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Glomerular Size and Structure in Diabetes Mellitus

111. Early Enlargement of the Capillary Surface
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Summary. The present electron microscopic study
shows that the kidney hyperfunction in early dia-
betes can be due to a significant morphological
change: an increased glomerular filtration surface.
Applying standard stereological methods, the area
of the peripheral wall of the glomerular capillaries
was measured in biopsy specimens obtained from
7 patients with early diabetes and 7 controls. — An
80 per cent enlargement of the capillary wall (the
surface of the peripheral basement membrane) was
found in the diabetics (2 p = 0.0096). Also the total
area of the interface between the tuft and the uri-
nary space was increased by 70 per cent (2 p =
0.029). Since the thickness of the peripheral base-
ment membrane is known to be unchanged in pa-
tients with early diabetes the finding of an increased
area of the membrane implies that an increased
quantity of basement membrane material is present
in these patients. The significance of this phenome-
non for the understanding of the metabolism of the
basement membrane is discussed, and a working
hypothesis is advanced for the pathogenesis of the
diabetic microangiopathy.
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It is well-known that the glomerular filtration rate
(GFR) is elevated in juvenile diabetics when deter-
mined shortly after the onset of the disease, and that
the elevation of the GFR persists at least during the
first decade [3]. The light microscopic demonstra-
tion of an enlargement of the glomerular tuft and of
the capillary luminal volume [10] in early diabetes
indicates that morphological changes accompany the
increased GFR. The mechanism leading to the in-
crease in capillary luminal volume could be either an
increased luminal pressure resulting in an unfolding

of the capillary wall, or an enlargement of the capil-
lary wall area.

To distinguish between these two alternative
possibilities, each of which could theoretically be re-
sponsible for the increased GFR, it is necessary to
determine directly the area of the capillary wall.
This is not possible at the light microscopic level,
but it can be done on electron micrographs.

Material and Methods

Kidney biopsy material was available from seven
newly diagnosed juvenile diabetics, who were biop-
sied several weeks to a few months after the acute
onset of the disease and again after 5 (3 to 7) weeks
of insulin treatment. Six of these patients (case
Nos. 8 to 13) are described in a previous paper [10],
which also includes case No. 15, with a duration of
diabetes of one year. The control group of young
subjects without clinical signs of diabetes or renal
disease is identical to that in the same study, except
that one subject (a 20 year old female) is omitted
from the present series since no material was avail-
able for electron microscopy. The specimens were
fixed in OsO,, embedded in Vestopal W, and thin

“sections were cut from randomly selected glomeruli.

From each biopsy three complete glomerular cross-
sections (in one case only one) were photographed
with a Philips EM 200 at low magnification. The ex-
act magnification of each film was calculated on
photographs of a diffraction grating replica with
28800 lines per inch and ranged from 3666 to
3893 X.

Stereological methods

Each glomerular tuft was circumscribed by the mini-
mal convex polygon. The area of the polygon is de-
noted the ‘tuft area’ and is used as the reference
area.

On the prints the three interfaces between the
capillary lumina, the mesangial regions, and the uri-
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Fig. 1. Part of a glomerular tuft with the employed grid shown at the magnification of 3666. The hexagon has a side length of 26 mm,
corresponding to 7.1 u. The grid consequently has a point density of 0.015 points/p? and a line density of 0.023 w/u2. CAP: capillary
lumen, US: urinary space, MES: mesangial region. The limits between mesangial region and capillary lumen (full-drawn line) and
between mesangial region and urinary space (dotted line) are indicated

nary space were defined as illustrated in Figure 1.
Capillary lumen/urinary space (CAP/US): the lumi-
nal margin of the peripheral basement membrane;
Mesangial region/capillary lumen (MES/CAP): the
luminal margin of the mesangial region; Mesangial
region/urinary space (MES/US): the urinary margin
of the mesangial region.

The surface densities of these interfaces were es-
timated by standard stereological methods [2]. If C
denotes the total number of intercepts between an
interface and a randomly thrown array of test-lines
with a total length of L u, then
Sy = 2% wt

Sy is the surface density of the interface, i. e. the
area per unit volume of the glomerular tuft.

Repeated determinations of Sy from the same
prints of three whole glomerular cross sections
showed a coefficient of variation of 7.9 per cent.

The individual mean glomerular volume (V),
corrected to a body surface of 1.73 m?, was known
from the above-mentioned light microscopic study
[10]. The absolute surface (S) of an interface per
mean glomerulus could then be calculated:

S=VXSVM2

On the assumption that the number of glomeruli
per individual is invariant, differences in S between
individuals is proportional to differences in the total
area of the surface per individual.

