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Abstract Structural adaptations in response to approx.
70% nephrectomy were studied in male Sprague-Dawley
rats. Rats developed systemic hypertension as well as
progressive albuminuria after nephrectomy. At 18-26
weeks after nephrectomy (n=6) or sham treatment (n=6)
kidneys were perfusion-fixed and examined by light and
electron microscopy. Glomerular tuft volume (+140%),
capillary volume (+151%) and length (+77%), mesangial
volume (+115%), podocyte volume (+96%), glomerular
basement membrane surface area (+107%) and filtration
slit length (+85%) were all significantly greater in
nephrectomized rats. The incidence of segmental glom-
erular sclerosis was low and variable among these rats,
but was significantly higher than in controls (P=0.037).
Urinary albumin excretion was elevated in the
nephrectomized rats (8972 SD  mg/day  vs
11£11 mg/day in control rats, P=0.01) and correlated
significantly with the incidence of sclerosis (r=+0.8311,
P<0.05). The relationships of the level of albuminuria
and the sclerosis rate to various morphometric parame-
ters were examined by regression analysis for the ne-
phrectomy group. A significant negative correlation was
found between albuminuria and average tuft volume
(r=-0.8136) and glomerular basement membrane surface
area (r=-0.8168). Both sclerosis rate and albuminuria
showed negative correlations with filtration slit length
(r=-0.8180 and r=-0.8598). These findings suggest that
under some circumstances, glomerular hypertrophy may
prevent or ameliorate the early stages of glomerular inju-
ry after subtotal nephrectomy.
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Introduction

Functional adaptations to the acute loss of renal mass be-
gin within hours [17]. Structural adaptations begin to oc-
cur within days [26]. Evidence of glomerular dysfunc-
tion following partial renal ablation is also apparent quite
early — in the form of proteinuria. The level of proteinur-
ia correlates with the rate of progression of disease in pa-
tients [25] and probably also in experimental animals.
Inasmuch as structurally “intact” nephrons [27] - i.e.
those without evidence of glomerular sclerosis — are
probably the main source of proteinuria in remnant kid-
neys, it seems likely that the same early hemodynamic
and structural adaptations which lead to proteinuria in
nonsclerotic glomeruli underlie the development of later
structural glomerular injury. This study employs mor-
phometric techniques to characterize some of the struc-
tural adaptations in nonsclerotic hypertrophic glomeruli
18 weeks after subtotal nephrectomy in male Sprague-
Dawley rats and compares glomeruli in these animals
with those in normal controls.

A common feature of experimental models of glomer-
ular sclerosis is a heterogeneity in the degree of glomer-
ular damage found in identically treated animals — as
manifested, for example, in variable rates of proteinuria
and of segmental glomerular sclerosis (SGS) [7]. Differ-
ences in the early structural and functional adaptations to
the loss of renal mass may in fact influence the degree or
tempo of subsequent glomerular injury. We therefore
used correlation analysis within the nephrectomy group
in order to determine which structural characteristics of
the hypertrophic process were associated with the early
development of glomerular damage in the remnant neph-
ron population.
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Materials and methods
Animals

Male Sprague-Dawley rats (body weight 215-252 g) were used.
After a 24-h urine collection in metabolic cages, they underwent
either subtotal nephrectomy (NX, n=6) or control treatment (CON,
n=6). Control and NX rats formed the control .groups in an earlier
study [9]. In the nephrectomy group, after anesthesia with pento-
barbital (60 mg/kg BW i.p., Rousselot, Paris, France), the right
kidney was removed in toto and all visible extrarenal branches of
the left renal artery were ligated, with exception of the most poste-
rior branch. As estimated by cortical discoloration, this resulted in
approximately 72% reduction (range, 67-80%) in functional renal
mass. Silk (5-0) or cotton (6-0) thread was used for the ligation so
that vessel closure was complete. With synthetic suture, there may
be transient cortical ischemia at the time of ligation owing to re-
versible vasospasm, but if vessel closure is only partial, areas of re-
nal hypoperfusion — rather than infarction — may result. All nephr-
ectomies were performed by the same investigator in order to as-
sure technical uniformity. Controls underwent pentobarbital anes-
thesia and jugular vein catheterization with infusion of 1.0 ml of
normal saline (these rats were controls in a multi-treatment study,
in which some experimental animals underwent subtotal nephrec-
tomy while others received intravenous infusions of various drugs).

