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Three-dimensional morphometric analysis of segmental glomeruloscler-
osis in the rat. In idiopathic nephrotic syndrome, and in experimental
models of nephrosis, changes of visceral epithelial cells involve the
entire glomerular population while segmental sclerotic changes are
reported to affect only a certain number of glomeruli. Because conven-
tional determination of the percentage of glomeruli affected by sclerotic
lesions is usually based on the examination of randomly selected
sections, we wondered whether glomeruli appearing normal in a given
section could be affected by sclerosis in other regions of the capillary
tuft (CT). To assess the real incidence and the spatial extension of
sclerotic changes at the level of single glomerulus, we used serial-
section morphological analysis to measure the volume of the glomerulus
and that of sclerosis lesions. In glomeruli from control rats and in
glomeruli from adriamycin (ADR) treated rats surface area of Bow-
man’s capsule (BC), CT and sclerotic regions were measured using
stereology techniques in all the consecutive sections containing each
individual glomerulus, and corresponding volumes were then calcu-
lated. Mean volume of BC and CT were not significantly different
between control and ADR rats (0.71 = 0.03 and 0.53 + 0.03 vs. 0.76 +
0.04 and 0.53 + 0.02 um® x 107, respectively). The distribution of
glomerular volume parameters in the ADR rats were more spread out
than in control animals, indicating that some glomeruli became smaller
while other became larger. No sclerotic changes were found in control
rats, while in the three ADR rats 94, 90 and 92% of glomeruli,
respectively, were affected by sclerotic lesions. Conventional counting
of glomeruli affected by sclerosis in single sections (on average 39, 27
and 23%) highly underestimated the percentage of sclerotic glomeruli.
Despite sclerotic lesions involved almost entirely in the glomerular
population, they were limited to a small fraction of the CT volume (on
average 3.5, 2.2 and 2.6% in each animal). Our results indicate that: 1)
adequate quantification of the percentage of glomeruli affected by
sclerosis can be made only with three-dimensional morphologic analy-
sis of the entire glomerulus, as glomeruli appearing normal in a given
section can show sclerosis changes in regions far from the section of
examination; and 2) in the model of ADR nephrosis the initiation of
sclerotic processes simultaneously affects almost the entire glomerular
population.

The term ‘‘focal and segmental glomerulosclerosis and hyali-
nosis’’ (FSGH) is used to designate a pathological pattern in
which some glomeruli show localized areas of sclerosis and
hyalinosis in the capillary tuft (CT). Glomerular sclerosis is
characterized by excessive production of mesangial cell matrix
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and collapse of capillaries. Foci of a strongly eosinophilic and
PAS positive material may be included or separated by sclerotic
areas and constitute hyalinosis lesions. Adhesions of the capil-
lary tuft to Bowman’s capsule are common. Lipid containing
endothelial cells may be seen. In the setting of nephrotic
syndrome FSGH was first described by Rich in 1957 [1] in
children affected by lipoid nephrosis. He found that focal
sclerotic lesions preferentially involved juxtamedullary glomer-
uli. In the adult population FSGH is found in 15 to 20% of
patients with idiopathic nephrotic syndrome, and generally it
has a progressive course to renal failure [2].

In recent years two models of nephrotic syndrome, which
closely mimick the pathological changes and clinical course of
FSG occurring in man, have been developed in experimental
animals. Chronic administration of aminonucleoside of puromy-
cin (PA) is the first described model of nephrotic syndrome with
FSG [3]. More recently, ADR-induced glomerulosclerosis has
emerged as a new model of chronic proteinuria evolving to FSG
[4, 5].

In these two models, as well as in other conditions evolving
to FSG, sclerotic lesions are usually confined to only few
glomeruli. This would suggest that, at least in the initial phase of
the process, the noxious insult is unevenly distributed among
the nephron population. However, ultrastructural examination
of glomeruli in nephrotic patients with FSG, as well as in ADR
and PA rats, shows that characteristic changes of glomerular
visceral epithelial cells, consisting of a spread fusion of foot
processes and marked swelling of their cytoplasm, are rather
diffuse and uniformly distributed to all glomeruli [6-8]. There-
fore it is surprising that the process of glomerular sclerosis
affects only a fraction of the glomerular population.

