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Summary Diabetic nephropathy is associated with 
functional changes in the glomerular filtration bar- 
rier but the structural counterpart  remains unknown. 
Width of glomerular epithelial cell foot processes 
and of filtration slits were determined by morpho- 
metric methods in 11 non-diabetic kidney donors 
and in 28 diabetic patients with albumin excretion 
rates ranging from normal to proteinuria. Foot pro- 
cess width was estimated from the ratio of tuft sur- 
face density to length density of slits. At  high magnifi- 
cation independently sampled, perpendicularly cut 
slits were classified. Foot process width on periph- 
eral basement membrane was increased in microal- 
buminuric compared to normoalbuminuric diabetic 
patients (p < 0.05) but showed no significant correla- 
tion with the level of albumin excretion when pa- 
tients with increased barrier permeability were con- 
sidered. Width of filtration slits in normo- and micro- 

albuminuric diabetic patients exceeded that in non- 
diabetic control subjects (p < 0.05). Filtration slits 
were narrower in patients with overt proteinuria 
than in patients with microalbuminuria (p < 0.05) 
and correlated with glomerular filtration rate in all 
of the diabetic patients (r = 0.65, p < 0.005). The re- 
sults show that insulin-dependent diabetic patients 
with nephropathy present changes of epithelial cells 
and filtration slits, demonstrable already in the stage 
of microalbuminuria. The mechanism of albumin 
leakage is not achieved by these measures. The di- 
mension of filtration slits may play a cont r ibu t ing  
role in the level of glomerular filtration rate in dia- 
betic patients. [Diabetologia (1995) 38: 1197-1204] 

Key words Albuminuria, diabetic glomerulopathy, di- 
abetic nephropathy, filtration slits, glomerular epithe- 
lial cells, stereology. 

Received: 4 January 1995 and in revised form: 20 March 1995 

Corresponding author: Dr. S.E Bjorn, Electron Microscopy 
Laboratory, Aarhus Kommunehospital, DK-8000 Aarhus C, 
Denmark 
Abbreviations: IDDM, Insulin-dependent diabetes mellitus; 
GFR, glomerular filtration rate; AER, albumin excretion 
rate; HbAlc, glycated haemoglobin; ND, non-diabetic control 
subjects; D•A , diabetic patients with normal albumin excre- 
tion rate; DMI, diabetic patients with microalbuminuria; Dr, di- 
abetic patients with proteinuria.; CV, coefficient of variation 
(SD/mean); FPWpBM, width of foot processes on peripheral 
basement membrane; FPWMEs, width of foot processes on 
glomerular mesangium; ANOVA, analysis of variance; PBM, 
peripheral basement membrane. 

Microalbuminuria in patients with insulin-dependent 
diabetes mellitus ( IDDM) has been shown to predict 
overt diabetic nephropathy [1-3]. The clinical mani- 
festations of overt nephropathy, characterized by 
proteinuria and declining glomerular filtration rate 
(GFR) are closely linked to structural changes in re- 
nal glomeruli [4-6]. A relationship between func- 
tional and structural changes has also been found at 
the stage of microalbuminuria [7-9]. However, the 
mechanisms and the structural counterpart of the in- 
creased permeability to albumin across the glomeru- 
lar filter have not been identified. 

The epithelial cells of renal glomeruli show widen- 
ing of foot processes in proteinuric states such as min- 
imal change nephrotic syndrome and glomerulone- 
phritis [10, 11]. In clinically proteinuric diabetic neph- 
ropathy widening of foot processes has also been doc- 
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Table 1. Clinical data in diabetic patients and non-diabetic control subjects 

Group n Age Duration AER GFR Systolic blood Diastolic blood 
(years) of diabetes (~tg/min) (ml. rain -~. 1.73 m -2) pressure pressure 

(years) (ram Hg) (ram Hg) 