After recovery, the animals were maintained on an ad lib diet of
standard rat chow (ssniff R, with 21% protein, 0.45% Nat* content;
ssniff Spezialfutter GmbH, Soest, FRG). Urinary albumin excre-
tion was determined periodically by single radial immunodiffusion
as previously described [9]. In 10 of the rats (6 NX, 4 CON), sys-
tolic blood pressure was determined during the first § weeks after
treatment, using the tail-cuff method in a light ether-anesthetized
state. After 18 weeks all NX and 2 control rats were anesthetized
with thiobarbiturate (100 mg/kg BW, i.p., Byk) and the kidneys
were perfusion fixed by standard procedures [9]. The remaining 4
controls were prepared identically 8 weeks later, i.e. 26 weeks af-
ter sham treatment. All experiments were conducted in accordance
with the NTH “Guide for the Care and Use of Laboratory Animals”
and the “German Law on the Protection of Animals.”

Histology

Paraffin-embedded coronal slices of the kidneys were cut at 2 um,
stained by the periodic acid Schiff reaction (PAS) technique and
used for determination of glomerular tuft volume (see “Morphom-
etric studies” below) and for pathological evaluation. Tissue from
the previous study [9] was reprocessed (embedded, cut and
stained) for use in this study. For determination of the sclerosis
rate, glomeruli in 2-4 kidney slices (>200 um apart) from each rat
were scored in random order and independently by two observers
unaware of the identity of the sections. From 250 to 761 glomeruli
were evaluated in each of the control animals. In NX rats,
210-540 glomeruli were evaluated from each animal. The percent-
age of glomerular profiles not directly adjacent to a region of in-
terstitial scarring and showing segmental glomerular sclerosis
(SGS) — as evidenced by either synechiae or segmental capillary
collapse with hyalin deposition — was determined. Regions of in-
terstitial scarring were minimal in both CON and NX animals.
Glomeruli with SGS were distingnished from those showing isch-
emic collapse [12] (Fig. 1A, B), which was present in both groups
in similar frequencies outside of regions bordering infarcted tissue
(CON=1.5+0.8 SD%; NX=1.3+0.6%). The incidence of segmental
sclerosis was determined in glomeruli from the entire cortex (not
just superficial glomeruli).

Cortical tissue was post-fixed in a low-osmium (0.1%) solu-
tion, followed by tannic acid and uranyl acetate, cold dehydration
in acetone, and embedding in Epon [19]. Ultrathin sections for
morphometric analysis were examined by electron microscopy
(Philips 301).

Morphometric studies

Tuft areas (minimal inscribing polygon) were determined in 100
nonsclerotic superficial glomerular profiles per rat from the 2-um

paraffin sections using a semiautomatic image analysis system
(VIDS 1V, AiTectron, Diisseldorf, Germany). Average tuft area A,
was used to calculate an average tuft volume for each animal:
V=(B/k) - (AD32, where B=1.38 (shape coefficient for spherical
particles) and k=1.1 (size distribution coefficient) [23]. Average
tuft volume was corrected for the effects of shrinkage during par-
affin embedding [1].

For the measurements at the EM level, all glomeruli in a sec-
tion from an Epon block, which lay within the first three superfici-
al glomerular layers (within circa 1200 um of the kidney surface)
and which showed no evidence of sclerosis were photographed
(x570). This often required several ultrathin sections to be exam-
ined before a given glomerulus could be found entirely between
grid bars (50 mesh copper grids). Subsequently, single-hole grids
were used to avoid this problem. This procedure was repeated on
additional blocks until 10 glomeruli were photographed. If the
number of glomeruli in the final block would have brought the to-
tal number for that animal to more than 10, glomeruli to be photo-
graphed were selected by lots before electron microscopy. In this
way, all glomerular profiles appearing in the sections were equally
likely to be included in the morphometric evaluation, regardless of
their size. Both exclusion of smaller glomerular profiles and an
unconscious selection bias against the largest profiles (which fall
on grids more often than smaller ones) can influence the results of
the morphometric analysis (unpublished observations). The glom-
erular profiles were photographed in their entirety and photomon-
tages were made for analysis at a final magnification of x1840.