In order to determine whether an unfolding of

the capillary wall is present, the surface/volume
ratio of the capillary was measured. The stereologi-
cal determination of this ratio [1] is carried out in
analogy with that of Sy, but the reference area is
that of the capillary lumen instead of the glomerular
tuft. Other things being equal, an unfolding of the
capillary wall means that an increased capillary vol-
ume is enclosed within an unchanged wall area, i.e.
a fall in the surface/volume ratio of the capillary is a
measure of the degree of unfolding.

All counting procedures were performed by the
same investigator who was unaware of the identity
of the specimens. The measurements were carried
out over an average total tuft area of 54000 u? per
biopsy.

Since distributions of absolute areas generally
are lognormal the comparisons between groups have
been carried out on logarithmically transtormed val-
ues. The group mean (+ SD) calculated from these
distributions equals the geometric mean of the origi-
nal values multiplied by/divided by (X /=) the toler-
ance factor.

Student’s t-test was employed in the statistical
treatment, using a 5 per cent limit of significance.

Results

The surface densities of the three interfaces in con-
trols and diabetics are given in Table 1. Comparison
of the biopsies obtained from the six diabetics be-
fore and after treatment revealed no consistent
trends in any of the estimated surface densities.
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Consequently, means of the estimates before and af-
ter treatment are given in Table 1. The surface
density of the interface between the capillary lumen
and the urinary space (CAP/US) was increased in
diabetics compared to controls: 0.187 + 0.018 p™!
versus 0.169 + 0.014 p~! (mean + SD). The differ-
ence just fell short of statistical significance (2 p =
0.051). There were no differences between diabetics
and controls in the surface densities of the mesangial
surfaces towards the capillary and towards the uri-
nary space (Table 1).

The calculated absolute areas per glomerulus of
the three interfaces are shown in Figure 2. The area
of the peripheral capillary wall of 0.244 X/+ 1.52
Mu? (geometric mean and tolerance factor) in
diabetics is 80 per cent larger than that of the con-
trols: 0.136 X/+ 1.32 Mu? The 2 p value of this
difference between the absolute areas is 0.0096.
Concerning the absolute areas of the mesangial sur-
faces, comparison of the MES/CAP and the
MES/US interfaces in controls and diabetics reveal-
ed no statistically significant differences, the values
being 0.065 X/+ 1.44 My? versus 0.099 X/+ 1.67
Mu? 2 p = 0.10) and 0.067 X/+ 1.51 My? versus
0.097 X/+ 1.85 Mu? (2 p = 0.21), respectively.

The area of the total tuft surface towards the uri-
nary space (CAP/US + MES/US) was also calcu-
lated in each individual. The mean value of this sur-

face was 0.342 X/+ 1.58 Mpy? in diabetics and

0.204 X/+ Mu? in controls. The difference of 70
per cent is statistically significant (2 p = 0.029).

The measure of folding of the capillary wall, i.e.
the capillary surface/volume, was 0.81 + 0.14 u™!
(mean * SD) in the diabetics and 0.76 % 0.13 p~!
in the controls (2 p = 0.51).

Discussion

The demonstrated increase in the absolute surface
area of the peripheral capillary wall and of the total
tuft/urinary interface in glomeruli from patients with
early diabetes could well be the morphological cor-
relate of the elevation of GFR in such patients. In
groups of diabetics similar to the patients in the pre-
sent study estimates of the increase in GFR range
from 41 to 26 per cent, before and after treatment,
respectively [3]. A direct comparison between these
figures and the estimated increase in the absolute
surface area of the capillary wall of 80 per cent has
meaning only on the assumption that all other fac-
tors affecting GFR (differential hydrostatic and col-
loid osmotic pressure, hydraulic conductivity, etc.)
are unchanged. Nothing is known about the validity
of such assumptions at present.