ND 11 45 (21-58) 104 (86-121) 120 (110-145) 80 (70-90) 
DNA 9 33 (19--39) 11 (5--31) 5 (2--7) 129 (96--176) 122 (106--142) 73 (51--102) 
DM[ 9 21 (17-52) 13 (8--22) 65 (23-180) 132 (117-193) 130 (90-138) 85 (52-90) 
Dp 9 35 (22--47) 24 (9-35) 521 (208-1609) 36 (21-145) 170 (118-200) 96 (78-120) 

Data are median (and range). ND, Non-diabetic kidney donors; DNA, diabetic patients with normoalbuminuria (< 20 ~tg/min); DMI, 
diabetic patients with microalbuminuria (AER 20-200 vg/min); Dp, diabetic patients with proteinuria (AER > 200 ~g/min) 

umen ted ,  bu t  the associat ion with the level  of  albu- 
min  exc re t ion  ra te  ( A E R )  is cont rovers ia l  [6, 12] and 
knowledge  of  epi thel ial  s t ructural  changes  at the 
stage of  mic roa lbuminur i a  is scarse. In a previous  
s tudy foot  process  width  was r e p o r t e d  to be  similar 
in pat ients  with mic roa lbuminur ia  and pat ients  with 
no rma l  A E R  [12], while a n o t h e r  found  widening in a 
small group of  pat ients  with m o d e r a t e l y  e leva ted  
A E R  [13]. 

The  funct ional  impor t ance  of  the f i l t ra t ion slit be- 
tween  the foot  processes  is no t  en t i re ly  clear. The  rela- 
t ive roles of  the  ba semen t  m e m b r a n e  and the  slit in re- 
stricting the  escape  of  mac romolecu l e s  have b een  a 
m a t t e r  of  dispute  [14]. The  f i l t ra t ion slit mos t  l ikely 
const i tutes  the  main  pa th  for  the f i l t rate at the  level  of  
the epithel ial  cells, and new da ta  indicate  tha t  the slit 
may  play  an impor t an t  role  in te rms of  wa te r  pe rme-  
ability [15, 16]. These  character is t ics  of  the  f i l t rat ion 
bar r ie r  are  of  cent ra l  in teres t  in the  diabet ic  kidney. 

The  p resen t  s tudy is a m o r p h o m e t r i c  invest igat ion 
of  the foo t  processes  and the  f i l t rat ion slits in the  re- 
nal  g lomerul i  of  I D D M  pat ients  with a range  of  
A E R  f rom normal  to heavy  p ro te inur i a  and in nor- 
mal  con t ro l  subjects. It  was carr ied out  with the main  
aim of  s tudying the re la t ionship  b e t w e e n  a lbumin  ex- 
c re t ion  and the s t ructural  data.  F u r t h e r m o r e ,  it was 
cons ide red  re levan t  to  examine  the re la t ionship  be- 
tween  the  s t ructural  pa rame te r s  and the level  of  G F R .  

Subjects, materials and methods 

Subjects. The diabetic patients were classified into three groups 
according to their urinary AER: below or equal to 20 vg/min 
was termed normoalbuminuria, 21-200 ~tg/min microalbumin- 
uria, and above 200 vg/min proteinuria [17]. 

All patients in the present report have been included in ear- 
lier studies of diabetic glomerulopathy [5, 7-9]. Renal biopsy 
was performed in patients older than 18 years after their writ- 
ten consent was given and the protocol was approved by the re- 
gional ethics committee. The patients in the normo- and micro- 
albuminuric groups participated in a study of the natural his- 
tory of diabetic nephropathy in IDDM [7] or in a clinical inter- 
vention trial of intensified insulin treatment of young microal- 
buminuric patients [9]. In the microalbuminuric group one pa- 
tient was an outlier with respect to GFR and was excluded 
from this study. AER was measured in three timed overnight 
sterile urine samples collected during the year preceding the 

biopsy, and the patient classified into one of the three catego- 
ries if at least two AER values met the category allocation cri- 
teria. GFR was calculated from the clearance of 51Cr EDTA 
after a single intravenous injection or by inulin clearance dur- 
ing steady-state water diuresis, and values were corrected for 
a body surface area of 1.73 m 2. Blood pressure was measured 
with patients sitting after 10 min rest and represents the mean 
of several measurements. Glycated haemoglobin HbAlc was 
assayed by agar gel electrophoresis (Corning method', Ciba- 
Coming, Halstead, Denmark) or by an HPLC-method using a 
"Diamant"-machine (Bio-Rad, Richmond, Calif., USA). 

