. SNGFRcould not be quantified because proxi-
mal tubule flow rate was too low to permit adequate
collection of fluid. However, lissamine green dye passed
into proximal tubules in all eight rats that made urine,
and in one of three that remained anuric. Volume
expansion with each of the mannitol solutions restored
V, although the 50 M+ 125 NaCl solution did not
generate as large an increase in V as MSor MW.GFR
was equally restored by all the mannitol solutions to

about 17% of hydropenic values. SNGFRranged from
6-12 nl/min with these same solutions.

Effect of volume expansion on microvascular pres-
sures and arteriolar resistance. In the second series
of animals, microvascular pressures were assessed
during hypoperfusion, before and after volume expan-
sion (Table II, Fig. 4). PGC was 15.7 mmHg during
hypoperfusion and Ta was 14.3 mmHg. Therefore, the
net filtration pressure at the afferent end of the glo-
merular capillary was near zero.2 Efferent arteriolar
pressure was 4.6 mmHg. The APa (RPP-PGC) was 20.9
mmHg, and the APe (PGC-PEA) was 11.0 mmHg.
Volume expansion with IS had no effect on PGC, but
PEA increased significantly to 8.6 mmHg (P < 0.01).
Pre- and postglomerular pressure gradients were not
significantly different from those during hypoperfusion.
After volume expansion with HS, MS, or MW,PGc rose
significantly to 7-9 mmHg (P < 0.01). The preglomer-
ular pressure gradient fell significantly to 10-13 mm
Hg after these infusions (P < 0.05). Net filtration
pressure (P;Ci-Va-Pt) at the afferent end of the glomerulus
rose to 6.0+ 1.3, 8.4+1.1, and 8.1+1.0 mmHg after
expansion with HS, MS, and MW,respectively. Proxi-
mal tubule pressure was not measurable after expansion
with IS. The difference between PGc and 1Ta was 8.0
+0.8 mmHg in four animals expanded with IS. As most
proximal tubules appeared collapsed after this expansion,

2 Proximal tubules were completely collapsed preventing
pressure measurements. We assumed tubular pressure was
very low and, therefore, not a factor in determining net
afferent filtration pressure.
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FIGURE 3 The effect of volume expansion during hypoper-
fusion on whole kidney GFR, SNGFR, and V. Numbers in
parentheses represent number of animals in which that vari-
able was assessed. ND indicates that the variable could not
be determined under the described condition. The notation
9/11 indicates that SNGFRwas qualitatively observed in 9
of 11 animals after expansion with HS. Data are mean±SE.

PGC-lra is probably a reasonable approximation of the
net filtration pressure at the afferent end of the
glomerulus.

There was a small, but statistically significant effect
of volume expansion with MSand HSon RBFdistribu-
tion to the outer cortex of the left kidney (Table III).
The number of microspheres in outer cortical tissue
relative to whole kidney tissue fell about 13%following
expansion with these solutions. Expansion with IS,
however, did not appear to affect the sphere distribu-
tion. From these results we concluded that outer
cortical blood flow increased only slightly less than
total RBF. These small alterations in distribution, even
though significant, would have a minor effect on calcu-
lated arteriolar resistance changes. Therefore, we chose
not to correct our resistance data as presented below.

Volume expansion with IS did not significantly affect
calculated pre-,or postglomerular resistance. However,
calculated preglomerular resistance fell dramatically
to 18-27% of hypoperfusion values after volume ex-
pansion with HS, MS, or MW.Postglomerular resistance
fell to 58-74% of hypoperfusion values after expansion
with these same solutions (Table IV). These results
have not been corrected for the effect of changes in
SNGFRon blood flow through the efferent arteriole.
Therefore, changes in postglomerular resistance are
actually less than indicated in Table IV.

Effect of vasodilators in RBF of the hypoperfused
kidney. To ascertain whether or not the effect of
mannitol or HS was mediated by a mechanism similar
to that underlying the renal hemodynamic effect of
other known vasodilators, the response of the renal
vasculature to infusion during hypoperfusion of several
of these vasodilators was assessed. Acetylcholine, papav-

TABLE II
Microvascular Hemodynamics during Hypoperfusion and after Volume Expansion

RPP PGC PEA Ta P nft

mmHg

Hypoperfusion 37±1 15.7±0.7 4.6±0.3 14.3±0.4 0§ 6
Number of observations 6 10 8 3

0.9% NaCI 38±1 16.6±0.8 8.6±0.711 9.3±0.511 0§ 5
Number of observations 5 14 16 5

1.7% NaCl 36±1 22.3±1.1" 6.9±0.5¶ 7.0±0.311 9.5±0.6 6
Number of observations 6 19 9 7 15

5%mannitol in 0.9% NaCl 36±1 24.4±0.71 9.7±0.8"1 7.0±0.2 8.8±0.6 11
Number of observations 11 38 10 16 15

5%mannitol in water 37+1 26.6+0.7"1 9.5±0.91 9.4+0.3 10.7±0.6 5
Number of observations 5 15 7 8 8

Mean±SE.
* Proximal tubule pressure.
t Number of animnals studied in each group.
§ Most tubules collapsed; pressure presumed to be near zero.
P < 0.01 vs. hypoperfusion.