The increased absolute volume of the glomeruli
in diabetics demonstrated earlier [10] and the un-
changed or elevated surface densities of the three
interfaces measured separately in this study imply
that the corresponding absolute surfaces are in-
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Table 1. Surface densities (u™!) of the interfaces between capil-
lary lumen and urinary space (CAP/US), mesangial region and
capillary lumen (MES/CAP), and mesangial region and urinary
space (MES/US) in controls and in patients with early, juvenile
diabetes. In the diabetics means of the estimates before and after
treatment are given

Subject Cap/U.S. Mes/Cap Mes/U.S.
nr. )
Controls
1 0.182 0.082 0.082
2 0.180 0.062 0.061
3 0.146 0.079 0.080
4 0.183 0.075 - 0.103
5 0.170 0.093 0.077
6 0.159 0.090 0.084
7 0.162 0.089 0.101
mean 0.169 0.081 0.084
SD 0.014 0.011 0.014
Diabetics
8 0.207 0.066 0.043
9 0.195 0.091 0.094
10 0.176 0.075 0.076
11 0.179 0.078 0.088
12 0.156 0.078 0.078
13 0.176 0.076 0.082
14 0.205 0.078 0.084
15 0.201 0.069 0.070
mean 0.187 0.076 0.077
SD 0.018 0.007 0.016
difference 0.018 —0.005 —0.007
SEM 0.008 0.005 0.008
2p 0.051 0.30 0.37
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Fig. 2. The absolute surface area (Mu?) per mean glomerulus of
the interfaces between capillary lumen and urinary space (A),
mesangial region and capillary lumen (B), and mesangial region
and urinary space (C) in controls (ND) and patients with juvenile
diabetes (D). All areas are normalized to a body surface of 1.73
m? Since no material was available for the light-microscopical
determination of the absolute glomerular volume, the areas in
patient no. 14 (Table 1) are missing. The ordinate is logarithmic.
Horizontal bars indicate mean values
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creased. Although this increase reached statistical
significance only concerning the peripheral capillary
wall, the area of the two mesangial surfaces showed
a tendency in the same direction. Due to the scatter
and the limited number of observations the proba-
bility of a statistical type II error is quite high.
Larger groups are therefore needed before definite
conclusions can be drawn.

Since unfolding of the capillary wall would lead
to a decreased surface/volume ratio of the glomeru-
lar capillaries, the finding of an unchanged ratio in
patients with early diabetes excludes the possibility
that unfolding is the mechanism behind the increase
of the capillary luminal volume demonstrated by
light microscopy [10].

Since evidence of an increased filtration surface
in diabetics has been absent until now, several au-
thors have proposed an increased filtration pressure
as the mechanism behind the increased GFR. How-
ever, the increased filtration pressure was deduced
from the measured increase in filtration fraction,
and the finding of an enlarged filtration surface in
the present study invalidates this deduction.

The observed morphological changes also have
implications concerning the metabolism of the base-
ment membrane in diabetes. The increase in the ab-
solute area of the peripheral basement membrane,
together with the fact that the thickness of the same
basement membrane is unchanged [9], indicate that
glomeruli in early diabetics contain increased quan-
tities of basement membrane, presumably due to an
increased rate of synthesis. This would fit with the
observation that the activity in the renal cortex of an
enzyme involved in basement membrane syn-
thesis is increased shortly after the induction of ex-
perimental diabetes in rats and is normalized after
insulin treatment [8].

Other results from animal studies give further

support to the assumption that the enlargement of
the renal corpuscles is brought about by the
metabolic derangement. An increase in the size of
the whole kidney, as well as in glomerular size, has
been demonstrated in rats within days or weeks of
the induction of streptozotocin-diabetes [5, 6,
Seyer-Hansen, personal communication]. Further-
more, after 7 days of diabetes, the kidney size in rats
is closely correlated with the elevation in the blood
glucose concentration [7].

In diabetic patients firm evidence has been ob-
tained that the elevated GFR [3] and the increased
kidney size [4] are both restored to practically nor-
mal values after strict insulin treatment for several
weeks. After 3 to 7 weeks of insulin treatment no
consistent change was observed in the glomerular
structures in the present series, but after this short
period only a pronounced reversal would be detect-
able in such a small group. No further data are
available on the issue of reversibility of the glomeru-
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lar enlargement by strict diabetic control, but at pre-
sent it is only reasonable to assume that in the
glomeruli structural changes parallel those of the
functional parameters.

We now propose, as a working hypothesis, that
enlargement of the glomerular capillary wall, i. e. in-
creased synthesis of the peripheral basement mem-
brane triggered by the metabolic aberrations charac-
terizing diabetes mellitus, constitutes the earliest
phase in the development of diabetic microan-
giopathy. After a short time growth of the capillary
surface is stopped by mechanisms counteracting the
glomerular hyperfunction. The persistently high rate
of synthesis then results in an increasing thickness of
the basement membrane, eventually leading to the
glomerulosclerosis of long-term diabetes. This uni-
tary hypothesis implies that information about
diabetic microangiopathy can be obtained from ex-
periments of much shorter duration than previously
necessary.
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