Tuft polygonal area, the area enclosed by glomerular basement
membrane (GBM), capillary lumen area (including endothelium),
GBM length and pericapillary GBM length were determined by
planimetry. Pericapillary GBM was considered to be that part of
the GBM overlying endothelial cells (either the fenestrated part or
the perikaryon). Perimesangial GBM length for each profile was
calculated as the difference between total GBM length and peri-
capillary GBM length. Mesangial area was calculated as the dif-
ference between GBM-included area and capillary area. Total pod-
ocyte area and podocyte nuclear area were determined by point
counting. The number of podocyte nuclear intersections in each
glomerular montage was determined by consensus of at least two
observers. Corresponding volume (Vy,), area (Sy), length (Ly,), and
number (Ny) densities (per unit tuft volume) for the various glom-
erular components were calculated using standard morphometric
formulas [23]. Absolute values of the tuft components were deter-
mined as the product of the various densities with the average tuft
volume, V,.

In addition, total glomerular filtration slit length was estimat-
ed. Higher-power photomicrographs (x3420) were made randomly
in all NX and in 2 CON rats from a subset of the same glomeruli
represented by the above-mentioned photomontages. The number
of filtration slit intersections per unit tuft polygonal area (N,) was
determined and the slit length density was calculated as Ly = 2 -
N, [23].

Parameters describing conformation of pericapillary GBM and tuft

The average surface curvature of the pericapillary GBM was deter-
mined by two different methods. First, a modification of the meth-
od published by Seyer-Hansen et al. [20] (“capillary tube meth-
od”) was used. This method calculates the average glomerular
capillary radius from the average capillary lumen cross-sectional
area; the latter is estimated as the total capillary volume divided
by the total capillary length.! The second method for determining
the GBM curvature is model-independent and is based on a stereo-

! The radius provides an estimate of only one of the two principal
curvatures of the endothelial tube surface [10]. If the other princi-
pal curvature is neglected (i.e., if the axial bend in the endothelial
tube is assumed to be negligible in comparison with the radial cur-
vature component), the average mean surface curvature K {23] of
the capillary endothelial tube may be estimated by dividing the re-
ciprocal of the tube radius by 2: K=VII - N,/2 - A, where N, is the
number of capillary lumen intersections per unit tuft area and A,
is the areal density of capillary lumen per tuft area



logic relation between the average lineal curvature C of the inter-
section of the membrane with a sectioning plane and the average
mean surface curvature Kof the membrane in 3D space: K=(n/4) -
C [23]. Average lineal curvature was determined from digitized
coordinate data of the individual segments of pericapillary GBM.
The data were first smoothed to remove tracing and digitization
artifact, using a 2-dimensional adaptation of the robust locally
weighted regression technique (LOWESS) for time series data [3].

In addition to these standard stereologic parameters, a quanti-
tative index of tuft form (folding index) was calculated for each
animal:

F=6 - \r - (GBM-included volume)/(GBM surface area)32

This is simply the ratio of the estimated GBM-included vol-
ume to the maximum volume which the GBM would contain,
were it to be completely “unfolded” (i.e. blown up into a sphere).
Thus, the smaller the value of this index, the more highly folded
the GBM is.

Fig. 1A, B Light micrographs of glomeruli manifesting (A) seg-
mental glomerular sclerosis and (B) ischemic collapse. The glom-
erular profile in A shows a large adhesion (arrows) opposite the
vascular pole. Outside the area of the adhesion, the capillary loops
are patent and the mesangium shows only mild expansion. The
ischemic glomerular profile (to the left in B) is shrunken through-
out, with uniformly small but patent capillary lumina, a very small
Bowman’s capsule and a thickened parietal layer. (PAS, x300; bar
50 wm)

Fig. 2 Development of albuminuria in individual NX rats. Note
the consistency of the relative severity of albuminuria over most of
the study period. Each rat seems to find its own “trajectory” early
in the study. The trajectories of individual rats in general do not
Cross
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Statistical analysis

Interval data are reported as mean+SD. Unpaired comparisons be-
tween groups were made using Student’s t-test or the Mann-Whit-
ney test [6]. Slopes of regression lines were analyzed by r-test
[15]. Since many of the relationships between morphometric vari-
ables and the level of albuminuria appeared to be exponential rath-
er than linear in nature, these correlations were analyzed by expo-
nential regression [15]. The NCSS software package (Unisoft,
Augsburg, Germany) was used for some of the calculations. The
associations of albuminuria and sclerosis rate with the morphome-
tric variables were also examined by multiple regression (stepwise
and forward selection procedures).

