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Abstract. Morphological and morphometric studies of 
glomeruli were carried out in streptozotocin-induced 
diabetic rats using improved tissue processing and com- 
puterized morphometry. Increased mesangial matrix, oc- 
cupying the enlarged diabetic mesangium, contained an 
abundance of dark granular material in addition to the 
microfibrils which were usually found in the control glo- 
meruli. In the diabetic glomeruli, the lamina densa was 
thick and heterogeneous showing a dense layer both on 
its epithelial and endothelial aspects, and the lamina rara 
externa contained more fibrils than in control rats. De- 
tailed estimation of the absolute values of the various 
compartments of the diabetic glomeruli by using perfu- 
sion-fixed materials and a computer-assisted digitizer re- 
vealed that the volume and surface area of the mesan- 
gium were increased more extensively than those of the 
capillary; the enlargement of the mesangial-capillary in- 
terface area was the most pronounced among the mor- 
phometric changes of the diabetic glomeruli; and that 
the moderate increase in capillary volume was associated 
with an increased radius. Our quantitative results 
showed that capillaries in the diabetic glomeruli had an 
extensively wider neck which may be the first sign of 
structural damage to the glomerular tuft. 
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Introduction 

Diabetic nephropathy produces significant structural 
changes in the glomeruli which develop progressively. 
Morphological and histochemical investigations have re- 
vealed various characteristic structural and composition- 
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al changes and increased thickness of the glomerular 
basement membrane (GBM) and widening of the mesan- 
gium represent the initial structural changes in diabetic 
glomeruli (Mauer et al. 1981; Walker et al. 1992). The 
mesangium and the GBM change the composition of 
their structural proteins and accumulate circulating mac- 
romolecules non-specifically (Tisher and Hostetter 1989; 
Nerlich and Schleicher 1991 ; Kim et al. 1991). Stereolog- 
ical studies of diabetic nephropathy have revealed that 
mesangial expansion has an inverse correlation with cre- 
atinine clearance (Mauer et al. 1984) and that glomerular 
filtration rate is closely associated with the glomerular 
filtration surface (Osterby et al. 1988). These initial 
structural and compositional changes are thought to 
have pathological significance, or at least to indicate 
the degree of disease progression. 

Experiments using an animal model of diabetic neph- 
ropathy have two advantages over those on human ma- 
terial despite the fact that the animal model does not 
develop severe glomerular lesions such as nodular glo- 
merulosclerosis. First, the therapeutic effect of various 
manoeuvres can be evaluated; as an example the control 
of the blood sugar level and administration of an angio- 
tensin converting enzyme inhibitor or aldose reductase 
inhibitor are reported to prevent the progression of dia- 
betic nephropathy in part (Steffes et al. 1980; Mauer 
et al. 1989; Fujiwara et al. 1992). Second, the kidneys 
of an experimental animal can be fixed by perfusion 
which is necessary for reasonable preservation of the 
glomerular structure and geometry, allowing the abso- 
lute size of the various compartments of the glomeruli 
to be estimated. This advantage has been fully exploited 
in volume-expanded and volume-depleted rats (Elger 
et al. 1990) and in the isolated perfused kidney (Sakai 
et al. 1992). 

In this study, we employed several technical improve- 
ments to visualize and quantitate the structural changes 
in the glomeruli of diabetic rats. Perfusion-fixation with 
a pressure-control apparatus minimizes the alteration of 
glomerular geometry during fixation. By combining tan- 
nic acid and uranyl acetate staining, followed by dehy- 
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d r a t i o n  in c o l d  a c e t o n e ,  the  ex t ra -  a n d  i n t r a c e l l u l a r  f i la-  
m e n t o u s  s t r uc tu r e s  o f  the  g l o m e r u l i  h a v e  b e e n  v i sua l i zed  
m o r e  c lea r ly  t h a n  b y  the  c o n v e n t i o n a l  m e t h o d  u s ing  os- 
m i u m  t e t rox ide .  