One possible answer to this question is that conventional
determinations of the percentage of sclerotic glomeruli based on
the examination of a single section, or at the most of a few
random sections, might introduce bias in that glomeruli appear-
ing normal could be affected by sclerosis and hyalinosis in some
areas of the glomerular tuft not in the plane of the section. This
situation could then lead to misinterpretation of the real extent
of sclerosis in the glomerular population. In order to assess the
real incidence and the spatial extension of sclerosis and hyali-
nosis changes in the entire glomerular structure, we have used
serial-section morphologic analysis to obtain complete recon-
struction of the glomerulus and to calculate the amount of CT
volume affected by sclerosis and hyalinosis. We have applied
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this method to measure glomerular volume and the volume of
sclerosis and hyalinosis lesions in rats treated with ADR, in a
relatively early phase of FSGH, and in normal rats taken as
controls.

Methods

Eleven Sprague-Dawley CD-COBS male rats (Charles River
Italia, Calco, Italy) weighing approximately 250 g at the begin-
ning of the study were used. One group of rats (N = 6) was
treated with S mg/kg of ADR (Adriblastina, Farmitalia Carlo
Erba, Milan, Italy), as a single injection through the tail vein as
previously described [9]. The other group, used as a control,
received the vehicle alone. Ten weeks after ADR or vehicle
injection, rats were anaesthetized with ether and sacrificed.
Before the sacrifice proteinuria (determined with the Coomassie
blue method [10]) was 439 = 50 and 10 = 3 mg/day in the ADR
and in the control group, respectively. Fragments of kidney
were fixed in Dubosq-Brazil fluid (80% alcohol, 150 ml; formol,
60 ml; acetic acid, 15 ml; picric acid, 1 g), embedded in paraffin
and stained with periodic acid staining (PAS).

Pathological examination of kidneys of ADR treated animals
revealed focal and segmental glomeruloscierosis and hyalinosis
in all animals. Percentage of glomeruli affected by sclerotic
changes (based on examination of at least 130 glomeruli) ranged
from 28 to 44%, with a mean value of 35%. Three of the six
nephrotic animals were selected for serial section examination
for having a percentage of sclerotic glomeruli and urinary
protein excretion rate near the average group values (35% and
426 mg/day, respectively). Pathological examination of control
animals did not reveal any glomerular lesions. Analogously,
three rats from the control group were randomly selected for
serial section study. From the six selected animals, one hun-
dred consecutive sections (4 um thick) were stained with PAS.

We examined, initially, a section located approximately in
the middle of the tissue, hereafter referred as ‘‘starting sec-
tion”’. Fifty glomeruli from each nephrotic rat and 30 from each
control rat were chosen for serial section examination. The
distribution of the BC area of these glomeruli was repre-
sentative of the BC area distribution of all glomeruli present in
the section.! For each selected glomerulus the profiles of the
BC, of the CT and of the sclerosis and hyalinosis lesions were
manually drawn using the projected image of the glomerulus in
a drawing tube (Zeiss, Oberkochen, FRG), mounted on the
microscope, with a final magnification of x313.2. This proce-
dure was repeated in all the sections preceding and following
the ‘‘starting section’” until the glomerulus completely disap-
peared. Glomerular sclerosis was defined by an increase of
mesangial matrix substance associated with capillary wall wrin-