Results
‘Whole animal data

Body weight increased equivalently in nephrectomy and
control groups (final BW: 544+40 g, NX; 589+43 g,
CON). By 8 weeks after nephrectomy systolic blood
pressure was significantly higher in NX than in controls
(220+21 mmHg, n=6; 129+14 mmHg, n=4, P=0.01). Al-
buminuria also increased progressively over baseline val-
ues (<1 mg/day) in both NX and CON. Final measured
urinary albumin excretion rates were 89+72 mg/day in
NX and 11x11 mg/day in CON (NX vs CON: P=0.01).
Despite significant variability in the severity of albumin-
uria among the NX rats, each rat appeared to follow its
own individual trajectory for the development of albu-
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minuria (Fig. 2). The final rank order of albuminuria
among NX (at 17 weeks) was already apparent 9 weeks
after nephrectomy, when levels of albuminuria were still
relatively modest. A similar phenomenon with respect to
the development of the usual age-related albuminuria
was seen in controls (data not presented).

Dimensions of glomerular damage
and hypertrophic response

At the time of perfusion fixation, the remnant kidneys of
NX rats were massively hypertrophied. Histologically,
few glomeruli not directly adjacent to areas of ischemic
scar showed SGS in NX (highest incidence 1.64%), de-
spite the occurrence of systemic hypertension by 8§
weeks after subtotal nephrectomy and significant levels
of albuminuria at the time of perfusion fixation. The pro-
files of hypertrophied glomeruli had open capillary loops
(Fig. 3) and less than 6% of such glomeruli showed me-
sangial expansion. In general, few interstitial changes (fi-
brosis, cellular infiltrates) were seen, except bordering
areas of ischemic scar. Almost no areas of denuded
GBM were observed. The true incidence of SGS was
probably greater than Table 1 indicates, since the fre-
quencies of segmental lesions are systematically under-
estimated by analysis of single histological sections.
Remuzzi et al. [18] have estimated the true incidence of
SGS to be about 3 times that determined from single his-
tological sections. In addition, we excluded both sclerot-
ic glomeruli directly adjacent to regions of scarring and
glomeruli showing ischemic collapse in determining the
number of glomeruli with segmental sclerosis. In control
rats, SGS was in fact extremely rare: only 2 of 2227
glomerular profiles manifested segmental sclerosis.

Thus, despite their relatively good structural preserva-
tion, NX rats still had a significantly higher incidence of
SGS than CON: 0.80+0.65% vs. 0.10£0.17% (P=0.037).
In addition, the incidence of SGS among NX correlated
well with the level of albuminuria at 17 weeks
(r=+0.8311, P<0.05; Fig. 4), suggesting that even low
levels of SGS reflect true glomerular injury.

All individual tuft components displayed substantial
hypertrophy after NX, albeit to somewhat different de-
grees (Tables 2, 3). GBM-included volume (+144%) and
capillary volume (+151%) grew more or less proportion-
ately. Mesangial volume (+115%) also increased, al-
though less than total capillary volume, for example.
Thus, neither morphometry nor light microscopic exami-
nation revealed evidence of “pathologic” mesangial ex-
pansion. Total GBM surface area increased by 107% in
NX: pericapillary GBM increased by 114% and perime-
sangial GBM by 91%. Filtration slit length increased by
85%. The width of the filtration slits did not appear to
differ appreciably between NX and CON, or among NX
(data not shown). Podocyte volume increased by 96%.
Total capillary length increased less (+77%), implying an
increase in capillary cross-sectional area (inasmuch as
total capillary volume rose by +151%).
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Fig. 3 Micrograph of a massively hypertrophied glomerulus 18
weeks after 3/4 nephrectomy. Note the open capillary loops and
narrow mesangium. Some capillary loops (asterisks) are widened.
(PAS, x300; bar 50 pm)

Fig. 4 Relationship between albuminuria and segmental glomeru-
lar sclerosis (SGS) in NX rats. The two variables correlate strong-
ly with each other (r=+0.8311, P<0.05), despite the low incidence
of SGS

There was a tendency for the number of podocyte nu-
clei per glomerulus to be greater after subtotal nephrec-
tomy (310+48 vs 249+56, P=0.07), although values for
NX and CON rats overlapped considerably. Whether or
not this represents true cellular hyperplasia is unclear in-
asmuch as a few binucleate podocytes were seen.