Materials and methods 

Male Sprague-Dawley rats (7 weeks of age and about 200 g body 
weight at the start of the experiment) were rendered diabetic by 
i.v. injection of streptozotocin (STZ) (65 mg/kg body weight; Up- 
john, Kalamazoo, Mich., USA). One week after injection, the ani- 
mals with a blood glucose level above 300 mg/dl were selected 
for the present study (n = 8). Age-matched rats received i.v. injec- 
tion of saline were used as controls (n = 8). Throughout the experi- 
ments, the rats had free access to a normal rat chow and tap 
water. 

At 12 or 24 weeks after induction of diabetes, the rats (n=4 
in each diabetic and control groups) were anaesthetized by i.p. 
injection of pentobarbital (Nembutal, Abbott Laboratory, Ill,, 
USA) 25 km/kg body weight. The kidneys were fixed by arterial 
perfusion as described by Kaissling and Kriz (1982). Briefly, after 
opening the abdominal cavity, the abdominal aorta was cannulated 
with a retrograde catheter, and perfused by a fixative without pre- 
flushing with a perfusion apparatus (Kosaka Laboratory, Tokyo, 
Japan) operated at a pressure of 220 mmHg for 3 min. A fixative 
contained 2% glutaraldehyde in 0.1 M cacodylate buffer at pH 7.4. 

For light microscopic examination, the right kidney was embed- 
ded in paraffin. Sections (3 gm) were cut halfway between the two 
poles of the kidney along the corticopapillary axis and stained 
with periodic-acid Schiff. 

For electron microscopic observations, small pieces of cortical 
tissue from the left kidney were processed by a cold-dehydration 
technique for visualization of extracellular matrix and intracellular 
fibrillar structures (Sakai and Kriz 1987). After brief treatment 
with 0.1% osmium tetroxide, the blocks were stained en bloc with 
1% tannic acid and uranyl acetate successively. The blocks were 
then dehydrated in graded series of acetone at gradually decreasing 
temperature down to - 3 0  ~ C and embedded in Epon 812. Ultra- 
thin sections of the superficial cortex vertical to the kidney surface 
were cut with diamond knives, stained with uranyl acetate and 
lead citrate, and examined in a Hitachi H-500 electron microscope. 

For morphometric analysis with electron microscope, cortical 
slices of the left kidney were made from a different part of the 
left kidney and were cut into small pieces which were post-fixed 
in 1% osmium tetroxide, dehydrated in graded series of ethanol 
and embedded in Epon 812. Semi-thin sections (0.5 gm thick) verti- 
cal to the kidney surface were cut from at randomly selected blocks 
of tissue and stained with toluidine-blue. From blocks contained 
superficial cortex, glomeruli at least one tubular diameter from 
the section edge, which showed maximum radius and did not inter- 
sect the vascular and/or urinary pole, were selected for thin section- 
ing. The entire glomerulus was photographed in a Hitachi H-500 
electron microscope at a magnification of x 1500 and photomon- 
tage of x 2700 was made. Three glomeruli per animal and thus 
a total of 12 glomeruli per group, were photographed. 

Absolute sizes of the glomerular tuft and of its various compart- 
ments were estimated on the basis of combination of measurements 
both on the paraffin sections and on the electron micrographs. 

On paraffin sections, the mean glomerular tuft volume [V(T)] 
were determined in four animals of each group. The measurements 
were carried out on the superficial and midcortical glomeruli locat- 
ed at a distance less than 500 gm from the renal capsule. In each 
animal, the cross sectional areas of 100 random glomerular tuft 
profiles were measured. This was done by moving the sections 
under the microscope parallel to the kidney surface and sampling 
all glomerular profiles which appeared in the visual field. The sec- 
tions were spaced at least 150 ~tm apart to avoid measuring the 
same glomerulus repeatedly. The measurements were made em- 
ploying a semi-automatic image analysis system (IBAS, Carl Zeiss, 

Fig. 1. Electron microscopic photomontage of a 24-week-old con- 
trol glomerulus, prepared for morphometry 