Eleven donors who had undergone an extensive investiga- 
tion to ensure normal renal function prior to nephrectomy 
served as a non-diabetic control group. 

Clinical details for the groups are given in Table 1. The 
mean age in the control group was higher than in each of the 
other groups. Duration of diabetes was longer in the patients 
with proteinuria compared to the normo- and microalbumin- 
uric groups. GFR was increased for the normo- and microalbu- 
minuric groups compared to both the control and the proteinu- 
ric group and blood pressure was increased in the proteinuric 
group. Only proteinuric patients were treated with antihyper- 
tensive medication. All the patients in that group had prolifer- 
ative retinopathy, whereas patients in the other diabetic 
groups at most had only background retinopathy. 

Renal biopsies. The diabetic patients underwent a percutane- 
ous renal biopsy taken using a Tru-cut or a Biopty 18-gauge 
needle under ultrasound guidance. Each biopsy was immersed 
into the fixative, 2 % glutaraldehyde in modified Tyrode buffer 
[18] and mailed in the fixative to the Electron Microcopy Lab- 
oratory in Aarhus. 

Biopsies from the control subjects were taken as a cortical 
wedge biopsy during renal transplantation. Nine biopsies 
were taken immediately after blood circulation was re-estab- 
lished in the recipient, and two were taken just before the kid- 
ney was removed from the donor. The biopsies were immer- 
sion-fixed in 2% glutaraldehyde in cacodylate buffer and 
mailed to the Electron Microscopy laboratory in Aarhus for 
further preparation. 

Cutting the tissue into small blocks, dehydration and em- 
bedding into Vestopal were carried out after a fixation time of 
3-10 days, including 1-2 days in the mail, and thereafter stor- 
age at 4 ~ Ultrathin sections were stained with uranyl ace- 
tate and lead citrate for electron microscopy. 

Morphometry 

Sampling of glomerular profiles and micrographs. From each bi- 
opsy at least three glomerular profiles were studied. The proto- 
col ensured sampling independent of glomerular size and struc- 
ture [7-9, 19] except that totally occluded glomeruli were ex- 
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Fig. 1. Foot processes with inter- 
vening slits on glomerular base- 
ment membrane. The bar illus- 
trates a site acceptable for classifi- 
cation. The classification ruler is 
shown, with total length corre- 
sponding to 105 nm. Magnification: 
121,000 x 

cluded. Width of foot processes was determined on micrographs 
at about 10,000 x magnification, obtained by systematic ran- 
dom sampling with a predetermined sampling density. This was 
obtained by moving the specimen stage of the electron micro- 
scope (Philips CM 10 Eindhoven, Holland) at fixed steps. The 
sampling fraction was approximately 25 %, providing in the or- 
der of 45-50 micrographs per profile. The sampled level within 
each glomerulus was either a random level or the largest of a 
set of three levels, the set having a random position in the glo- 
merulus. 

Determination of slit width was done at a final magnifica- 
tion of 121,000 x ,  at a random level within glomeruli. System- 
atic random placing of fields was obtained as described above, 
but at each fixed step the observer was allowed to move the 
specimen from four predetermined points (12, 9, 6, 3 
"o'clock") to the centre of the visual field. The micrographs 
were taken in the position with the largest number of filtration 
slits present in the visual field thereby ensuring unbiased sam- 
pling with high efficiency. 

Concurrently with the recordings for each glomerulus a car- 
bon grating replica with 2160 lines per mm was photographed 
to determine the actual magnification. 

