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Glomerular Injury in Uninephrectomized Spontaneously Hypertensive Rats.
A Consequence of Glomerular Capillary Hypertension
Lance D. Dworkin and Helen D. Feiner
With the technical assistance of Joseph Randazzo
Departments of Medicine and Pathology, New York University Medical Center, New York 10016

Abstract

Micropuncture and/or morphologic studies were performed in
intact Wistar-Kyoto rats (WKY) (group 0) intact spontaneously
hypertensive rats (SHR) (groups 1 and 5), uninephrectomized
(UNX) WKY(groups 2 and 6), and UNXSHR(groups 3 and
4, 7 and 8). UNXwas performed when rats were 5 wk of age.
Groups 0-4 were observed for 34 wk after which whole kidney
clearance and morphologic studies were performed. Groups
5-8 underwent micropuncture study at 10 wk of age. Groups 4
and 8 were fed a diet containing 6% protein. All other rats in-
gested standard laboratory diet. 5 wk after UNX, normotensive
group 6 had higher single nephron glomerular filtration rate
(SNGFR) and initial glomerular plasma flow rate (QA) than in-
tact, hypertensive group 5. Glomerular transcapillary hydraulic
pressure difference (AP) was similar in these two groups. Hy-
pertensive group 7 exhibited less elevation in SNGFRand QA
than group 6, but AP was significantly increased. The presence
of glomerular capillary hypertension in UNXSHRat 10 wk was
associated with the development of significant proteinuria and
an increased incidence of mesangial expansion and glomerular
sclerosis at 7 mo (group 3) as compared with groups 0, 1, and
2. Protein restriction prevented the development of increased
AP in UNXSHR(group 8) and also conferred long-term pro-
tection from increased urinary protein excretion and glomerular
injury (group 4). These studies suggest that glomerular capillary
hypertension predisposes to glomerular injury in this model of
hypertension with reduced renal mass.

Introduction

Uncontrolled systemic hypertension is a well-known cause of
progressive renal injury in both humans and experimental an-
imals. However, the precise mechanism whereby elevation in
arterial pressure leads to loss of renal function has not been
elucidated. Traditionally, glomerular sclerosis and impaired renal
function in patients with hypertension have been attributed to
ischemia and underperfusion, secondary to primary structural
damage to preglomnerular arteries and arterioles. However, glo-
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merular sclerosis occurs in both Holtzman (1) and desoxycor-
ticosterone-salt (DOC-SALT)' (2) hypertensive rats where cor-
tical micropuncture studies indicate that glomerular perfusion
is increased. Studies in rats after extensive ablation of renal mass
(3) suggest that such increases in capillary pressure and plasma
flow rate may directly damage the glomerulus and lead to pro-
gressive renal insufficiency. In the DOC-SALTmodel of hyper-
tension (2), augmented glomerular pressure and flow precede
overt renal structural damage, and protein restriction protects
rats from both hemodynamic and morphologic abnormalities.
By analogy, glomerular hyperemia rather than ischemia might
be responsible for renal injury in patients and animals with other
forms of hypertension.

It is generally agreed that the spontaneously hypertensive
rat strain (SHR) provides the best available animal analogue of
essential hypertension in humans. SHRalso develop glomerular
sclerosis; however, the lesions occur primarily in juxtamedullary
nephrons, making studies of relevant glomerular dynamics
technically difficult. Uninephrectomy (UNX) increases glomer-
ular capillary hydraulic pressure and plasma flow rate (2, 4) and
exacerbates renal injury in a variety of models of renal disease
(5-7). Accordingly, we reasoned that UNXmight accelerate and
extend hemodynamically mediated hypertensive damage to su-
perficial cortical nephrons of SHR. Wetherefore correlated the
hemodynamic and structural changes that occurred in the glo-
meruli of hypertensive SHRand control, normotensive Wistar-
Kyoto (WKY) rats that underwent UNXat 5 wk of age.

Glossary

AP mean femoral artery pressure, mmHg
C protein concentration, g/100 ml
GFR glomerular filtration rate (whole kidney), ml/min
Hct blood hematocrit in femoral artery, vol/100 ml
Kf glomerular capillary ultrafiltration coefficient, nl/

s mmHg
P hydraulic pressure, mmHg
AP glomerular transcapillary hydraulic pressure differ-

ence, Pcc - PT, mmHg
11 colloid osmotic pressure, mmHg
Anl glomerular transcapillary oncotic pressure difference,

- IIT, mmHg
Q arteriolar plasma flow, nl/min
RPF renal plasma flow (whole kidney), ml/min
R resistance to blood flow, dyne- s * cm-5 X 10'0
SHR spontaneously hypertensive rat
SNFF single nephron filtration fraction
SNGFR single nephron glomerular filtration rate, nl/min

1. Abbreviations used in this paper: DOC-SALT, desoxycorticosterone
salt; H & E, hematoxylin and eosin stain; UNX, uninephrectomy; see

Glossary for other abbreviations.
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UNX unilateral nephrectomy
WKY Wistar-Kyoto rat

Superscript
(overbar) mean value

Subscripts
A
E
GC
T

afferent arteriole
efferent arteriole
glomerular capillary
proximal tubule

Methods

Studies were performed in six groups of SHRand three groups of WKY
(Taconic Farms, Inc., Germantown, NY) rats. As summarized in Table
I, group 0 (n = 4) and group I rats (n = 6) were, respectively, intact
WKYand SHR. Group 2 rats were WKY(n = 7) and group 3 were
SHR(n = 7), both uninephrectomized at 5 wk of age. Rats in groups
0-3 were fed standard laboratory diet (Teklad), which contained 24%
protein by weight. Group 4 consisted of SHR(n = 6) uninephrectomized
at 5 wk of age and fed a diet containing only 6% protein by weight,
replete with electrolytes, trace minerals, and vitamins and supplemented
with phosphate. Rats in groups 0-4 were sacrificed at 34 wk of age. Rats
in groups 5 (n = 8), 6 (n = 9), 7 (n = 10), and 8 (n = 12) were treated
identically to rats in groups 1, 2, 3, and 4 respectively, but were studied
at 10 wk of age, 5 wk after nephrectomy in groups 6, 7, and 8.