Oberkohen, Germany) connected to a Zeiss photomicroscope. Out- 
lines of the profiles, as viewed on a video monitor, were traced 
on a digitizing tablet at a magnification of x 1000. The glomerular 
tuft area was defined as the minimal convex polygon circumscrib- 
ing all tuft components (capillaries, mesangium, and podocytes) 
and the narrow urinary space entrapped in the tuft area. An inde- 
pendent estimate of glomerular tuft volume, V(T), in each of the 
animals was calculated from the mean tuft area, A(T) (100 random 
profiles each), using the formula; V(T)=fl/K.A(T)/x (3/2), where 
/~ (=  1.38) represents a shape coefficient for spheres and K (=  1.1) 
is a distribution co-efficient (Hirose et al. 1982; Weibel 1979). As 
the procedure for paraffin embedding causes shrinkage of  the renal 
tissue by approximately 0.52 cm/x 3/g kidney (Bankir et al. 1988), 
the values of the glomerular volume reported were corrected for 
shrinkage. 

For stereological analysis of tuft components, electron micro- 
scopic photomontages were made at a final magnification of 
x 2700 (Fig. 1). Field areas and outline lengths of various compart- 

ments of the glomerular tuft were measured using digitizer and 
Cosmozone software (Nikon, Tokyo). To facilitate tracing of struc- 
tures with digitizer mouse, the course of the glomerular basement 
membrane (GBM), the junctions between the different subdomains 
of the GMB, and the mesangial-capillary interface were delineated 
with coloured marking pens on the micrograph before measuring. 
A total of 12 glomeruli were investigated per group, 3 glomeruli 
per animal. As a basis of further calculations, the following param- 
eters were determined. 

The length of the entire GBM and of several sub-domains of 
the GBM were determined (Fig. 2). Two main sub-divisions are 
the pericapiUary and the perimesangial GBM, which are demarcat- 
ed from each other by the mesangial angles. The pericapillary sub- 
domains is bordered by the podocyte and endothelial layer, the 
perimesangial sub-domain by podocyte and the mesangium. We 
measured the entire GBM and the pericapillary GBM; the perime- 
sangial GBM was obtained from the difference between the two. 
In addition, two sub-domains of the pericapillary GBM were sepa- 
rately recorded: the sub-domain facing the attenuated, fenestrated 
endothelium (defined as "filtering" GBM), and the GBM sub- 
domain facing endothelial cell bodies (defined as "endothelial" 
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Fig. 2. Schematic representation of different segments of glomeru- 
lar tuft. Abbreviations: a, filtering GBM; b, endothelial GBM; 
(a+b,  per• GBM); c, perimesangial GBM; d, mesangial- 
capillary interface; M, mesangial cell; E, endothelial cell 

GBM) (Fig. 2). By area analysis, the entire tuft area (corresponding 
to the convex polygon determined light microscopically), the 
GBM-included area, and the capillary luminal area including en- 
dothelium were measured. The GBM included area comprises all 
tuft components lying inside the GBM. By subtracting the capillary 
luminal area from the GBM-included area, we obtained the area 
consisting of mesangium. 

The surface density of the GBM, Sv (GBM), or its sub-domains, 
was calculated according to the formula Sv(x/glom)=4/ 
~BA(GMB/GIom), where B A w a s  the length of the GBM (or some 
sub-domains of it) divided by the GBM-included area of the same 
glomerular profile. Volume densities, Vv, of tuft compartment per 
unit GBM-included volume were also determined. 

The average diameter of capillaries (d) was derived from the 
average cross-sectional area of capillaries (A) as d=2(A/~z) 1/z. On 
the basis of the cylindrical structure of capillaries, A = V/L was 
estimated by A=Vv(capillary lumen/GBM-included volume)/ 
Lv (capillary length/GBM-included volume). Lv, the length per unit 
volume, was determined by 2 x NA, where Na was the number 
of capillary profiles per unit GBM-included area. 

Absolute values of tuft components per glomerulus were calcu- 
lated as the product of the relative structural quantities (surface 
and volume densities evaluated in transmission electron mciros- 
copy) and absolute tuft volumes determined by light microscopy 
and corrected for shrinkage, that is to say, for absolute surface 
area of GBM 

S(GBM) = Sv(GBM/GBM-included volume) 
x Vv (GBM-included volume/tuft polygon) 
x V(tuft polygon) mm 3 (from light microscopy). 
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The GBM thickness was measured directly with a scale magni- 
fying glass of x 7 magnification. The width between inner sites 
of epithelial and endothelial cell membrane in the peripheral capil- 
lary wall was measured at 1 gm intervals at the area showing or- 
thogonal cross-sections in a whole glomerulus. Orthogonal cross- 
sections were determined where the areas of the epithelial and endo- 
thelial cytoplasmic membrane were clearly visible. Average 
numbers of measurement per glomerulus were 150-200 points in 
30-40 peripheral capillary walls each rat. 