¶ P < 0.05 vs. hypoperfusion.

554 Johnston, Bernard, Donohoe, Perrin, and Levinsky



40

30

Pressure 20
(mm Hg)

10

=21.

APe
= 8.0

,=13.3~

APe
=15.5

APe
=14.7t

~=1o.4't

AP.
=1.7.1*

Hypoperfusion 0.9% NaCl 1.7% NaCl 5% Mannitol in 5%Mannitol
0.9% Saline in Water

FIGURE 4 Effect of volume expansion with four different solutions during hypoperfusion on
RPP (0), PGC, (A) and PEA (E). The length of the hatched portion of the bar represents AP.
(RPP-PGC), and the length of the open portion represents APe (PGC-PEA)- Mean values for APa and
APe are indicated in the appropriate portion of the box. *P < 0.01; 4P < 0.05 compared with
hypoperfusion. The absence of a symbol indicates not significant compared with hypoperfusion.

erine, or kinins were infused directly into the left renal
artery of normally perfused and hypoperfused kidneys.
In doses that increased RBF by 15-20% in normally
perfused kidneys, these agents had no effect on RBF
of hypoperfused kidneys.

DISCUSSION

This study provides the first evaluation of the effects
of severe hypoperfusion and subsequent volume expan-
sion on renal hemodynamics and microvascular pres-
sures. Our previous study (7) described the effect of
hypoperfusion and subsequent volume expansion on
GFR. However, because of the limitation of available
technology at the time, we were unable to directly
assess changes in hemodynamic factors. Discovery of
the Munich-Wistar rat, with accessible surface glo-
meruli, and the advent of instrumentation, such as a small
electromagnetic flow probe (13) and the servo-null
pressure measuring device (14, 15), have enabled us
to evaluate critically changes in RBF, vascular resistance,
and arteriolar resistance in the hypoperfused kidney.

TABLE III
Effect of Volume Expansion on the Distribution of

Radioactive Microspheres in the Outer Cortex

Hypoperfusion Volume expansion

0.9% NaCI (n = 5) 1.70+0.14 1.60+0.06
1.7% NaCI (n = 5) 1.91 +0.09 1.66+0.11*
5%mannitol in 0.9% NaCI 1.74+0.05 1.52±0.03t

(n = 11)

Data are (cpm/gram outer cortex . cpm/gram whole kidney);
mean+SE.
* P < 0.005.

P < 0.005.

Renal vascular resistance of rat kidneys perfused at
<40 mmHg for 30 min was significantly greater than
RVRof normally perfused kidneys. These results are
not necessarily in conflict with previous autoregulation
studies (22-27), which show that RVRdecreases during
progressive hypoperfusion. In most of those studies,
observations were only made above a perfusion pres-
sure at which urine flow ceases (55-60 mmHg). Addi-
tionally, most observations were made only after a
short period of hypoperfusion at a reduced pressure.
A recent study by Arendshorst et al. (13) employing
the electromagnetic flow probe in the rat, demonstrated
a tendency for RVRto rise as RPPwas reduced below
65 mmHg. Studies in anesthetized dogs demonstrate
that RVR is greater at low perfusion pressure than at
normal pressures (28, 29). These observations, together
with previous studies of renal autoregulation, suggest

TABLE IV
Effect of Volume Expansion on Pre- and Postglomerular

Resistance of the Hypoperfused Kidney

Preglomerular Postglomerular
resistance resistance

0.9% NaCl 103±5 84.0±10
(n = 4) (n = 4)

1.7% NaCl 26.8±3.3* 59.8±7.24
(n = 6) (n = 5)

5%mannitol in 0.9% NaCI 19.4±2.7* 73.8±1.5§
(n = 11) (n = 4)

5%mannitol in water 18.3±2.9* 57.5±9.3§
(n = 5) (n = 3)

Data are mean±SE percent of hypoperfusion values.
* P < 0.001 compared with 100%.
4 P < 0.005 compared with 100%.
§ P < 0.01 compared with 100%.
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that above a perfusion pressure of 80-100 mmHg,
RVRfalls in proportion to RPP, maintaining RBFnearly
constant. Below the level of autoregulation, in the range
of 60-80 mmHg, RVRremains constant, and thus RBF
falls in proportion to RPP. Below about 55 mmHg,
however, RVRmay rise, causing RBFto fall to a greater
degree than RPP.