Whole kidney studies. Animals in groups 0-4 were periodically placed
in metabolic cages and 24-h urine collections were made for determination
of protein excretion rates. At 34 wk of age, rats in groups 0-4 were
anesthetized with Inactin (100 mg/kg of body weight, i.p.) and prepared
surgically for determination of inulin clearance. A tracheostomy was
performed and polyethelene catheters were placed in the left and right
jugular veins, left femoral artery, and ureter for infusion of solutions and
collection of samples. To compensate for the loss of plasma associated
with anesthesia and surgery, all rats received intravenous infusions of a
volume of heparinized isoncotic rat plasma equal to 10 ml/kg of body
weight for 20-30 min, followed by sustaining infusions of plasma at
-0.5 ml/h, adjusted to maintain hematocrit stable at baseline values.

All rats also received a 0.5-ml intravenous bolus of inulin (7 g/100 ml)
in normal saline followed by a sustaining infusion of inulin at a rate of
1.0 ml/h.

After a 45-min equilibration period, two 10-20-min timed urine
collections were made. 100-Al samples of femoral arterial blood were
collected midway through each clearance period. Inulin concentration
in urine and plasma samples was subsequently determined by the An-
throne method (8), and inulin clearance was calculated by the standard
formula.

Urinary protein concentration was measured by precipitation with
3% sulfosalicylic acid. Turbity was then determined by measuring ab-

Table I. Summary of Groups and Protocols

Group n Strain UNX Protein diet Time of study

% (wk)

0 4 WKY - 24 34
1 6 SHR - 24 34
2 7 WKY + 24 34
3 7 SHR + 24 34
4 6 SHR + 6 34
5 8 SHR - 24 10
6 9 WKY + 24 10
7 10 SHR + 24 10
8 12 SHR + 6 10

sorbance at a wavelength of 595 nm using a Coleman Junior II spectro-
photometer. Urinary phosphate concentration was determined by the
Fiske-Subbarow method (9).

Morphologic studies. After functional studies, the kidneys of animals
from groups 0-4 were fixed by perfusion for 5 min at the measured
arterial pressure with 1.25% glutaraldehyde in 0.1 Mcacodylate buffer
(pH 7.4). Two coronal slices of each kidney, which included one pole
and the middle portion, were processed routinely for light microscopy
through paraffin embedding. Sections 3 gm thick were stained with he-
matoxylin and eosin (H & E). Selected periodic acid-Schiff- and silver
methenamine-stained sections were also examined. The following glo-
merular abnormalities were quantitatively assessed in a blinded fashion
by one observer using H & E sections: (a) mesangial expansion-char-
acterized by an increase in cells and/or matrix, affecting one or more
segments of aglomerulus (see Fig. 2 b); (b) Segmental sclerosis-segmental
collapse or obliteration of glomerular capillaries, increased basement
membrane material, prominent visceral and/or parietal epithelial cells,
capsular adhesion, and periglomerular fibrosis (see Fig. 2 c); (c) Global
sclerosis-changes as described above affecting the entire glomerulus
(see Fig. 2 d). An average of 264 glomeruli (range 192-397) were ex-
amined in each rat. The percentage of glomeruli with mesangial expansion
and glomerular sclerosis was calculated for each animal by dividing the
number of abnormal glomeruli by the total number examined in that
animal. Vascular and tubulointerstitial abnormalities were assessed in a
nonquantitative manner.

For ultrastructural studies, 1-mm3 pieces of cortex from at least two
rats in each group were postfixed in osmium tetroxide and embedded
in Epon. l-,gm sections stained with toluidine blue were used to select
glomeruli for ultrastructural examination. It should be emphasized that
abnormal glomeruli, when present, were selected for ultrastructural ex-
amination and thus the ultrastructural changes described below represent
the most severe abnormalities found in each group. Ultrathin sections
were stained on the grid using uranyl acetate and lead citrate and ex-
amined and photographed in a Zeiss EM lOA electron microscope (Carl
Zeiss, Inc., Thornwood, NY).

Cortical micropuncture studies. Rats in groups 5-8 underwent mi-
cropuncture study at 10 wk of age. Rats were anesthetized with Inactin
(100 mg/kg of body weight, i.p.) and prepared in the standard fashion
for micropuncture (10). To compensate for losses resulting from anes-
thesia and surgery, these rats also received infusions of isoncotic rat
plasma, in an identical fashion to that described above for the whole
kidney studies. In addition, all rats received a 0.5-ml intravenous bolus
of [3H] methoxyinulin (New England Nuclear, Boston, MA) (120 MCi/
ml) in normal saline followed by a sustaining infusion of inulin at a rate
of 0.5 ml/h.

Timed collections of proximal tubule fluid were obtained by micro-
puncture for determination of inulin content by liquid scintillation
counting. Plasma and urine inulin concentrations were similarly deter-
mined and these measurements used to calculate SNGFRand whole
kidney GFRby standard formulas (10). Efferent arteriolar blood samples
were obtained for measurement of total protein concentration by the
method of Viets et al. (1 1). Hydraulic pressure in cortical tubules and
efferent arterioles was measured using the servo-null micropipette tech-
nique (10). Mean glomerular capillary hydraulic pressure was estimated
by stop-flow techniques, as described by Allison et al. ( 12). Calculation
of the determinants of glomerular ultrafiltration and vascular resistances
were made using standard formulas as set out by Baylis et al. (10).

Analysis of data. Statistical analysis was performed by one-way anal-
ysis of variance followed by computation of modified t values and multiple
pairwise comparisons according to the method of Bonferroni (13). Sta-
tistical significance was defined as P < 0.05.