At electron microscopic level, average values based on the meas- 
urement of 3 individual glomeruli were determined for each animal. 

Blood and urine were collected before sacrifice at the end of 
12 or 24 weeks after induction of diabetes. Blood was drawn from 
the tail vein and glucose measured by an o-toluidine blue method 
(Hyvarinen and Nikkila 1962). Serum creatinine was measured by 
Jaffe method. The rats were then individually housed in metabolic 
cages for collection of 24 h urine samples. Urinary protein was 
measured by Tonein TP Kit (Coomassie brilliant blue G-250, Ot- 
suka Pharmacy, Tokyo, Japan) (Nakamura et al. 1991). 

Results are expressed as the median and the mean • SE. Group 
differences were assessed by Mann-Whitney U-test (StatView 4.0, 
Abacus Consepts, Berkeley, Calif., USA). Significant difference 
was considered to be p < 0.05. 

Results 

The b o d y  weight  and  b iochemica l  d a t a  indica te  tha t  d ia-  
bet ic  n e p h r o p a t h y  had  deve loped  by  12 weeks and  h a d  
p rogressed  by  24 weeks af ter  the in jec t ion  o f  STZ (Table 
1). The  re la t ive  loss o f  b o d y  weight  in the d iabe t ic  ra ts  
a m o u n t e d  to a b o u t  50% in the 12 week o ld  g r o u p  and  
to a b o u t  40% in the 24 week  o ld  g roup ,  due to  s low 
weight  gain  in the d iabe t ic  an imals .  The  average  b l o o d  
glucose o f  the d iabet ic  ra ts  was pers i s ten t ly  grea te r  t han  
500 mg/dl .  There  was no s ignif icant  difference in the 
se rum crea t in ine  levels be tween  the con t ro l  and  d iabe t ic  
rats .  A s ignif icant ly  increased  excre t ion  o f  u r i na ry  p ro -  
tein was no ted  in the  12-week-old  d iabet ic  ra ts  and  was 
even grea ter  in the 24-week-o ld  d iabe t ic  rats.  

S t ruc tu ra l  changes  in the d iabe t ic  g lomerul i ,  which  
cons is ted  o f  an en l a rgemen t  o f  the  m e s a n g i u m  and  a 
th ickening  o f  the G B M ,  were obse rved  in b o t h  the  12- 
and  24-week-o ld  d iabe t ic  rats ,  the  extent  o f  the changes  
being grea te r  in the 24-week-o ld  diabet ics .  The  enlarge-  
men t  o f  the m e s a n g i u m  is visible a t  a low p o w e r  magni f i -  
ca t ion  as a widen ing  o f  the  axia l  reg ion  o f  the  tuf t  
(Fig.  3). In  the mesang ium,  the  mesang ia l  ma t r i x  accu-  
m u l a t e d  to e x p a n d  the pe r imesang ia l  G B M  to Bow- 
m a n ' s  space. The  pe r imesang ia l  G B M  of  the  d iabe t ic  
g lomerul i  has  lost  m o s t  o f  its in fo ld ing  seen in the nor -  
ma l  g lomerul i .  The  mesang ia l - cap i l l a ry  in terface  was wi- 
dened  f rom its n o r m a l  sl im con f igu ra t i on  and  the cap• 

Table 1. Body weight and biochemical data 

12W C 12W DM 24W C 24W DM 

Body weight (g) 530 (532+ 6) 288 (284 + 14.5) a 568 (567 + 8.5) 343 (345 + 10.5) b 
Blood glucose (mg/dl) 165 (168 + 2.5) 668 (662 + 14.5) a 168 (165 • 5.5) 582 (579 + 10) b 
Serum creatinine (mg/dl) 0.9 (0.9+0.1) 1.0 (1.0+0.15) 1.0 (1.0+0.1) 1.1 (1.1 • 
Urine protein (mg/day) 9.3 (9.1 _+0.6) 15.8 (15.4• 15.3 (15.6• 47.8 (47.3 • b 