' To verify that the glomeruli selected for serial section analysis were
representative of the glomerular population we compared BC area
distribution (measured with the method described below) of all glomer-
uli in two starting sections (one from an ADR rat animal and one from
a control animal) with the corresponding BC area distribution of the
glomeruli selected for serial section study. BC area in the starting
section of a control rat (rat #1) averaged 7.7 um? X 1073 (range 2.9 to
11.4, N = 131), BC area of selected glomeruli in the same section
averaged 8.0 um? X 1073 (range 3.5 to 11.2, N = 30). Analogously, for
an ADR animal (rat #1) BC area of all glomeruli in the starting section
averaged 7.9 um? X 1073 (range 2.8 to 13.7, N = 144), while in selected
glomeruli BC area averaged 8.1 um? X 1072 (3.2 to 13.1, N = 50).
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Fig. 1. Frequency distribution histograms of capillary tuft volume in
control rats and in rats treated with ADR,

kling and collapse. The sclerotic lesions might or might not be
associated with adhesion to Bowman’s capsule. Hyalinosis was
defined by the presence of PAS-positive hyalin material in-
cluded or separated by sclerotic regions in the subendothelium
or in the mesangium.

Surface area of the outlines of BC, CT and sclerotic regions
were determined with stereological methods [11] using a grid of
30 X 50 points. An average of 79 points (range 3 to 161) were
counted inside the CT profiles and 4 points (1 to 26) on average
were counted in the outline of the sclerotic regions. Volume of
BC, CT and sclerotic regions for each glomerulus were then
calculated as the sum of the measured surface areas multiplied
by the section thickness (4 um). The percentage of CT volume
affected by sclerosis in each glomerulus was calculated and, in
each individual section, the number of selected glomeruli af-
fected by sclerosis was counted.

Statistical analysis was performed using unpaired Student’s
t-test or linear regression analysis. Statistical significance was
defined as P < 0.05. All data are expressed as means =+ standard
deviation.

Results
Glomerular volumes

Glomerular volume measured in normal and in nephrotic rats
are reported in Table 1. No significant difference in mean BC or
CT volume were observed between the two animal groups.
Analogously, no significant difference was observed comparing
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Table 1. Glomerular volume determinations

Bowman’s Capillary
ofl\;r(;?nbeerruli capsule tuft Sclerosis Sclerosis
Group examined un® X 1070 %
Control rat #1 30 0.71 = 0.09 0.56 = 0.06 — —
Control rat #2 30 0.68 + 0.16 0.50 = 0.10 — —
Control rat #3 30 0.73 = 0.16 0.54 + 0.12 —_ —
Mean of 3 control rats 0.71 = 0.03 0.53 + 0.03 — —_
ADR rat #1 50 0.78 = 0.15 0.55 = 0.11 0.017 = 0.015 3.5+ 4.2
(0-0.065) (0-21.0)
ADR rat #2 50 0.72 + 0.21 0.51 = 0.15 0.009 = 0.008 22+26
(0-0.033) (0-16.1)
ADR rat #3 50 0.80 = 0.24 0.52 + 0.15 0.012 = 0.011 2620
(0-0.057) (0-10.0)
Mean of 3 ADR rats 0.76 = 0.04 0.53 = 0.02 0.013 = 0.004 28 +0.7
Values are mean * spD. Range interval is in parenthesis.
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the volumes of all glomeruli (N = 90) examined from normal
animals with those (N = 150) examined from nephrotic rats.
The frequency distribution histograms of the CT volume for
each individual animal are reported in Figure 1. In control rats
CT volume was normally distributed around the mean. In ADR
treated rats CT volume distribution was still normal but more
spread around the mean as compared to control rats, indicating
that during the course of the disease some glomeruli had
become larger and, at the same time, others had become
smaller.

To illustrate the relation between CT volume and BC volume,
their respective values, for each glomerulus, are represented in
Figure 2. The line of identity in the graph represents the
hypothetical condition in which CT and BC volume are equal.
As expected, points representing normal glomeruli show that
when glomerular CT volume increases BC volume also in-
creases proportionally. Points representing nephrotic glomeruli
are more spread around the mean, as compared to normal
glomeruli. Moreover, it can be observed that reduction or

volume in control rats and in ADR treated
rats. Symbols are: (circles) rat #1; (diamonds)
rat #2; (squares) rat #3.