Results

Whole kidney clearance studies
Mean values for body weight, Hct, AP, whole kidney GFR, and
perfused kidney weight of rats in groups 0-4 at the time of sac-
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rifice are given in Table II. All rats gained weight during the 29
wk between randomization and sacrifice; however, on average,
protein-restricted rats in group 4 weighed significantly less than
rats in each of the other groups at the time of sacrifice. AP was
significantly elevated in all SHRgroups as compared to intact
and UNXWKYrats in groups 0 and 2. Protein restriction did
not significantly affect AP in UNXSHRas mean values in groups
3 and 4 were not statistically different. Inulin clearance for a
single kidney was not significantly increased by UNXin either
WKYor SHRrats. In WKYrats, this may have resulted, at
least in part, from the fact rats in group 0 gained significantly
more weight than those in group 2. When factored for body
weight, inulin clearance was increased significantly in UNX
WKYrats, from a mean value of 0.40±0.07 in group 0 to
0.58±0.01 ml/min per 100 g rat body weight in group 2. How-
ever, even when factored for body weight, inulin clearance was
similar in intact and UNXSHR, averaging 0.41±0.002 in group
I and 0.42±0.01 ml/min in group 3. This failure of GFR to
increase after UNXin SHRmay have resulted from the fact
that significant morphologic evidence of renal injury was present
in group 3 rats at this age. Protein restriction reduced the mean
value for GFR in group 4, although this lower value was not
significantly different than that measured in group 3. UNX
caused kidney weight to increase numerically in WKYand sig-
nificantly in SHRrats. Protein restriction completely prevented
the hypertrophic response to UNX in SHRas kidney weight
averaged only 1.791±0.050 g in group 4, a value significantly
less than that observed in group 3 and not different from that
observed in group 1.

Mean values for 24-h urinary protein excretion at several
times during the 34-wk study period are displayed in Fig. 1. For
groups 2-4, protein excretion was determined at 7, 16, 23, 27,
32, and 34 wk of age. For rats in groups 0 and 1, measurements
were made at only 23, 27, and 32 wk. By 23 wk of age, average
protein excretion rate in UNXSHR(group 3, 29.8±2.5 mg/24

0-O Group 0
*-O Group

--i Group 2

60 O-OGroup3Er-?- Group 4

E

20

0 5 10 15 20 25 30 35
Age (weeks)

Figure 1. 24-h urinary protein excretion measured at several times
during the study period in rats in groups 0-4. All symbols represent
means±SEM. Groups are defined in Table I.

h) significantly exceeded (P < 0.05) that observed in group 0
(19.2±2.8), group 1 (20.5±2.2), group 2 (12.2±1.4), and group
4 (4.3±0.9). This trend continued so that by the time of the final
urine collection at 34 wk, protein excretion was 81.4±5.4 mg/
24 h in group 3, greatly exceeding the values of 19.9±0.9 in
group 2, 24.8±3.6 in group 1, and 15.0±0.7 in group 0. Impor-
tantly, protein restriction completely prevented the development
of proteinuria in UNXSHR, as rats in group 4 excreted only
5.6±0.5 mgof protein in 24 h at 34 wk of age, significantly less
than groups 0 to 3, despite the fact that these rats had similar
increases in systemic arterial blood pressure as compared with
UNXSHRfed normal chow (group 3).

Determination of urinary phosphate excretion rates revealed
that rats in all five groups excreted similar amounts of inorganic
phosphate in 24 h. Mean values were 0.35±0.08 mmol/24 h in
group 0,0.11 ±0.02 in group 1,0.21±0.04 in group 2, 0.29+0.17
in group 3, and 0.62±0.26 in group 4. These values were not
statistically different.

Table II. Summary of Whole Kidney Clearance Studies

Group Body weight Hct AP Inulin clearance Kidney weight

g % mmHg mIl/min g

0 (n = 4) 553±20 42±0.2 120±3 2.28±0.45 2.678±0.050
1 (n = 6) 369±6 46±1 208±2 1.52±0.07 1.774±0.050
2 (n = 7) 383±6 42±1 117±4 2.25±0.12 3.026±0.100
3 (n = 7) 401±5 45±1 174±3 1.74±0.13 3.099±0.116
4 (n = 6) 334±10 49±1 178±6 1.17±0.06 1.791±0.050

Probability*

0 vs.1 * NS * * *
0 vs. 2 * NS NS NS NS
0 vs. 3 * NS * NS NS
Ovs.4 * * * * *
I vs. 2 NS * * * *
I vs. 3 * NS * NS *
I vs. 4 * NS * NS NS
2 vs. 3 NS NS * NS NS
2 vs.4*4
3 vs. 4 * * NS P = 0.06 *

Data are given as mean±standard error of the mean. Inulin clearance is given for one kidney. * P < 0.05. NS, not significant.
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Micropuncture studies
Mean values for body weight; Hct; whole kidney GFR; AP;
SNGFR;and the pressures, flows, and resistances governing glo-
merular ultrafiltration for animals in groups 5-8 are summarized
in Table III. At 10 wk of age, APwas already increased by - 50%
in all SHRgroups (5, 7, and 8) as compared with UNXWKY
rats in group 6. In intact SHR, this increase in systemic arterial
pressure was not transmitted to the glomerular capillaries, as
mean values for PGCand AP for group 5 were similar to those
found in normotensive WKYrats in group 6. In contrast, uni-
nephrectomy lead to significant increases in both PGc and AP
in SHRfed standard laboratory diet, which were increased by
9 mmHgover corresponding values measured in intact SHR
(group 5).

Mean values for GFR, SNGFR, and QAwere all greater in
group 6 than in group 5 rats. As values for CAwere not different
in these two groups, the increased filtration rate in UNXWKY
rats was partly the result of the observed increase in QA, but
also the result of a calculated 73% greater value for Kf in group
6 than in group 5 rats. The increase in plasma flow in group 6
was the result of significantly lower values for afferent, efferent,
and total resistance as compared with group 5.