Data are expressed as the median and (the mean • SE) a different from 12W C, p < 0.01, b different from 24W C, p < 0.01 
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Fig. 3a, b. Profiles of a glomeru- 
lar capillary and the adjoining 
mesangium from a kidney of (a) 
control and (b) 24 week diabetic 
rat. a The GBM along with the 
epithelial foot processes deviates 
from its pericapillary course at 
the mesangial angle (indicated by 
arrows') to a perimesangial course. 
The perimesangial GBM covers 
mesangial cells with the interposi- 
tion of a small amount of mesan- 
gial matrix, b The glomerular 
capillary wall in the diabetic rat 
shows an increased thickness in 
the GBM. In the mesangium, the 
mesangial matrix is increased and 
widens the distance between the 
mesangial cells and the perime- 
sangial GBM. Mesangial cell pro- 
cesses (MP) between mesangial 
angles (indicated by arrows) have 
lost their contact with the GBM. 
Transmission electron micrograph 
(TEM) a, b x 8640 

laries had a wide neck in the diabetics. Both ends of  
the mesangial-capillary interface, namely the mesangial 
angles, were more distant from each other in the diabet- 
ics than in the controls. 

In the widened mesangial-capillary interface of  the 
diabetic glomeruli, mesangial cell processes occupied, in 
most cases, only a part of  the distance between the op- 
posing mesangial angles (Fig. 3). Stretched-out processes 
bridging the mesangial angles were only occasionally en- 
countered in the diabetics (Fig. 4). However, the mesan- 

gial cells in the controls frequently sent out tongue-like 
progresses which made contact with the GBM at the 
mesangial angles. 

The increased mesangial matrix of  the diabetic rats 
appeared heterogeneous with dense and light portions 
(Fig. 5). In the high power view, the matrix in the diabet- 
ics contained an abundance of  dark granular material 
in addition to microfibrils which were usually found in 
the controls. The dark granular material accumulated 
more densely in the dense portions of  the matrix. 



Fig. 4. The mesangium from a kidney of a 24 week diabetic rat. 
The increased mesangial matrix fills the major part of mesangium. 
Many mesangial processes (arrowheads') have lost their contact with 
the GBM, and are embedded in the mesangial matrix. In the 
tongue-like projections (*) at the mesangial-capillary interface 
which maintain contact with the GBM, a bundle of microfilaments 
(MF) anchors the two mesangial angles (arrows). TEM x 27000 
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The density o f  the lamina densa in the diabetic glo- 
meruli was heterogeneous and revealed dense sub-layers 
bo th  on its epithelial and endothelial  aspects (Fig. 6). 
The con tou r  o f  the epithelial side o f  the lamina densa 
was undula ted  compared  with the s traight  outline o f  
the endothelial  side. In the lamina rara  externa, fine fi- 
brils which connect  the lamina densa with epithelial foo t  
processes were more  abundan t  in the diabetic rats than  
in the control  rats. 

Morphome t r i c  data  (summarized in Table 2 and 
Fig. 7) revealed that  the enlargement  o f  the glomerulus 
in the diabetics was accompanied  by an increase in bo th  
the tuft  volume and the tuft surface area. The enlarge- 
ment  was more  extensive in the mesang ium than  in the 
capillary, and less p ronounced  in the 12 week diabetics 
than in the 24 week diabetics. 

The total  G B M  area increased by 7% in the 12 week 
diabetics and 10% (p<0 .05 )  in the 24 week diabetics. 
The increase was b rough t  about  mainly  by an enlarge- 
ment  o f  the perimesangial  G B M  area, while the pericap- 
illary G B M  area (filtering G B M  a r e a + e n d o t h e l i a l  
G B M  area) was a lmost  unchanged.  The increase in the 
perimesangial  G B M  area (24% in the 12-week-old and 
44%,  p < 0 . 0 1 ,  in the 24-week-old diabetes) m a y  have 
been par t ly  caused by a expansion o f  mesangial  matrix. 