Both measures of GBM surface curvature indicated a
small but statistically significant decrease in pericapil-
lary GBM surface curvature in NX rats (0.0873+0.0067
pmt vs 0.1011+£0.0051 pm! in CON, P=0.0025, using
the model-independent method). The capillary tube
method gave slightly larger values in both groups
(0.1011£0.0052 um-!, NX; 0.1198+0.0058 um-1, CON).
The pericapillary GBM thus became larger and some-
what flatter in NX rats. At the same time, the glomeruli
in NX rats had not simply “ballooned out.” The folding
index F was even lower in NX rats than it was in CON
(0.0269+0.0012 vs 0.0334=0.004, P<0.01), indicating a
more highly folded form of the GBM in the hypertro-
phied glomeruli. It is also clear from the micrographs



Table 1 Average (mean + SD) group values for control and NX
rats. (BW Body weight at time of nephrectomy or sham treatment
(BW-1) and at time of perfusion fixation (BW-2), Syst. BP systolic
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blood pressure 8 weeks after NX or sham treatment, U,V urinary
albumin excretion, SGS incidence of segmental glomerular
sclerosis, V, average glomerular tuft volume.)

Group BW-1 BW-2 Syst. BP UV SGS V,
(® (8 (mm Hg) (mg/d) (%) (um3x10°)
CON (n=6) 2447 589+43 129=14 11+11 0.10+0.17 2.59+0.28
(n=4)
NX (n=6) 237+13 54440 220+21% 89x72% 0.80+0.65%* 6.22+0.63%**
(n=6)

*P=0.01; **P<0.05 (Mann-Whitney test); ***P<0.0001 (Student’s 7-test)

Table 2 Morphometry of tuft components (1). (Vggygin average
glomerular volume included by GBM, V,,, capillary volume per

mesangial volume per glomerulus, S‘WGBM pericapillary GBM
surface area, S,,,cpy perimesangial GBM surface area.)

glomerulus, V,,,, total podocyte volume per glomerulus, V,,

Group Vosmi V. Vo \ GBM S, maBM
(Lm3x1.06) ((Em3x 106) (m3x106) (m3x105) (mex105) (imx10%)

CON (n=6) 1.422+0.116 1.147+0.093 0.586x0.126 2.752+0.360 4.058+0.465 1.892+0.337

NX (n=6) 3.475+0.517* 2.882+0.382% 1.146£0.127**  5.924+1.602* 8.707+0.758**  3.617+0.384**

A% +144% +151% +96% +115% +114% +91%

*P<0.005 (Mann-Whitney test); **P<0.0001 (Student’s ¢-test)

Table 3 Morphometry of tuft components (2). (Zmp total capillary
length per_glomerulus, Ly, total filtration slit length per glo-
merulus, N,,;, average number of podocytes per glomerulus,

K, .cpu average mean surface curvature of the pericapillary GBM

based on the average lineal curvature, K,,, average mean surface
curvature of the capillary endothelial tube based on the tube
method and corrected for the second principal curvature of the
surface, F index folding index of GBM.)

Group Loy Ly Noodo K coam Kb F index
(Lhx104) (Lmx106) (#/glom) (m X 10-1) (Lm-1x10-1) (x10?)

CON (n=6) 2.108+0.331 1.366+0.108 24956 1.011x0.051 1.198+0.058 3.340+0.398

NX (n=6) 3.730+0.315%* (2r.15=§?)>i0.321 310+0.48%* 0.873£0.067* 1.011£0.052* 2.692:+0.123%%*

A% +77% -(I—%ZS%)U +24% -13.6% -15.6% -19.4%

*P<0.0025; **P=0.07 (Student’s t-test); ***P<0.01 (Mann-Whitney test)

that the tufts had not lost their structural complexity with
hypertrophy (Fig. 3).

Correlation analysis among the NX rats

Despite identical treatment and grossly identical degrees
of hypertrophy of the remnant kidneys, there was a wide
spectrum in the degree of glomerular injury in the NX
group: urinary albumin excretion ranged from 18.7 to
226 mg/day and the incidence of SGS in the histological
sections varied from 0 to 1.64%. One NX rat, despite
having undergone an estimated 75% renal ablation and
showing massive glomerular hypertrophy (estimated V,
equal to 280% of average control tuft volume), actually
had a lower rate of albuminuria and SGS than two of the
controls. This large variation in the level of glomerular
injury allowed us to examine by correlation analysis
those structural features of the hypertrophic response in
remnant glomeruli that may have influenced the severity
of carly glomerular injury. Both albuminuria and the rate
of SGS were used as measures of glomerular injury. The