In addition to causing elevations in PGCand AP, UNXin
SHRresulted in a 50% increase QAin group 7 over group 5 rats.
This value was still -24% less than corresponding value mea-
sured in UNXWKYrats in group 6. The observed increases in
glomerular capillary pressure and flow led to a significant, 50%
increase in SNGFRin group 7 compared to intact SHRin group
5. This value for SNGFRwas nevertheless 22% lower than the
value measured in group 6 rats, a consequence of the lesser in-
crease in QAas well as a 42% lower value for Kf in UNXSHR
as compared with WKYrats. Whole kidney GFRwas also in-
termediate in group 7 when compared to groups 5 and 6. The

increases in flow and pressure within glomerular capillaries of
group 7 as compared with group 5 rats were the result of a se-
lective, 37% reduction in afferent arteriolar resistance after un-
inephrectomy.

Despite similar, significant elevation in systemic arterial
pressure, micropuncture study revealed a strikingly different
glomerular hemodynamic pattern in UNXSHRingesting the
low protein diet (group 8) than in those fed normal chow (group
7). PGCwas reduced by 6 mmHgin group 8 rats, to a value not
significantly different from that observed in groups 5 and 6.
Because of a small but statistically significant elevation in PT in
group 8 rats to 15 mmHg,AP was only 1 mmHggreater in this
group than in groups 5 and 6, and 8 mmHgless than that seen
in group 7. CAwas modestly but significantly decreased in group
8, compared to groups 5-7. Low protein feeding also resulted
in reduction in QA, SNGFR,and GFRin group 8 rats, to values
that were not different from those in intact SHRin group 5 but
less than those in either of the other nephrectomized groups.
PGCand QAwere reduced in group 8 rats as a consequence of a
106% increase in afferent and a 130% increase in efferent arte-
riolar resistance in UNXSHReating 6% as opposed to 24%
protein chow. Resistances in group 8 rats were similar to those
calculated for intact SHR in group 5, and demonstrate the
mechanism by which low protein feeding completely prevented
the intrarenal hemodynamic consequences of UNX.

Morphologic studies
Light microscopy. At 34 wk of age, mesangial expansion and
glomerular sclerosis were present in renal tissue from rats in
groups 0-4. However, there were significant differences in the
incidence of these lesions in each of the five groups. As shown
in Table IV, mesangial expansion involved significantly more
glomeruli in group 3 animals as compared to groups 0, 1, 2, and

Table III. Summary of Renal Cortical Microcirculation Studies

Body
Group weight Hct AP POC PT PE AP HE CA CE HE/AP

g % mmHg mmHg mmHg mmHg mmHg mmHg g/J00 ml g/100 ml

5 277±5 48±1 162±5 54±1 13±1 15±1 41±2 40±2 5.6±0.1 .9.1±0.3 0.95±0.02
(8) (8) (8) (8) (8) (8) (8) (8) (8) (8) (8)

6 278±13 43±1 109±3 53±2 12±1 16±1 41±2 36±1 5.5±0.1 8.6±0.2 0.89±0.05
(9) (9) (9) (9) (9) (9) (9) (8) (9) (8) (8)

7 261±6 46±1 164±4 63±1 13±1 14±1 50±1 41±2 5.8±0.1 9.3±0.2 0.82±0.04
(10) (10) (10) (10) (10) (10) (10) (10) (10) (10) (10)

8 212±6 44±1 166±4 57±1 15±1 16±1 42±1 30±1 5.2±0.1 7.7±0.2 0.73±0.03
(12) (12) (12) (10) (10) (10) (10) (12) (12) (12) (10)

Probability*

5 vs. 6 NS * * NS NS NS NS NS NS NS NS
5 vs. 7 NS NS NS * NS NS * NS NS NS NS
5 vs. 8 * * NS NS * NS NS * * * *
6 vs. 7 NS * * * NS NS * NS * NS NS
6 vs. 8 * NS * NS * NS NS * * * NS
7 vs. 8 * NS NS * * NS * * * * NS

Data are given as mean±standard error of the mean. Numbers in parentheses indicate number of rats in which data were obtained. * P < 0.05.
NS, not significant. t Value is a mean of exact values calculated in all but two rats (six of eight) and minimum values calculated for those two
remaining rats (two of eight).
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4. In all groups this change was uniformly distributed throughout
the thickness of the cortex. In contrast to normal glomerular
morphology shown in Fig. 2 a, mesangial expansion distributed
segmentally and globally are shown in Figs. 2 b and c, respec-
tively. Sclerosis also involved significantly more glomeruli in
group 3 as compared to group 0, 1, 2, and 4 animals. However,
in contrast to mesangial expansion, sclerosis involved predom-
inantly the juxtamedullary glomeruli. Segmental and global
sclerosis of glomeruli are illustrated in Figs. 2 c and d, respec-
tively. It should be noted that lesions of both segmental and
global sclerosis were characterized by shrinkage but not complete
capillary obliteration of the involved segment(s). Indeed, eryth-
rocytes, which were preferentially retained in such glomeruli of
otherwise well-perfused kidneys, were evidence of some circu-
lation through these glomeruli.

Only hypertensive animals displayed changes in blood ves-
sels. Muscular hypertrophy of arteries and arterioles (Fig. 2 e)
was present in three of six animals in group 3 and six of six
animals in group 4. Three of the latter group also showed fibri-
noid changes in the medias of small arteries and arterioles (Fig.
2 f). Thus, unlike glomerular changes, vascular changes were
not ameliorated, but in fact were exacerbated, by protein re-
stricting the hypertensive animals. This observation is consistent
with the hemodynamic finding that low protein feeding reduced
glomerular capillary but not systemic arterial pressure in
UNXSHR.

Tubulointerstitial changes characterized by atrophy, dilation,
acellular casts, interstitial inflammation, and fibrosis were much
more marked in group 3 as compared to groups 0, 1, 2, and 4.
These changes were most pronounced in the region of the cor-
ticomedullary junction.