The modera te  increase in the capil lary volume was 
associated with an increase in the capil lary surface area 
(filtering G B M  area + endothelial  G B M  a r e a +  mesan-  
gial-capillary interface area). A m o n g  the sub-domains  
o f  the capillary surface area, the mesangial-capi l lary in- 
terface area was the mos t  remarkably  enlarged. The en- 
largement  o f  the mesangial-capil lary interface area was 
mos t  p ronounced  a m o n g  the geometr ic  changes o f  the 
diabetic glomeruli,  by about  60% (p<0 .01 )  in the 12 

Table 2. Morphometric data of control and diabetic rat glomeruli 

12W C 12W DM 24W C 24W DM 

Volume (106 i.tm 3) 

Glomerular volume 
Tuft 
GBM included 

Capillary volume 
Mesangial volume 

Area (106 I.tm 2) 

Total GBM 
Filtering GBM 
Endothelial GBM 
Perimesangial GBM 
Mes.-Cap. interface 

Capillary diameter (gm) 

Capillary length (103 gm) 

GBM thickness (nm) 

1.534 (1.534-t-0.013) 
0.941 (0.954-+0.015) 

0.831 (0.834-+0.009) 
0.114 (0.119+0.007) 

0.382 (0.375 -+ 0.008) 
0.263 (0.261 +0.005) 
0.048 (0.043 -+_ 0.007) 
0.066 (0.071 -+0.004) 
0.043 (0.045 ___ 0.002) 

8.30 (8.46+0.11) 

15.61 (15.36-+1.5) 

148.2 (151.3 _+ 8.7) 

1.698 (1.686 _+ 0.007)" 
0.984 (0.977 _+ 0.012) 

0.811 (0.800+0.015) 
0.175 (0.177 -+ 0.004)" 

0.408 (0.401 -+ 0.012) 
0.275 (0.272_+0.008) 
0.051 (0.045 +0.007) 
0.082 (0.084_ 0.003) 
0.069 (0.069 _+ 0.002) a 

8.76 (8.82_0.14) b 

13.52 (13.21 +0.57) 

198.3 (195.6_+9.6)" 

1.682 (1.671 _+ 0.028) 
0.979 (0.988 -t- 0.019) 

0.880 (0.881 _+0.020) 
0.I 06 (0.106 _+ 0.006 

0.393 (0.386 _+ 0.013) 
0.283 (0.275 + 0.011) 
0.033 (0.034_+0.004) 
0.076 (0.076 _ 0.007) 
0.057 (0.058 _ 0.004) 

8.97 (8.93+0.15) 

14.25 (14.09+0.44) 

165.3 (168.0-+6.6) 

2.085 2.086-+0.011)c 
1.258 1.257 +0.027)c 

1.022 1.015 _+ 0.028)c 
0.240 0.241 +0.004)c 

0.432 (0.432 -+ 0.006) d 
0.288 (0.288 + 0.003) 
0.029 (0.028 _+ 0.003) 
0.110 (0.116+_0.007)r 
0.115 (0.115 +0.002)c 

9.45 (9.49 +0.15) a 

13.99 (14.46+0.59) 

240.6 (239.3 + 10.4)c 

Data are expressed as the median and (the mean_+ SE) 
a different from 12W C, p < 0.01, b different from 12W C, p < 0.05, o different from 24W C, p < 0.01, a different from 24W C, p < 0.05 
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Fig. 5a, b. A high power view of 
the axial region of the mesangium 
in (a) the control and (b) 24 week 
diabetic rat. a The mesangial ma- 
trix in the control rat is made up 
of a network of microfibrils 
which are seen as longitudinal- 
(large arrows) and cross-sectional 
(small arrows) profiles, b In the 
diabetic rat, granular materials of 
heterogeneous density occupy 
most part of the mesangial ma- 
trix. Cross-sectional views of mi- 
crofibrils (arrows) are scattered 
throughout these materials. TEM 
a, b x75600 

week and by 100% (p<0.01) in the 24 week duration 
diabetes. The distinct extension of  the mesangial-capil- 
lary interface area made the capillary neck in the diabet- 
ics very wide. 