significant correlation (r=+0.8311, P<0.05; see Fig. 4)
between SGS and albuminuria supports the proposition
that these two variables reflect different aspects of a sin-
gle injury process. Although the populations of glomeruli
which manifest SGS and those which contribute most sig-
nificantly to albuminuria probably bear a relationship to
each other, they are not the same, since the major source
of albuminuria is structurally intact glomeruli [27].
Albuminuria at 17 weeks correlated negatively with
glomerular tuft volume (r=-0.8136, by exponential re-
gression; P<0.05; Fig. 5) and GBM-included volume
(r=—0.8433, P< 0.05). Among the individual tuft compo-
nents showing significant correlations with albuminuria
was GBM surface area (r=-0.8168, P<0.05). A signifi-
cant negative correlation also existed between albumin-
uria and mesangial volume (r=-0.8555, P<0.05).. The
most striking observation in this study, however, was the
significant negative correlation between filtration slit
length and both albuminuria and SGS (r=—0.8598 and
r=—0.8180, respectively; P<0.05; Fig. 6A, B). There
were no statistically significant positive correlations of
individual tuft components with albuminuria and SGS.
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Fig. 5 Relationship of albuminuria to average glomerular tuft vol-
ume in NX rats (r=—0.8136, P<0.05). Albuminuria is lowest in the
rat with the greatest degree of hypertrophy

Fig. 6 A Relationship of albuminuria to total filtration slit length
per glomerulus (r=—0.8598, P<0.05). B Relationship of SGS to to-
tal filtration slit length per glomerulus (r=—0.8180, P<0.05)

Multilinear regression analysis? was performed using
log(albuminuria) and SGS as dependent variables and
GBM surface area, pericapillary GBM surface area, fil-
tration slit length, mesangial volume and number of po-

2 Use of log (albuminuria) is equivalent to performing exponential
regression on albuminuria. Tuft volume was not included as an in-
dependent variable in the analysis, inasmuch as the other mor-
phometric parameters are all dependent on the tuft volume

docytes as independent variables. This analysis showed
slit length to be a significant predictor for both albumin-
uria and SGS by both stepwise and forward procedures
(P=0.0281 for albuminuria; P=0.0466 for SGS). In the
forward procedure, pericapillary GBM area also entered
significantly into the model (P=0.2821; R? value in-
creased from 0.6695 to 0.7895 when this variable was
added to slit length).

We examined two specific structural mechanisms that
have been proposed to account for the development of
SGS in hypertrophied glomeruli: podocyte “insufficien-
cy” [5] and increased capillary wall tension due to de-
creased capillary wall curvature as described by the
Young-Laplace relation [4]. In an attempt in find a quan-
titative, stereologic basis for the concept of podocyte in-
sufficiency, the correlations of albuminuria and SGS
with the total number and number density of podocytes,
the number of podocytes per unit GBM surface area and
the total podocyte cell volume per unit GBM surface ar-
ca were examined. None showed a significant correla-
tion, although the number of podocyte nuclei demon-
strated a tendency toward a negative correlation with al-
buminuria (r=—0.5120, P=0.30).

With respect to the effects of GBM wall tension on
glomerular injury, there was no significant correlation
between either SGS or albuminuria and GBM surface
curvature (r=+0.3370 and r=+0.5013, P=NS). Thus, ne-
glecting the influence of the transmural hydrostatic pres-
sure difference on wall tension, from a purely morpho-
logic standpoint, increased wall tension (i.e. that due to
decreased GBM curvature) had no deleterious effect on
the glomeruli. There was no statistically significant cor-
relation of either injury variable with systemic blood
pressure, although it must be borne in mind that this pa-
rameter was last measured 8 weeks after subtotal ne-
phrectomy.

Discussion

The purpose of this study was to develop a morphome-
tric characterization of the process of glomerular hyper-
trophy that might yield insight into those structural fac-
tors of the adaptive process that influence the develop-
ment of SGS after reduction of renal mass. To this end, a
number of morphometric features in hypertrophied glo-
meruli were correlated with quantitative measures of
glomerular injury (albuminuria, frequency of glomeruli
showing segmental glomerular sclerosis).