Quantitation by electron microscopy. Average foot process 
width was estimated separately for mesangial and peripheral 
basement membrane surfaces as the ratio of the tuft surface 
and the length of filtration slits. The ratio equals the ratio of 
surface density/length density, using identical reference vol- 
ume; i. e., the glomerular tuft. The estimate includes the width 
of one slit, which is negligible compared with the width of 
foot processes. The grid superimposed on the micrographs con- 
sisted of a counting frame within which the transsected slits 
were counted (Q), and test points and lines for counting 
points hitting the reference space, P(tuft), and intersections 
with the surface trace (I) [20]. Surface density (Sv) equals: 

Sv(tuft/ref ) = 2 * 5" I/[(d/mag) * 37 P(tuft)] (mm -1) 

where 5" I is the total number of intersections between the sur- 
face trace and test lines, d is the actual test line length per 
point in mm. Length density (Lv) of the linear structure, the fil- 
tration slit, is estimated as 

Lv(slits/ref ) = 2 * Z Q/[A * 37 P(tuft)] (mm -2) 

where Z Q is the total number of transsected slits counted, A is 
the area corresponding to each point (A = d2/magnification2). 

Filtration slit width was classified on micrographs using a 
ruler with eight classes (Fig. 1). The measurements were per- 
formed where the distance between two adjacent foot pro- 
cesses was smallest. This level was often in between the filtra- 
tion slit diaphragm and the basement membrane. Since sec- 
tion thickness is in the same order or larger than the slit width 
"random orientation" cannot be used. When the angle be- 
tween the plane of sectioning and the slit axis diverges from 
the perpendicular the delineation is blurred and the apparent 
width cannot be determined. Therefore, only slits cut perpen- 
dicular to their long axis were selected and "true width" was 
classified. Perpendicularity was determined by the appear- 
ance of neighbouring cell membranes as distinct, three-lay- 
ered structures. On average 36 % of all slits were classifiable 
(range 22-52 %, median 36.7 %) with no differences between 
the groups. 

The total number of slits classified per biopsy varied be- 
tween 71 and 231 (median 148). Slits on peripheral basement 
membrane and on mesangium were pooled because it was im- 
possible to identify localization on most of the micrographs 
due to the high magnification. 

These measurements were done by one observer (S. F. B.) 
who was blind to the patients '  category. 

Statistical analysis 

Provided analysis of variance (ANOVA) indicated significant 
differences between groups, pairwise comparisons (corrected 
for multiple comparisons) were performed by Student-New- 
man-Keuls test and data are presented as mean and coeffi- 
cient of variation (CV). Correlations were analysed using 
least-squares regression or Spearman rank order correlation 
(BMDP, SOLO statistical system, version 3.1). 
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Fig.2. (a, b) Width of foot processes on peripheral  basement 
membrane (a) and on mesangial surface (b). ND, Non-dia- 
betic control group; diabetic groups: DNA, normal albumin ex- 
cretion; DM~, microalbuminuria; Dp, proteinuria 
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Fig.3. Width of foot processes on peripheral basement mem- 
brane vs HbAlo (r = 0.67, p < 0.05) in diabetic patients with 
normal AER 
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Fig. 4. Width of filtration slits on peripheral  basement mem- 
brane and glomerular mesangium. The groups as in Fig. 2 

Results 

Width of foot processes on peripheral basement 
membrane and on mesangium is shown in Figure 2. 
Unweighted means ANOVA tested the groups to be 
different: width of foot process on peripheral base- 
ment  membrane  (FPWpBM) p = 0.002; glomerular 
mesangium (FPWMEs) p < 0.001). Among the dia- 
betic patients the overall tendency was widening of 
foot process width in patients with increased AER.  
On the peripheral basement membrane  the increase 
was significant in microalbuminuric (DMI) patients 
compared with the patients with normal (DNA) A E R  
(DMI 442 nm (0.13) vs DNA 373 nm (0.12), p < 0.05). 
No further significant increase was observed in the 
group with proteinuria compared to the microalbu- 
minuria group. Comparing the proteinuria (D~,) 
group with the control group the increase was signifi- 
cant (Dp 478 nm (0.17) vs control 398 (0.11),p < 0,05). 
On glomerular mesangium the width of foot pro- 
cesses in the groups was as follows: control 500 nm 
(0.11), DNA 427 nm (0.22); D F 672 nm (0.20), DM~ 
503 nm (0.16), comparing proteinuric vs microalbu- 
minuric- diabetic patients the increase was signifi- 
cant (p < 0.05). Because of the skewed distribution 
log FPWME s was calculated, and comparisons be- 
tween groups were performed with geometric 
means. In both locations foot processes in the non-di- 
abetic group tended to be wider than in the group of 
diabetic patients with normal AER.  