Electron microscopy. Renal tissue from two to three animals
of groups 2-4 was examined. Four to eight glomeruli in each

animal were examined in toluidine blue-stained survey sections.
The majority of glomeruli in all groups appeared normal. Glo-
meruli with mesangial expansion were found in renal tissue from
group 3 and 4 rats, but not from group 2. A single glomerulus
with segmental sclerosis was found in one group 3 animal. These
glomeruli were subsequently examined by electron microscopy.
Mild increases in mesangial cells and matrix were easily recog-
nized when contrasted with normal glomeruli (Fig. 3). Walls of
capillaries subtended by such mesangial regions were unre-
markable. More marked mesangial expansion was characterized
by a disproportional increase in matrix as compared to cells,
and deposition of collagen in the matrix (Fig. 4). Capillaries
subtended by such mesangial regions showed irregular thickening
of the endothelial cytoplasm and reduction of fenestrae, base-
ment membrane thickening, and obliteration of epithelial cell
foot processes.

Discussion

Feld and associates (14) first correlated measurements of
tubular and urinary protein content with assessments of kidney
function and morphology in spontaneously hypertensive rats
and their normotensive controls, Wistar-Kyoto rats. At 1 yr
of age, SHRhad elevated serum creatinine and urinary excretion
of albumin and reduced creatinine clearance, in association with
histologic abnormalities of the kidney, including glomerular
sclerosis and obliteration. These morphologic lesions appeared
first in the deep, juxtamedullary nephrons of SHR. Superficial
cortical nephrons were relatively spared both histologically and
functionally, as filtrate collected from surface tubules contained
little albumin, despite the presence of significant quantities of
protein in the final urine. Normotensive WKYrats had neither
proteinuria nor histologic evidence of renal injury.

Table III. (Continued)

SNFF SNGFR QA GFR RA RTRE

nl/min nl/min nil/s- mmHg ml/min dyne- s- cm-' x 10)0

0.38±0.02 41.8±2.7 113±9 0.059±0.006t 1.11±0.10 4.15±0.30
(8) (8) (8) (8) (8) (8)

0.37±0.01 76.3±3.8 211±11 0.102±0.017t 1.83±0.24 1.23±0.09
(9) (8) (8) (8) (9) (8)

0.37±0.02 62.6±4.2 170±11 0.059±0.007 1.51±0.09 2.62±0.17
(10) (10) (10) (10) (10) (10)

0.33±0.01 33.2±2.0 104±8 0.030±0.003 0.90±0.06 5.40±0.72
(12) (12) (12) (10) (12) (10)

NS
NS
NS
NS
NS
NS

* * *

* * NS
NS NS NS
* * *

* * *

* * NS

NS
NS
NS

*

NS
NS
*

dyne - s -cm-' x 1010

1.98±0.25
(8)

1.07±0.10
(8)

1.60±0.12
(10)

2.46±0.30
(10)

NS
NS
NS
*

dyne- s- cm-' x 10'°

6.13±0.51
(8)

2.30±0.11
(8)

4.23±0.27
(10)

7.86± 1.02
(10)

NS
NS
NS
*
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Table IV. Quantitative Morphologic Data

Sclerosis
Glomeruli

Group Rat examined Mesangial expansion Segmental Global

n n % n n %

2
3
4
Mean

2
3
4
5.
6
Mean

2
2
3
4
S
6
7
Mean

2
3
4
S
6
Mean

4 ~~~~~~~~~~~~1
2
3
4
S
6
Mean

Probability*

0 vs. 1
0 vs. 2
0 vs. 3
0 vs. 4
1 vs. 2
1 vs. 3
1 vs. 4
2 vs. 3
2 vs. 4
3 vs. 4

3

214
215
219
220
217±1

246
192
202
214
208
223
214±7

220
247
245
254
237
210
309
246±11

280
287
289
397
281
339
312±18

292
243
320
259
294
302
285± 11

13
15
10
18

46
33
51
33
24
19

26
13
21
35
26
17
18

70
37
59
92
75
86

35
48
35
16
25
20

NS
NS
*

NS

NS
NS

6
7
5
8
6±1

19
17
25
15
12
9

16±2

12
S
8

14
10

8
6
9±1

25
13
20
32
26
26
24±2

11
20
13

7
8
7

11±2

NS

NS
*

NS
NS

0
0
0
0

0
0
0
0
0
0

0
0
2

1
0

0

11
4
8
7

11
9

2
0
1
0
0
0

I

0
0
0

3
2
2
0

0

0

01
0
0

4
2
3

14
13
12

2
2
2
0
0

802 L. D. Dworkin and H. D. Feiner

0.5
0
0
0
0.1±0.1

0.4
0.5
1.5
0.9
1.0
0
0.8±0.2

0.4
0.4
0.8
0.4
0.4
0.5
0
OA±0.0

5.4
2.1
3.8
5.3
8.5
6.2
5.2±0.8

1.0
0.8
0.9
0.4
0
0
0.5±0.2

NS
NS
*

NS
NS

NS
*

NS

Values indicate numbers of glomeruli except where indicated; data for mean values are given as mean±standard error of the mean. * P < 0.05.
NS, not significant.
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Figure 2. Light micrographs of renal cortex. Representative light mi-
crographs taken from rats in groups 1-4 at 34 wk. Sections 3 Jim thick
were stained with H &E (X 600). (a) Normal glomerulus, UNX
WKYrat (group 2). (b) Glomerulus with segmental mesangial hyper-
cellularity and increased matrix, UNXSHR, 24% protein diet (group
3). -25% of glomeruli of group 3 rats had mesangial expansion. (c)
Global mesangial expansion and segmental sclerosis, UNXSHR

In the present study, unilateral nephrectomy dramatically
accelerated the course of renal damage in SHR. Significant pro-
teinuria was observed in UNXSHRat 23 wk of age, only 18

(group 3). (d) Global sclerosis of a juxtamedullary glomerulus, perig-
lomerular fibrosis, and inflammation, UNXSHR(group 3). -5% of
glomeruli of group 3 rats were sclerotic. (e) Arterial medial hypertro-
phy as shown here was present in six of six UNXSHRon the 6%pro-
tein diet (group 4). (f) Artery with medial fibrinoid change (arrows).
This lesion was present in three of six group 4 rats.