Volume expansion during reduced perfusion with
mannitol-containing solutions or HS led to a large re-
duction in renal vascular resistance. The major site of
resistance change accompanying volume expansion was
preglomerular. There was also some alterations in
postglomerular resistance, but this change was less
marked. From these data we concluded that the vas-
culature of the hypoperfused rat kidney is not maximally
dilated. Previous studies by Robertson et al. (30) also
suggest that resistance is not fixed at low perfusion
pressures. Isoncotic plasma expansion of rats whose
kidneys were being perfused at 60 mmHg resulted
in a reduction of calculated capillary resistance and an
increase in capillary blood flow compared with rats
with the same renal perfusion pressure. In these studies
the principal site of resistance change was also pre-
glomerular, whereas efferent arteriolar resistance rose.
Likewise, intrarenal infusion of vasodilator substances
such as dopamine, acetylcholine, papaverine, and
prostaglandin E2 has been shown to cause a reduction
in preglomerular resistance in the hypoperfused dog
kidney (31), suggesting that RVRis not minimal below
the autoregulatory range.

One of the limitations of this model is that during
hypoperfusion pre- or postglomerular capillary plasma
flow, necessary for calculation of capillary resistance,
cannot be measured by standard techniques (32). Direct
assessment of capillary plasma flow depends on meas-
urements of SNGFRand efferent arteriolar protein
concentration. As demonstrated in this and our previous
study (7), SNGFRceased when RPP was reduced to
40 mmHg. Therefore, it was impossible to directly
assess changes in blood flow to those nephrons in the
superficial cortex in which microvascular pressures
were measured. We circumvented this limitation by
estimating changes in blood flow to the superficial
cortex from changes in the distribution of radiolabeled
microspheres. Wefound that changes in blood flow in
the superficial cortex after expansion with MSand HS
were approximately the same as changes in total RBF.3
However, recent studies (33-35) have suggested that
15 ,um microspheres may overestimate the effect of

3As discussed in Results, although the changes in distribu-
tion of radioactive microsphere to the outer cortex were small,
these did achieve statistical significance. Nevertheless, be-
cause distribution changes had little effect on the calculated
pre- and postglomerular resistance changes, we treated the
data as if the changes in superficial cortical blood flow and
total RBF were equal.

volume expansion on the distribution of RBF to the
superficial cortex. If this were the circumstance in our
present study, the change in blood flow to this zone
may have been significantly less than estimated using
the distribution of microspheres. Nevertheless, even
if our analysis of capillary blood flow changes were
in error by as much as 30%, the changes in RBF, APa,
and APe were such that calculated preglomerular
resistance would still have fallen to 27.7+2.7, 38.2+3 .3
and 26.1±3.0% of hypoperfusion values following
expansion with MS, HS, and MW, respectively.

Several factors should be considered as possible
explanations for the decrease in RVR: (a) the effect
of hematocrit on blood viscosity; (b) a nonspecific
vasodilator effect of volume expansion; (c) the osmotic
properties of the expansion solutions; and (d) a non-
osmotic effect of mannitol.

The effect of volume expansion with erythrocyte-free
solutions on whole blood viscosity must be considered
because calculated vascular resistance is proportional
to viscosity (36). The largest changes in hematocrit,
and therefore viscosity, occurred after volume expansion
with IS (50.8±1.8%-44.8±2.9%) and MS(51.4±1.8%-
43.6±1.1%). Theoretically, this change could have
accounted for only 10% of the observed changes in
RBF (37). Additionally, though this effect of expansion
on hematocrit was nearly the same with both solutions,
expansion with MS caused a significant fall in RVR,
whereas expansion with IS resulted in no change in
RVR. Therefore, we believe it unlikely that a decrease
in viscosity, because of a reduced hematocrit, was an
important determinant of the effect of mannitol on
RVRin this model.

A nonspecific vasodilator effect of volume expansion
is unlikely as a possible mechanism for reduced RVR
on the basis of the following observations. Infusion
of IS caused a fall in plasma protein concentration
nearly equivalent to that which occur after infusion
of equal volumes of HS, MS, MW,or 50 M+ 125 NaCl.
This indicates that a comparable degree of extracellular
volume expansion was achieved with all five solutions.
However, infusion of IS had little effect on renal
hemodynamics.