Geometric changes which caused a moderate increase 
in the capillary volume were associated with an increase 
in the radius. The capillary diameter determined by as- 
suming it had a cylindrical shape was increased by mor- 
phometric estimation (5%, p < 0.05), in the 12 week and 

5%, p < 0.05, in the 24 week diabetics). The pericapillary 
GBM was thickened by 33% (p<0.01) in the 12 week 
and by 45% (p < 0.01) in the 24 week diabetic rats. 

Discussion 

This study provided new fndings by utilizing technical 
improvements in perfusion-fixation, in tissue processing, 
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Fig. 6a, b. A high power view of 
a cross section of the peripheral 
GBM from a kidney of a (a) con- 
trol and (b) 24 week diabetic rat. 
a The three layers of the GBM, 
namely the lamina rara interna, 
the lamina densa (LD), and the 
lamina rara externa, are clearly 
distinguished. In the laminae rar- 
ae, fine fibrils connect the lamina 
densa with the epithelial foot pro- 
cesses or with the endothelial 
cells. The lamina densa is com- 
posed of densely packed fibro- 
granular materials, b The GBM 
in diabetic rat is increased in 
thickness. The LD has dense sub- 
layers (indicated by arrows) on 
both its epithelial and its endo- 
thelial side. Fine fibrils in the la- 
mina rara externa (indicated by 
arrowheads) are more abundant 
than those in the control. TEM 
a, b x 75600 
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Fig. 7. Glomerular morphometric parameters expressed as relative 
values to control. Abbreviations: Cap Vol, Capillary Volume; Cap 
Surf, Capillary Surface Area; Mes Vol, Mesangial Volume; Mes 
Surf, Mesangial Surface Area; Pericap GBM, Pericapillary GBM 
Surface Area; Perimes GBM, Perimesangial GBM Surface Area; 
Mes-Cap Inter, Mesangial-Capillary Interface Surface Area 

and in morphometry. Previous morphometric investiga- 
tions have revealed several features of a diabetic glomer- 
ular lesion including an expansion of the mesangium 
and a thickening of the GBM (Steffes et al. 1980; Mauer 
etal. 1984, 1989; Osterby etal. 1988; Walker etal. 
1992). However, these studies did not give an absolute 
estimate of the dimensional changes in individual com- 
partments of the glomeruli and therefore did not allow 
one to understand the dynamics of the diabetic glomeru- 
lar lesion. 

We perfused the kidney with a pressure-control appa- 
ratus instead of by immersion-fixation. The glomerular 
geometry is controlled by a balance between the outward 
push of the blood pressure and the inward pull of mesan- 
gial contraction. In immersion-fixation, which fixes glo- 
meruli at decreased blood pressure, the glomeruli are 
usually collapsed by active and elastic contraction of 
the mesangium and the GBM, which results in a de- 
creased glomerular volume and an altered geometry. 
With perfusion-fixation using a perfusion pressure at the 
aorta approximately 50 mm Hg above the mean arterial 
pressure the glomerular volume remains almost constant 
(Miller and Meyer 1990). We operated the pressure-con- 
trol apparatus at a pressure of 220 mm Hg, which was 
the minimal pressure necessary to fix the glomeruli with- 
out collapse in a preliminary study. 

In processing the kidney tissue for transmission elec- 
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tron microscopy we employed a cold dehydration tech- 
nique which minimizes treatment with osmium tetroxide 
and increases contrast with tannic acid and uranyl ace- 
tate (Sakai and Kriz 1987). With this procedure, the 
extra- and intracellular filamentous structures were pre- 
served much better than with standard methods. Fine 
structures of the mesangial matrix and the GBM in the 
diabetic glomeruli were visualized in this study much 
more clearly than in previous studies. 

Our morphometric approach tried to estimate the ab- 
solute sizes of various sub-domains of normal and dia- 
betic glomeruli, according to the approach of Elger et al. 
(1990) and Sakai et al. (1992). Previous morphometric 
studies on diabetic glomeruli reported absolute values 
for only a few variables and did not provide the absolute 
values of the sub-domains systematically. This is neces- 
sary in order to understand fully the dynamics of the 
diabetic glomerular lesion. 