0.6 0.8 1.0

increase in glomerular volume were not confined to CT but
were paralleled by changes in BC volume.

Sclerosis

As reported in Tables 1 and 2, no sclerotic changes were
found in glomeruli from control rats, while in ADR rats 47, 45
and 46 glomeruli out of 50 were affected by sclerotic regions in
each animal studied. Sclerotic regions were confined to a small
fraction of the CT volume (on average 2.8%, see Table 1). As
shown by the frequency distribution histogram reported in
Figure 3 sclerosis volume was larger than 10% of the CT volume
in only few glomeruli, the majority of sclerosed glomeruli being
affected by sclerosis changes in less than 10% of the CT
volume.

To provide a more precise view of the incidence and the
extent of the sclerotic regions the 50 glomeruli analyzed from
one ADR rat (rat #1) are schematically represented in Figure 4.
Each glomerulus is represented as viewed in a direction parallel
to the tissue sections, with the horizontal dimension of the
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Table 2. Percentage of sclerotic glomeruli

Rat #1 Rat #2 Rat #3
Starting section 32% 20% 14%
. . Minimum 30% 8% 14%
Single sections Maximum 58% 38% 34%
Mean = sD 39 + 9% 27 = 8% 23 + 7%
Total number of sclerotic 94% (47/50) 90% (45/50) 92% (46/50)
glomeruli
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Fig. 3. Frequency distribution histograms of percentage of glomerular
capillary tuft volume affected by sclerosis in the ADR treated rats.

drawing proportional to the mean diameter of the CT in the
corresponding section. Sclerotic regions are represented by
black areas, with horizontal dimension being proportional to
their mean diameter in the corresponding section. The contin-
uous line reported in the figure represents the starting section.
As shown by the diagram, only 16 glomeruli (32%, Table 2)
showed sclerotic regions in the starting section, while in the
other 34 glomeruli this section did not cross areas affected by
sclerotic changes. However, the majority of these glomeruli (31
out of 34) showed sclerotic regions in other sections, and in only
three glomeruli the CT appeared completely free from sclerosis.

We have also observed that the percent of glomeruli affected
by sclerosis varied considerably among the sections examined.
In single sections the percent of glomeruli selected for serial
section study and affected by sclerosis ranged from 30 to 58%,
from 8 to 38%, and from 14 to 34%, respectively, for the three
nephrotic rats, indicating that the conventional method of
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Fig. 4. Schematic representation of spatial distribution of sclerotic
lesions within each individual glomerulus from a rat treated with ADR
(rat #1).

quantification of segmental sclerosis lesions is intrinsically
highly variable.

The measure of the real CT volume in this population of
partially sclerotic glomeruli allowed us to determine the rela-
tionship between CT volume and sclerosis volume. No signifi-
cant correlation was found between CT volume and sclerosis
volume when regression analysis was applied to all 150 glomer-
uli examined from nephrotic animals (r = 0.08, NS). Applying
regression analysis only to the glomeruli from a single animal,
sclerosis volume was inversely correlated with CT volume for
one rat (rat #1, r = 0.49, P < 0.01), but no such correlation was
found for the other two animal studied ( = 0.03, NS and r =
0.07, NS, respectively). However, the correlation between CT
and sclerosis volume observed for rat #1 was highly dependent
upon two data points, the two most sclerotic glomeruli (no
significant correlation was found when regression analysis was
confined to glomeruli having sclerosis volume <0.05 um>® X
1079).

Discussion

This study documents that the development of FSGH in ADR
nephrosis involves virtually the entire glomerular population.
Measurements of volume parameters and examination of 50
glomeruli in three nephrotic animals revealed that 94, 90 and
92% of glomeruli, respectively, for the three animals were
affected by sclerosis. Despite the high incidence of FSGH
sclerotic changes occuppied only a small fraction of the glomer-
ular CT volume (on average 3.5, 2.2 and 2.6%, respectively, for
the three animals).