A paired comparison in individual subjects of 
width of foot processes located on peripheral base- 
ment  membrane  and mesangium showed signifi- 
cantly wider foot processes on the mesangium in all 
of the groups (control p < 0.001, DNa p < 0.04, DMI 
p < 0.03, Dp p < 0.003). 

Width of mesangial foot processes correlated with 
logAER (r = 0.59,p = 0.012) within the combined mi- 
croalbuminuria and proteinuria group of diabetic pa- 
tients. No correlations were found when correlating 
GFR with width of foot processes in any of the loca- 
tions considering the diabetic patients all together. 
Within the diabetic normoalbuminuric group a posi- 
tive correlation between width of foot processes and 
HbA~c was observed both on the peripheral base- 
ment  membrane  (r = 0.67, p < 0.05, Fig. 3) and on the 
mesangial surface (r = 0.84, p < 0.005). All HbAlc 
measurements  were done in the same laboratory 
with the same technique. 

Width of filtration slits is shown in Figure 4. Un- 
weighted means ANOVA tested the groups to be dif- 
ferent (p < 0.002). From the normo- to the microalbu- 
minuric diabetic stage the mean filtration slit width 
was only slightly decreased but both mean widths 
were significantly higher than the width in the non- 
diabetic control subjects (DNA 18.4 nm (0.11) vs con- 
trol 14.7 (0.14), p < 0.05; DMI 17.6 nm (0.12) vs con- 
trol, p < 0.05). A significant decrease in width of ill- 



S.EBjCrn et al.: Glomerular epithelial cells in IDDM patients 

E 25 & 

"~ 20 
~9 
t -  

o 15 
t~  

10 

~= 0 
0 

� 9  

�9 % %~. �9 %�9 

I I I I 

50 100 150 200 

Glomerularfiltration rate ( m l . m i n t 1 . 7 3 m  "2) 
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Table 2. Width of filtration slits; percentage distribution in 
classes 

Class ~ ND (nm) DNA (rim) D ~  (nm) D e (nm) 

0 7.6• 5.7• 6.3• 8.3• 
1 3  20.2• b 11.5• 14.0• 19.2• c 
5-8 2.6• 5.8• 5.1• d 2.4• 

Data are mean + SD. a Classes 1-2 are the narrowest, 5-8 the 
widest slits; b ND vs DNA p < 0.02; c Dr vs DNA p < 0.02; a DM I 
vs D e p < 0.04. ND, Non-diabetic control group; DNA , diabetic 
patients with normoalbuminuria; DM,, with microalbuminuria; 
De, with proteinuria 

tration slits was found in the diabetic group with pro- 
teinuria compared to both the micro- and the normo- 
albuminuric group (D e 14.6 (0.20) v s  D N A  , p < 0.05; 
D e vs DM], p < 0.05). In the proteinuric group the slit 
width was similar to that in the control groups. 

In all of the diabetic patients slit width correlated 
with G F R  ( r=  0.65, p < 0.005, Fig.5). A weak ten- 
dency of inverse correlation with l ogAER failed to 
reach statistical significance (r = -0.43, p < 0.08). 

The percentage distribution in the lowest and the 
highest classes is shown in Table 2. Totally occluded 
slits were classified class 0. They appeared as a five- 
layered cell membrane and constituted about 7 % of 
the total number  of slits in all the groups. 

No correlation between slit width and the adjacent 
foot process width was found (r = 0.15, p = 0.17). 