wk after nephrectomy and 13 wk after the onset of signficant
elevation in arterial pressure (Fig. 1). Bank et al. (15) have re-
ported similar findings. More important than this acceleration
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Figure 3. Electron micrographs of glomeruli at 34 wk (X 4,000). (a)
Normal mesangium and capillaries, UNXWKYrat (group 2). No ul-
trastructural abnormalities were found in this group. (b) Expanded

in the pace of renal injury for our analysis, was the fact that
UNXproduced more widespread glomerular damage, so that
by 35 wk of age, superficial as well as deep nephrons displayed
structural changes. Nevertheless, some stratification of injury
was evident in our rats, inasmuch as tubulo-interstitial changes
and glomerular sclerosis were most prominent in the juxtamed-
ullary cortex. Whether glomerular sclerosis was a sequel to mes-
angial expansion or an unrelated lesion could not be ascertained
with certainty.

Whole kidney clearance studies performed on rats at 7'/2 mo
of age failed to provide an explanation for the increase in glo-

mesangium, UNXSHRon 24% protein diet (group 3). This degree of
mesangial change was unassociated with glomerular capillary wall ab-
normalities.

merular injury observed in SHRafter UNX. At that time, GFR
was lower in SHRthan in UNXWKY, again similar to the
report of Bank et al. (15). In that study, average values for
SNGFRand QAwere also lower in UNXSHRthan in UNX
WKYrats at 6 mo of age. Furthermore, glomerular capillary
pressure was not different in these two groups of rats. Based
upon these observations, Bank et al. (15) concluded that alter-
ations in superficial glomerular dynamics did not account for
glomerular injury in UNXSHR.

In the present study, micropuncture was performed much
earlier in the natural history of hypertensive nephrosclerosis in
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Figure 4. Electron micrograph of a segmental sclerosing lesion in a

UNXSHR(group 3) at 34 wk (X 6,250). M, mesangium; B, Bow-
man's space; C, capillary lumen. There is marked mesangial expan-

sion owing to increased matrix and collagen. The capillary basement
membrane is thickened. Epithelial cell foot processes are obliterated

UNXSHR, at 10 wk of age, only 5 wk after nephrectomy. At
that age, SHRhave significant hypertension ( 14) and the increase
in RPFand GFRafter nephrectomy are already complete (4);
however, proteinuria and histologic evidence of renal disease
are not yet apparent (data not shown). Wefound that, compared
with WKYrats, UNXin young SHRcaused a significant re-

duction in afferent arteriolar resistance and an increase in PGC.

Furthermore, it was this increase in glomerular pressure at 10
wk of age that predicted the appearance of proteinuria and mor-

phologic abnormalities 4 mo later.
The explanation for the conflicting finding of a normal value

for PGC in the study of Bank et al. (15), and an increased value
in the present study is uncertain. One possibility is that the lower
value observed in the previous study was the result of extensive
morphologic changes that are evident in the kidneys UNXSHR
at 6 mo, but not at 10 wk of age. However, this seems unlikely,
for if the appearance of morphologic lesions caused glomerular
pressure to decline, then the process should be self-correcting
and not cause progressive renal injury. Alternatively, differences
in superficial glomerular perfusion may have resulted from dif-
ferences in the volume status of rats prepared for micropuncture
study. In the present study, rats were made euvolemic by infusion
of a volume of plasma that has been demonstrated (16) to main-
tain extracellular fluid volume relatively stable. Bank et al. (15)

and endothelial cell cytoplasm is swollen and shows reduced fenestrae.
Insets: (a) a glomerular capillary wall from this rat compared to that
(b) from a UNXWKYrat (group 2) (X 19,500). These capillary wall
changes were noted only in glomeruli with marked mesangial expan-

sion and in sclerosing glomeruli.

infused a mixed Ringer's, albumin solution which may not have
fully compensated for the volume losses that result from anes-

thesia and surgery. Consistent with this hypothesis, it should be
noted that the values for GFRand SNGFRreported by Bank
et al. ( 15) are considerably lower than those reported from this
and other (17, 18) laboratories, lower, in fact, than values re-

ported for similarly sized rats studied under hydropenic con-

ditions, without any volume replacement (19).
In contrast to their negative findings in superficial nephrons,

Bank et al. (15) reported that filtration rate was dramatically
increased in deep, juxtamedullary nephrons. This observation
is further confirmed by the simple calculation of dividing whole
kidney GFRby superficial SNGFRas an estimate of nephron
number. In the aforementioned study, the calculated nephron
number increased from 21,509 in intact SHRto 34,553 in UNX
SHR. As the number of glomeruli does not actually increase in
rats nephrectomized at this age, this apparent increase must have
resulted from the fact that juxtamedullary SNGFRincreased
proportionally more than superficial SNGFRin UNXSHR. In
the present study the juxtamedullary nephron filtration rate was

not directly measured. However, the calculated nephron number
remained essentially constant in intact and UNXSHR, averaging
26,555 and 24,121, respectively. This suggests that in our rats,
superficial and juxtamedullary nephron filtration rates increased
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similarly after UNX. Because it has been suggested that, during
volume depletion, plasma flow and filtration rate are reduced
in superficial cortical glomeruli but well maintained in juxta-
medullary glomeruli, the relative hydropenia of the rats studied
by Bank et al. (15) may again account for the different results
in these two studies.