Previous studies (9, 11, 12) have suggested that
increases in extracellular fluid osmolality after infusions
of hypertonic mannitol caused renal vasodilation in
normally perfused kidneys. Navar et al. (12) have sug-
gested that the effect of hypertonic mannitol in normally
perfused kidneys is mediated by a macula densa feed-
back mechanism that is sensitive to local changes in
tubule fluid osmolality. It is unlikely, however, that
this mechanism was involved in the vascular response
to expansion during hypoperfusion with MS or HS.
Neither solute could have entered the renal tubule
before the decrease in resistance. As demonstrated
in this and our previous study, SNGFRis virtually
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absent during hypoperfusion. However, we cannot rule
out an effect of either solution via a macula densa
feedback mechanism initiated by alterations in the
peritubular environment.

Hypertonic mannitol has also proved effective in
improving RBFin postischemic acute renal failure (1-3,
38-4 1). It was originally postulated that the mechanism
of this effect was a reduction in vascular cell swelling
by virtue of the effect of increased extracellular
osmolality (2). Recently, Frega et al. (3) have demon-
strated that vascular swelling may not be an important
result of ischemia. However, to determine if reduction
of cell swelling by MS or HS played a major role
in the observations of the present study, vascular ele-
ments from two animals expanded with IS, and two
animals expanded with MS were examined by light
and electron microscopy. The kidneys from animals
expanded with MSwere indistinguishable from those
expanded with IS. Moreover, vascular elements from
these kidneys appeared to be no different than those
from normally perfused kidneys of nonexpanded rats.4
Although the reduction of minimal cell swelling cannot
be ruled out completely, it seems unlikely that the
mechanism of reduced resistance is related to changes
in cell volume.

Isosmotic solutions of mannitol, which varied in
concentration from 50 to 300 mM, were as effective
in lowering RVRof the hypoperfused kidney as hyper-
tonic solutions of mannitol or saline. In normally
perfused rat kidneys, Blantz (8) has shown that ex-
pansion with mannitol solutions, which cause no change
in plasma osmolality, resulted in vasodilation of the
superficial vasculature. Krishnamurty et al. (42,43) have
demonstrated that isosmotic as well as hyperosmotic
mannitol is capable of causing vasodilation of arterial
smooth muscle from rabbit and cat, and inhibited the
vasoactive effects of norepinephrine, electrical stimula-
tion, and elevated extracellular potassium. These
observations, although not conclusive, suggest that
mannitol may have an effect of vascular smooth muscle
independent of its osmotic characteristics.

In present studies, several potent vasodilators, when
infused into the renal artery, had no effect on RVR.
This is in contrast to studies in the dog which acetyl-
choline specifically has been shown to lower RVRat
reduced perfusion pressures (31, 44). Our observations
suggest that mannitol may act on the rat renal vascula-
ture by a mechanism totally unrelated to that of other
potent vasodilators. The studies of Krishnamurty et al.
(42, 43) support this hypothesis. These investigators
showed that mannitol solutions had a vasodilator effect
independent of the mechanism by which substances
such as ethacrynic acid caused dilation. Hypertonic

4Venkatachalam, M. A. Unpublished observations.

saline may act via the same mechanisms or have an
unrelated mode of action.

In our previous study (7), we found that expansion
with mannitol-containing solutions and HS partially
restored GFRand V. These observations were con-
firmed in the present study with micropuncture tech-
niques. A complete analysis of the changes in SNGFR
was not possible in the present study because all
filtration forces could not be assessed in the absence
of GFR before expansion (32). However, it seems
reasonable to conclude that restoration of GFR is the
result of an increase in two determinants of filtration,
RBFand net filtration pressure, observed in this study.
It is interesting to note that IS expansion, during
which RBF remained unchanged and net filtration
pressure increased (as a result of a primary reduction
in plasma protein concentration), failed to restore
SNGFR. This may be due to the fact that a reduction
in plasma protein concentration, although it increases
net filtration pressure, also appears to cause a reduction
in the glomerular ultrafiltration coefficient, an altera-
tion that would impede filtration (45).

In conclusion, RBF is elevated over control hydro-
penic values after short periods of perfusion at low
pressure. Certain agents, such as mannitol and HS,
have the capacity to reduce resistance and restore
glomerular filtration under these conditions. Their
effect is primarily on preglomerular vessels, although
there appears to be some dilation of efferent arterioles
as well. The mechanism of this effect may be related
to a specific action of mannitol as well as to the osmolal-
ity of the solutions employed. The increase in RBF
and rise in net filtration pressure are probably respon-
sible for restoration of GFR.
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