Discussion 

This study demonstrates structural changes of the 
epithelial side of the glomerular filtration barrier in 
diabetic patients, demonstrable in patients with mi- 
croalbuminuria, the earliest sign of diabetic nephrop- 
athy. The changes observed in these continuous vari- 
ables are modest,  and marked overlap among groups 
is clearly present. Still, the slight widening of foot 
processes on the peripheral basement  membrane at 
the stage of microalbuminuria was present. This con- 
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trasts with results in a previous publication [12] 
which may be due to the small group of microalbu- 
minuric diabetic patients previously investigated. 

In the correlations of structural observations to 
A E R  the two groups of diabetic patients with ele- 
vated A E R  were considered separately, since they 
represent different stages in the continuum of pro- 
gressing diabetic nephropathy. In patients with nor- 
mal A E R  it cannot be predicted who might develop 
nephropathy, and who will escape this complication 
[21]. There was no obvious relationship between in- 
creasingly elevated A E R  and further widening of 
foot processes of the peripheral basement  mem- 
brane, although a positive correlation was found 
with foot processes on the mesangial surface. The ob- 
servation of wider foot processes located on glomeru- 
lar mesangium vs those on the peripheral basement  
membrane is in accord with findings in experimental 
studies with diabetic and normal rats [22, 23]. The dis- 
sociation o f  observations concerning the mesangial 
and the peripheral surface might relate to different 
functions in the filtration process at the two loca- 
tions. However,  it should be mentioned that the esti- 
mate of mesangial foot process width tends to higher 
imprecision than that of the peripheral basement  
membrane,  being based on fewer observations. The 
mesangial-urinary interface constitutes only approxi- 
mately 25 % of the total tuft surface. 

The path�9 involvement of foot processes in 
the progression of diabetic nephropathy is not clear. 
As demonstrated in our data and reported for glom- 
erulonephritis [11] widening of foot processes is not 
a necessary concomitant of increasing albuminuria. 
Changes in width might be a structural reaction to al- 
bumin escape through an abnormal basement  mem- 
brane in an attempt to maintain the functional integ- 
rity of the barrier. The changes may also to some ex- 
tent depend on the diabetic milieu especially in the 
early stage of disease as reflected in the positive cor- 
relation between foot process width and HbA~ c with- 
in the normoalbuminuric group. The results in this 
group are particularly interesting because there is no 
confounding influence of increased leakiness across 
the basement membrane.  Within the other groups of 
patients it was not feasible to test the correlation be- 
cause of the different methods of measurement.  

The observation of wider foot processes in the 
non-diabetic control subjects compared with normo- 
albuminuric diabetic patients is unexplained. The dif- 
ferences in the methods of obtaining the renal tissue 
might play a role. The fact that kidney donors were 
older, and predominantly female does not seem to 
play a role, since neither the structural parameters 
utilised in this report, nor other glomerular struc- 
tural parameters [24] showed any tendency to corre- 
lation with age or sex within the donor group. 

The mean foot process width is a fairly crude pa- 
rameter obtained by a simple measuring technique. 
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Since the distribution of foot processes is markedly 
right-skewed [22], the arithmetical mean is not the 
optimal expression. Yet the intra-group variation 
was remarkably low, and the CV (SD/mean) was 
0.11-0.17. This measure has the advantage of being 
independent of the curvature of the filtration surface 
which influences the harmonic mean obtained from 
the distribution of apparent widths [12, 13, 22] espe- 
cially on the mesangial part of the surface. As ex- 
pected, the arithmetic mean width of foot processes 
on peripheral basement membrane in human control 
biopsies estimated in this paper (400 nm) exceeds 
the harmonic mean values found in previous studies, 
the range in previous publications being 225-304 nm 
[12, 13, 221 . 

Quantitative data on the distribution of slit widths 
in human biopsies have not previously been pub- 
lished. The estimation requires sampling at a high 
magnification; a time-consuming process. The classi- 
fication of true widths provides an UNBiased esti- 
mate of widths, since the probability of perpendicu- 
lar sectioning is independent of the slit width. The ab- 
solute measures of the slit width vary with the tissue 
procurement [25]. In this investigation all of the biop- 
sies were treated in the same way except that in the 
non-diabetic control group a different buffer was 
used and the biopsies were taken under anaesthesia 
after a period of ischaemia during the transplanta- 
tion of the kidney. However, two donor biopsies 
were taken before removal of the kidney, i.e. avoid- 
ing the ischaemia period. The results in these two 
cases turned out to be in the upper and in the lower 
range of the group respectively. 