At 10 wk of age, GFRand SNGFRwere lower in UNXSHR
than in UNXWKYrats despite the fact that APwas significantly
greater in SHR. This was, in part, the result of a somewhat lower
mean value for QAin group 7, but in addition, calculated values
for Kf were lower, on average, in the hypertensive rats. The
mechanism of this reduction in Kf is uncertain. As Kf is equal
to the product of the hydraulic conductivity of the glomerular
capillary wall (k), and the total capillary surface area available
for filtration (S), declines in the value of Kf can be brought about
by reductions in k or S. In the present study, alterations in k or
S may have resulted from damage to the glomerular capillary
wall in group 7; however, the histologic techniques that we em-
ployed revealed no such injury in UNXSHRat 10 wk of age,
the time of micropuncture study. Alternatively, Kf might have
been reduced because of functional declines in the value of S.
Studies both in vivo (20) and in vitro (21) suggest that many
vasoactive hormones reduce glomerular capillary surface area
by promoting mesangial cell contraction. Evidence exists for
increased sympathetic activity (22), elevated levels of renin (23),
and increased glomerular synthesis of thromboxane A2 and
prostaglandins 12, E2, and F2 in vitro (24) in SHR. Therefore,
the low Kf we observed in young SHRmay have resulted from
hormonally mediated mesangial cell contraction tending to re-
duce glomerular capillary surface area in vivo.

In the present study, increased glomerular capillary pressure
and flow preceded and predicted the development of proteinuria
and morphologic evidence of glomerular injury in UNXSHR.
To test further whether these changes in glomerular hemody-
namics might have been responsible for the observed glomerular
injury, we examined the effects of a low protein diet on structure
and function in UNXSHR. This maneuver has been shown to
influence intrarenal hemodynamics markedly and to blunt the
increase in glomerular capillary perfusion that develops after
extensive ablation of renal tissue (3), in mineralocorticoid-in-
duced hypertension (2), or as a consequence of normal matu-
ration (25).

Protein restriction had no effect on systemic blood pressure
in UNXSHR, but caused glomerular capillary plasma flow and
hydraulic pressure to decline to values similar to those observed
in intact animals. Quantitative morphologic studies performed
in SHR31 wk after UNXindicated that feeding the 6%protein
diet significantly decreased the level of proteinuria and incidence
of glomerular abnormalities in these rats. Increased damage to
the intrarenal vasculature was evident; however, this damage is
unlikely to have contributed directly to the reduction in glo-
merular capillary pressure that we observed in protein-restricted
rats in that glomerular pressure was already reduced at 10 wk,
at which time no vessel abnormalities were present (data not

shown). Therefore, in SHR, a maneuver that blunted the he-
modynamic consequences of uninephrectomy also prevented
structural glomerular injury and significant proteinuria. These
findings are consistent with the hypothesis that sustained in-
creases in glomerular capillary pressure and flow were themselves
responsible for glomerular injury in UNXSHR.

Varying protein intake has previously been shown to affect

dramatically the progression of several other forms of experi-
mental renal disease. For example, feeding a high protein diet
accelerated the rate of glomerular sclerosis in uninephrectomized
rats (26, 27). Conversely, reducing dietary protein content pro-
longed survival (28, 29) and reduced glomerular injury (30) of
rats after ablation of renal tissue. Reducing dietary protein con-
tent has also been shown to lessen renal damage in nephrotoxic
serum nephritis (31, 32) and diabetic nephropathy (33) in rats,
and in the lupuslike nephropathy of the New Zealand Black/
New Zealand White mouse (34). In humans, studies in both
advanced (35) and early renal failure (36) suggest that moderate
protein restriction may retard the rate of deterioration of renal
function in patients with a variety of renal diseases.

Micropuncture studies of glomerular dynamics in rats 1 wk
after 90% ablation of renal mass (3) and in rats with DOC-SALT
hypertension (2) confirm that, as in the present study, an im-
portant effect of protein restriction is to maintain glomerular
hemodynamics at near normal levels. This suggests that the pro-
tective effect of dietary protein reduction resides in its ability to
prevent increases in glomerular capillary pressure and flow. Al-
ternatively, Karlinsky and co-workers (37) have suggested that
phorphorus restriction may also protect rats with renal injury
from developing progressive renal insufficiency. However, it is
unlikely that differences in phosphorus intake or balance ac-
counted for the beneficial effect of protein restriction in our
study, inasmuch as dietary phosphorus content was similar in
the 24% and 6% protein diets that we employed. Furthermore,
rats ingesting the low protein diet excreted at least as much
phosphate in 24 h as rats ingesting standard laboratory diet.

The mechanism whereby increased glomerular capillary
perfusion produces glomerular damage is not known. Based pri-
marily upon studies in the remnant kidney model, it has been
proposed that a central event in the generation of glomerular
injury is an increase in the ultrafiltration rate of water. This
increased movement of filtrate across the glomerular capillary
wall, so-called hyperfiltration, is associated with an increase in
the transglomerular flux of macromolecules (38) including
plasma proteins, a phenomenon that has been associated with
glomerular sclerosis in other forms of experimental renal disease
(39, 40). However, it seems unlikely that, in the present study,
an increase in the single nephron or whole kidney glomerular
filtration rate was the most important determinant of glomerular
injury. At 10 wk of age, SNGFRand GFRwere lower in hy-
pertensive rats in group 7, which were destined to develop renal
injury, than in normotensive rats in group 6. Because these lower
filtration rates are predicted to be associated with parallel re-
ductions in absolute protein filtration, it also seems unlikely that
increased protein traffic through the glomerular mesangium is
required for the initiation of glomerular injury in this model.
Once damaged by some other mechanism, changes in the per-
meability of the glomerular capillary wall might result in aug-
mented macromolecule filtration as a secondary event tending
to perpetuate and exacerbate glomerular injury.

Support for the hypothesis that some factor other than a

change in the filtration rate of water is responsible for hemo-
dynamically mediated glomerular injury is also provided by our
previous studies (2) in the DOC-SALTmodel of hypertension.
In that model, histologic injury and proteinuria occurred exclu-
sively in hypertensive DOC-SALTrats, despite the fact that un-

inephrectomized, normotensive control animals had similar in-
creases in both plasma flow and filtration rates. Thus, hemo-
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dynamically mediated glomerular injury may occur in settings
where measurements of plasma flow and filtration rate fail to
clearly identify the population at risk. By analogy, it is possible
that hemodynamic mechanisms may contribute to glomerular
injury in a variety of other clinical and experimental forms of
renal disease where measurements of whole kidney function are
apparently normal.