There have been several earlier morphometric studies
of glomerular structure following subtotal nephrectomy.
Olivetti et al. [14] studied male Wistar rats 5 weeks after
uninephrectomy. They found increases in glomerular
capillary volume and total capillary length roughly pro-
portionate to the change in tuft volume, and an increase
in mesangial volume (matrix and cells) that slightly ex-
ceeded the increase in V.. Shea et al. [21] found results
similar to ours in their 5/6 nephrectomy model in female
Sprague-Dawley rats. The degree of tuft hypertrophy at
18 weeks was roughly the same (+156% vs +140%) in



the present study, as was the change in pericapillary
GBM surface area (95% vs 114%). Filtration slit length,
on the other hand, increased by only 45% (vs 85% in our
study). In neither of these earlier studies [14, 21] were
the morphometric indices correlated with measures of
glomerular injury.

Glomeruli of NX rats in this study differed from those
of controls in every structural parameter measured.
There was heterogeneity in the magnitude of the hyper-
trophic response among the different tuft compartments,
but in general the degree of hypertrophy was massive
(e.g. tuft volume 2Y: times as large as control tufts). This
degree of hypertrophy is somewhat greater than that seen
after 3/4 or 5/6 nephrectomy in Wistar rats [2, 5], but is
comparable to the degree of hypertrophy following 5/6
nephrectomy in female Sprague-Dawley rats [21]. Capil-
lary volume increased more than any other compartment.
In contrast, growth of the mesangium after NX was pro-
portionately less than overall tuft growth. Thus, we
found mesangial hypertrophy rather than mesangial “ex-
pansion.” In addition, a high degree of complexity of tuft
form was preserved despite significant hypertrophy (Fig.
3).

Within the NX group, there was considerable variabil-
ity both in the level of glomerular injury (as reflected in
albuminuria and SGS) and in the quantitative indices of
glomerular hypertrophy. This allowed these signs of
glomerular damage to be correlated with changes in
glomerular structure at the level of individual animals.
That some feature of the early adaptive response to the
loss of renal mass led to later glomerular injury is sug-
gested by examination of the time-course of albuminuria
(Fig. 2), which suggests a progressive process with the
relative severity in individual rats established quite early.
Three weeks after NX, for example, the rat that would
have the highest level of albuminuria and sclerosis rate at
the end of the study already had clearly more albumin-
uria than the others in its cohort.

The low incidence of SGS 18 weeks after NX was un-
expected. For example, one NX rat had no sclerotic
glomerular profiles (0/268) on histological examination
despite massive glomerular hypertrophy and significant
hypertension (200 mmHg) 8 weeks after NX. Even al-
lowing for undercounting of sclerotic lesions because
single histological sections had been used [18], the maxi-
mum incidence of SGS in the NX group was certainly
less than 10%. We did not include glomeruli showing
ischemic collapse (Fig. 1B) in the calculation of the inci-
dence of SGS. It is likely that the pathogenesis of the
former lesion is distinct from that of SGS [12]. In addi-
tion, we did not include sclerotic glomeruli abutting re-
gions of scarring. Local factors, such as inflammatory
mediators or the impingement of scar tissue on the vas-
culature, might have contributed to injury in such glo-
meruli. In this study, we wished to examine the influence
of glomerular hypertrophy itself on the development of
segmental glomerular injury.

Even allowing for our rigorous inclusion criteria, the
incidence of SGS in our study may have been lower than
that in other studies. For example, the sclerosis rate var-

515

ied from about 1% to 11% by 11 weeks after 3/4 ne-
phrectomy in the study of Fries et al. [5]. Although ter-
minating our study later would have resulted in higher
rates of segmental sclerosis, the pathogenetic mecha-
nisms leading to glomerular damage were probably in ef-
fect from a quite early stage. It seems very likely that the
rats with the highest sclerosis rates and quantitatively
greatest albuminuria at 17-18 weeks would have been
the most severely affected in subsequent weeks. Examin-
ing the relationship of glomerular injury to the various
morphometric indices early in the course allows us to ex-
amine those morphological adaptations that put the rem-
nant glomeruli most at risk of subsequent injury.