The findings in this study reveal that a widening 
of slits is definitely not the long-sought explanation 
of increased albumin leakiness in early diabetic 
nephropathy. As discussed for the foot processes 
the structural changes may also be a consequence 
of changes in the proximal part of the barrier. It is 
noteworthy that diabetic patients with advanced 
nephropathy had slit widths similar to those of the 
control group. In the diabetic milieu a widening 
may take place, which is then modified in the later 
stages of nephropathy. The external cell layer has 
been proposed to contribute markedly to hydraulic 
permeability [15] and the changes observed may re- 
late to the increased GFR in early stages of diabetes 
[26]. In the diabetic patients in this study a decrease 
in filtration slit width was observed in groups with 
an increase in A E R  and a decrease in GFR. This 
supports the notion that the filtration slit is likely to 
play a different role in the repulsion of the trans- 
glomerular flux of macromolecules and in that of 
water and solutes. 

The slit membrane has been proposed as an impor- 
tant determinant of glomerular capillary hydraulic 
permeability, representing nearly half the resistance 
to water movement  across the filtration barrier [16, 
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27]. These calculations are based on electron micros- 
copy dimensional data of glomerular basement thick- 
ness, filtration slit length density and the classic de- 
scription of the slit diaphragm as a zipper-like struc- 
ture with rectangular pores [28]. This description of 
the slit membrane remains controversial, since it 
may be an artifact caused by the tannic acid fixation 
method [29]. In this study the slit membrane usually 
was located above the site of measurement on the mi- 
crographs and no details of this structure were visible. 
The observed relationships between level of GFR 
and slit width are at variance with results obtained in 
the streptozotozin-diabetic rat. In this model of dia- 
betes a decrease in filtration slit width was observed 
in the diabetic group which presumably has higher 
GFR but also increased A E R  compared to control 
subjects (37 + 5 vs 32 + 4 ~g/min p < 0.05) (R.Rash, 
personal communication). 

Since, as in Figures 2 and 5, the changes in width of 
slits and of foot processes seem to mirror each other it 
is worth mentioning that one type of change is not 
necessarily a consequence of the other, even elimina- 
tion of all slits (to class 0) could not account quantita- 
tively for the increase in foot process width. Further, 
assuming unchanged total tuft surface, the average 
foot process width depends on total length of individ- 
ual foot processes, and the widening reflects a retrac- 
tion of foot process as the surface of the epithelial 
cells changes to a less complicated configuration. 
Still, the two types of changes observed in the pre- 
sent study may have a common denominator. Both 
structures are labile, and may change with varying 
contraction of the actin apparatus which is abundant 
in the foot processes [30]. It is remarkable that occlu- 
sion of slits was a fairly common phenomenon ob- 
served in all of the groups and therefore was not 
caused by the disease. 

The glomerular epithelial cells and the filtration 
slit membrane are coated with negatively charged 
glycoproteins rich in sialic acid [31] and one function 
of this coat material is to maintain the normal struc- 
ture [32]. Podocalyxin is the major sialoprotein of 
the rat glomerulus and its net negative charge is de- 
rived from sulphate and sialic acid residues [33]. 
Much interest in recent years has concerned loss of 
negative charges in the filtration barrier in diabetes 
[34, 35]. A reduction in the width of the filtration slit 
might theoretically derive from a progressive loss of 
negative charges which would favour the transit of a 
polyanion such as albumin across the glomerular bar- 
rier. Loss of charge selectivity and of immunohisto- 
chemically-identified negative sites of heparan sul- 
phate proteoglycans in the glomerular membrane 
have been reported in IDDM patients with pro- 
teinuria [36, 37]. These subtle biochemical changes 
in the cell environment might lead to changes in cell 
shape and cell-to-cell distances as reported in the pre- 
sent study. 
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