In both the UNXSHRand DOC-SALT models of hyper-
tension, it is the increase in glomerular capillary pressure rather
than filtration rate that correlates most closely with the occur-
rence of glomerular injury. In DOC-SALT rats (2), this increase
was associated with a large increase in QA, suggesting a contri-
bution of augmented glomerular plasma flow to glomerular in-
jury. In the present study, however, values for QAwere signifi-
cantly lower in SHRthan in WKYrats that failed to develop
significant glomerular damage. This indicates that large increases
in QAare not required for glomerular injury to occur, and that
glomerular capillary hypertension is the most important deter-
minant of hemodynamically mediated renal disease. That in-
creased glomerular capillary pressure might cause glomerular
injury in hypertension was first suggested by Azar et al. (1) based
upon micropuncture studies of glomerular function in UNX
Holtzman rats. Further support for this hypothesis has recently
been provided by Anderson et al. (41), who reported that re-
ducing glomerular capillary pressure without altering plasma
flow or filtration rate retarded the progression of glomerular in-
jury in rats after 85% renal ablation. Wehave shown (42) that
glomerular damage is virtually unmodified by antihypertensive
therapy that fails to prevent glomerular hypertension in rats with
DOC-SALThypertension. Increases in AP may injure the cap-
filary network by a mechanism analogous to the effects of hy-
pertension on systemic arterial vessels, possibly involving me-
chanical disruption of normal vascular integrity (43). Accord-
ingly, in protein-restricted SHR, persistent systemic hypertension
was associated with significant morphologic arterial and arteriolar
damage, whereas normalization of glomerular capillary pressure
protected the glomerular capillary from injury.

Based upon these observations it is likely that, in patients or
animals with elevated blood pressure, glomerular damage will
occur only if increased hydraulic pressure is transmitted to the
glomerular capillary. Regardless of the level of the systemic blood
pressure, glomerular capillary pressure is determined by the levels
of the afferent and efferent arteriolar resistances. Afferent arte-
riolar resistance is relatively high in superficial nephrons of intact
SHRwhen compared with WKYrats, so that PGc is not elevated
(17-19) and these glomeruli are protected from hypertensive
injury. Uninephrectomy decreases RA, glomerular capillary
pressure increases, and glomerular damage ensues. Further ev-
idence for the central role of the afferent arteriole was provided
by Raij et al. (44), who suggested that the combination of sys-
temic hypertension and afferent arteriolar vasodilation may ex-
acerbate ferritin-antiferritin immune complex glomerulone-
phritis. In two similar studies, Tikkanen et al. (45) examined
the effects of DOC-SALT hypertension on the course of autol-
ogous immune complex nephritis (Heymann nephritis), and
Neugarten and co-workers (46) the effects of superimposed two-
kidney, one-clip Goldblatt hypertension on the course of neph-
rotoxic serum nephritis in rats. In both studies, rats with hy-
pertension and nephritis demonstrated increased proteinuria and
more severe renal histologic lesions than nephritic rats with nor-
mal blood pressures. Because reduced afferent arteriolar resis-

tance is characteristic of both these models, it is attractive to
speculate that augmented glomerular capillary hydraulic pressure
enhanced the immune-mediated glomerular injury in these an-
imals.

Employing the preceding hypothesis, it is possible to predict
the clinical situations in which systemic arterial hypertension
will be associated with progressive glomerular sclerosis. For ex-
ample, afferent arteriolar tone and resistance are reduced early
in the natural history of diabetes mellitus and measurements of
renal function reveal increased RPFand GFR(47). Importantly,
these alterations in glomerular perfusion predict the eventual
occurrence of diabetic nephropathy (48). In many patients with
mild-to-moderate renal insufficiency, damage to the kidney may
be heterogeneous, so that some nephrons undergo atrophy and
others hypertrophy (49). These enlarged glomeruli increase their
function by virtue of a decrease in afferent resistance, leading
to an increase in flow and pressure within the capillary network.
These hyperfunctioning nephrons are at increased risk for hy-
pertensive injury should blood pressure become elevated. By
analogy with animal studies, patients who have lost a kidney to
trauma, surgery, or as a consequence of kidney donation are
also predicted to have reduced values for RAcompared to normal
adults. One may predict that such individuals are also at in-
creased risk for the development of hypertensive nephrosclerosis.

A few clinical studies support the preceding prediction. In
patients with chronic renal insufficiency, it has been suggested
that uncontrolled systemic hypertension may hasten the pro-
gression to uremia (50). It has also been suggested that therapy
with antihypertensive agents may retard the rate of functional
decline in some patients with mild-to-moderate renal dysfunction
(51), or with diabetes mellitus, nephropathy, and hypertension
(52, 53). Finally, increased urinary protein excretion has been
documented in kidney donors studied more than 10 yr after
nephrectomy (54). The finding in the present study provides an
attractive explanation for these clinical observations and a ra-
tionale for the aggressive control of blood pressure in all hyper-
tensive patients with renal functional abnormalities.

In summary, SHRuninephrectomized at 5 wk of age have
significant elevation of the glomerular transcapillary hydraulic
pressure gradient by 10 wk of age as compared to normotensive
UNXWKYrats. These hypertensive rats go on to develop
structural abnormalities of their glomeruli and increased urinary
protein excretion. Reducing dietary protein intake prevents the
increment in glomerular capillary pressure and protects UNX
SHRfrom proteinuria and morphologic evidence of glomerular
disease. This protective effect of protein restriction is not ex-
plained by differences in phosphate intake or balance. These
findings suggest that glomerular capillary hypertension predis-
poses to glomerular injury in this model of systemic arterial
hypertension and further support the hypothesis that increased
glomerular capillary pressure causes progressive glomerular
sclerosis in a wide variety of renal diseases.
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