The principal — and unexpected — finding of this study
is that glomerular damage 18 weeks after subtotal ne-
phrectomy correlates negatively with several indices of
tuft hypertrophy. Two studies have provided evidence for
a positive relationship between glomerular size and SGS
after NX by correlation analysis [S, 26]. Both studies
were performed in Wistar rats. Other studies have either
failed to show such a relationship (2, 7, 8, 11, 22] or
have compared only group averages of glomerular size
and sclerosis rate [4, 13]. By analysis of group averages
alone, we would also have found a positive “association”
between tuft volume and glomerular damage. It is prefer-
able to use correlation analysis when examining a multi-
factorial process such as the development of SGS, how-
ever. That some consequence of NX accelerates the de-
velopment of sclerosis in the remnant glomerular popu-
lation seems beyond dispute. A correlation analysis is
necessary to determine which specific features of the hy-
pertrophic process influence the underlying pathogenetic
mechanism and to avoid spurious associations.

Our results do not support an obligatory role for
glomerular hypertrophy in the development of progres-
sive glomerular injury. Although a number of earlier
studies [2, 8, 11, 22] have called in question a causal as-
sociation of glomerular hypertrophy per se with glomer-
ular sclerosis, this is the first study to present evidence
suggesting a protective effect of hypertrophy. In fact, one
mechanism by which an increase in tuft size (more par-
ticularly, in filtration surface area) might be protective in
the setting of reduced renal mass can be suggested im-
mediately. If despite adaptive hyperfiltration, the rate of
glomerular filtration at the single nephron level is still
under feedback control in the weeks following 3/4 ne-
phrectomy — as it is 4—6 weeks after 1+1/3 NX [16] and
8 weeks after 3/4 NX [24] — then an increase in effective
filtration surface area would probably limit the increase
in Pge required to attain the set-point single nephron
GFR. In our study, the increase in filtration surface area
(85% for filtration slit length) represents a significant
structural mechanism facilitating an increase in nephron
filtration rate, particularly in the setting of filtration pres-
sure disequilibrium.

In our analysis, we addressed two specific mecha-
nisms by which glomerular hypertrophy has been pro-
posed to influence the development of glomerular sclero-
sis: increases in capillary wall tension [4] and podocyte
“insufficiency” [5]. As expected, pericapillary GBM cur-
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vature is decreased in NX animals; this should contribute
to increased capillary wall tension. The lack of a signifi-
cant correlation between GBM curvature and indices of
glomerular injury among the NX rats, however, suggests
that in this model capillary wall curvature is not a deci-
sive factor in the development of glomerular injury. Nev-
ertheless, conclusive statements regarding capillary wall
tension cannot be made in the absence of measurements
of both wall curvature and transmural pressure gradients,
which together determine the wall tension.

With regard to a role for podocyte insufficiency, there
was suggestive evidence that an increase in the number
of podocytes may be associated with relative glomerular
preservation. This contrasts with the findings of Fries et
al. [5], who found no evidence for an increase in podo-
cyte number following subtotal nephrectomy in Munich-
Wistar rats. The fact that they described, in addition, a
positive association between tuft volume and sclerosis
rate suggests that the podocyte may be a pivotal factor in
determining the susceptibility of hypertrophic glomeruli
to injury and supports the idea that an inadequate num-
ber of podocytes may be a major risk factor for the de-
velopment of SGS. The strong negative correlation of to-
tal filtration slit length with both indices of glomerular
injury suggests that the role of the podocyte in the for-
mation of filtration slits may explain the importance of
an adequate number of podocytes to the structural pres-
ervation of the hypertrophic glomerulus. Simplification
of foot processes as a result of podocyte cellular injury
(e.g. toxic injury due to Adriamycin) would also cause a
relative decrease in the total length of filtration slits in
the tuft and has been shown to be an aggravating factor
under these circumstances [5]. If the number of podocy-
tes is inadequate to cover an expanded GBM, filtration
slit density may fall and with it the ultrafiltration coeffi-
cient. Intraglomerular pressures would thereby have to
rise as a compensatory response, accelerating capillary
injury and the development of segmental sclerosis.

The following interpretation of our data is offered.
Glomerular hypertrophy is a state of heightened structur-
al stress [10]. If it occurs without either a loss of struc-
tural stability or significant foot process simplification, it
may actually preserve glomerular function in the face of
the need for increased single nephron filtration — by in-
creasing filtration surface area, thereby limiting the
adaptive increase in glomerular capillary pressure other-
wise required to attain an elevated SNGFR. The ability
of the podocytes to respond to increased glomerular fil-
tration demands by forming filtration slits will help to
determine the intracapillary pressure in the glomerulus.
Inadequate expansion of the effective filtration surface —
due to podocyte “insufficiency” — may contribute to
glomerular capillary hypertension, accelerating the de-
velopment of segmental sclerosis.
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