As mentioned previously our experimental work was devoted
to understand why, in this model of nephropathy, sclerotic
changes are usually observed in only few glomeruli while
ultrastructural damages are uniformly distributed throughout
the glomerular population [4]. Our results showed that conven-
tional determination of sclerotic glomeruli, based on single
section examination, is highly variable and underestimates the
percentage of sclerotic glomeruli (mean percentage of sclerotic
glomeruli in single sections was 39, 27 and 23% for the three
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animals studied). Actually serial section analysis revealed that
most of glomeruli appearing normal in a given section were
affected by sclerosis in regions out of the section of examination
(Fig. 5). Therefore our results indicate that ADR nephrosis is a
model of ‘‘diffuse’” glomerulosclerosis rather than of ‘‘focal’
glomerulosclerosis as reported till now [5, 6]. It is possible that
this concept applies to other experimental models of FSGH,
and to some glomerular diseases in humans, which are also
considered ‘“‘focal’’ on the basis of single section examinations.

Finding of sclerotic areas in most glomeruli from nephrotic
animals indicates that a portion of capillary network underwent
obstruction, or dimensional alterations, with functional adapta-
tion of the remaining branches. These changes may reproduce
at the level of single glomerulus what has been previously
shown at the whole kidney level [12, 13]. Actually surgical
removal of functioning nephrons induces adaptive changes in
the remaining ones possibly responsible for glomerular struc-
tural damage, and further drop out of nephron units [14].

It has been previously reported that glomerular hypertrophy
and sclerosis are two correlated phenomena in a variety of
experimental settings and in human glomerulopathy [15-17].
This correlation is based on the observation that glomerular
hypertrophy precedes the development of sclerotic lesions and
that subsequently the glomerulus become smaller as sclerosis
advances [16]. Other studies have shown, however, that pro-
tection of kidney structure was not always associated with
prevention of glomerular hypertrophy [18, 19). We have found
that mean CT and BC volumes, determined at the level of the
single glomerulus, were comparable in the ADR and in the
control rats. This result is in line with the observation of Fries
et al [20], who reported that 11 weeks after a single injection of
ADR glomerular volume was not significantly different in con-
trol and in ADR treated rats.

One could argue that the lack of diffuse hypertrophy in our

all glomeruli examined from three ADR
treated rats (linear regression analysis, N =
150, r = 0.089, NS). Symbols are: (O) rat #1;
(O) rat #2; (O) rat #3.

experimental conditions could be due to the high incidence of
sclerotic glomeruli that could have undergone shrinkage [17].
Linear regression analysis of CT and sclerosis volume failed to
show a significant correlation between glomerular volume and
extension of sclerosis lesions. Considering glomeruli from indi-
vidual animals, only one of the three animal studied showed a
significant correlation between CT volume and sclerosis vol-
ume, with a low correlation coefficient (r = 0.49). These results
do not support the concept that glomerular hypertrophy is the
major factor responsible for the development of sclerosis le-
sions in ADR nephrosis. However, to achieve more definitive
understanding of the relationship between glomerular hypertro-
phy and development of sclerosis in this experimental setting,
the present methodological approach should be applied to serial
studies to monitor glomerular volume parameters from the time
of ADR administration to the time of development of sclerosis
changes.

In conclusion our study demonstrates that: 1) conventional
analysis of single sections for quantification of the percentage of
glomeruli affected by sclerosis greatly underestimates the inci-
dence of sclerosis, and more adequate estimation can be made
with three-dimensional morphometrical analysis of the entire
glomerulus; 2) in ADR nephropathy, the early sclerotic process
affected almost all glomeruli and was confined, rather uni-
formly, to a small portion of the glomerular CT; and 3) in our
experimental setting the volume of sclerosis lesions did not
correlate with glomerular volume.
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