We visualized the expanded mesangial matrix seen 
in diabetic rats and found that it was composed of a 
network of microfibrils and an accumulation of dense 
granular material. The accumulated granular material 
is rarely found in normal mesangium. It may represent 
either deposition of circulating macromolecules or an 
abnormally increased extracellular matrix. Evidence fa- 
vouring the first possibility comes from immunohisto- 
chemical identification of immunoglobulin and comple- 
ment in diabetic glomeruli (Tisher and Hostetter 1989). 
Non-enzymatic glycosylation of structural and circulat- 
ing proteins might facilitate this deposition (Ziyadeh 
et al. 1989). Evidence for the second possibility comes 
from studies showing increased production and reduced 
degradation of the extracellular matrix (Ziyadeh et al. 
1989). An altered composition of structural proteins in 
the diabetic mesangial matrix is indicated by immunohis- 
tochemical studies (Kim etal. 1991; Nerlich and 
Schleicher 1991). 

Increased thickness of the GBM is one of the charac- 
teristic lesions in diabetic glomeruli. Both heterogeneous 
density in the lamina densa and increased fine fibrils 
in its lamina rara externa have been visualized for the 
first time in this study. These findings are compatible 
with previous immunohistochemical and biochemical 
studies which indicate compositional changes in the dia- 
betic GBM (Kim et al. 1991; Nerlich and Schleicher 
1991). These structural alterations in the diabetic GBM 
might be in part the basis of the increased permeability 
of circulating macromolecules in the diabetic glomerular 
capillary wall. 

Enlargement of the mesangium typical of the diabetic 
glomeruli was associated with disproportionate enlarge- 
ment of various sub-domains of the glomeruli which 
were analysed in detail in the present study. In the dia- 
betic glomeruli the mesangial-capillary interface area 
had increased dramatically, the perimesangial GBM area 
had increased slightly and the pericapillary GBM area 
remained almost unchanged. These geometric changes 
may be summarized as a widening of the capillary neck 
associated with enlargement of the mesangium. 

The degree of widening of the capillary neck in experi- 
mental models of glomerulopathy has been estimated 

quantitatively. A similar morphometric approach pro- 
viding an absolute estimate of the sub-domain areas has 
been undertaken in the sub-acute adaptation of glomeru- 
lar geometry to volume expansion and dehydration 
(Elger et al. 1990) and in glomerular failure in the iso- 
lated perfused kidney (Sakai et al. 1992). However, these 
studies did not provide evidence for an enlarged mesan- 
gial-capillary interface area. In the former study, the me- 
sangial-capillary interface area was not measured. In the 
latter study, the interface area had a tendency to increase 
with increased perfusion pressure, but the increase was 
not significant because of the small sample taken. 

Osterby and co-workers (1990) reported that there 
was a tendency toward a larger mean capillary diameter 
in diabetic patients. The present study quantified the 
increase in the capillary radius in the diabetic glomeruli. 
The enlargement of the mesangial-capillary interface is 
shown to be the primary factor involved in the increase 
of the capillary radius in the diabetics, whereas the peri- 
capillary GBM area was almost unchanged. This geo- 
metric change represents a widening of the capillary 
neck. In a recent article on glomerular structure and 
dynamics, Kriz and co-workers (1990) proposed that ca- 
pillaries with a wide neck represent the first sign of struc- 
tural damage to the glomerular tuft. It is probable that 
the widening of the capillary neck in the diabetic glomer- 
uli may have been brought about by haemodynamic 
changes such as increased glomerular capillary flow and 
pressure (Zatz et al. 1985) or by decreased contractile 
response of diabetic mesangial cell (Kikkawa et al. 1986). 

Our present study showed that the capillaries had 
widened due to enlargement of the mesangial-capillary 
interface, which would be significant as a step in the 
progression of diabetic glomerulopathy. The enlarge- 
ment of the mesangial-capillary interface area may in- 
crease the delivery of plasma protein to the mesangium 
and may in part be responsible for mesangial accumula- 
tion of macromolecules. Since filtration at the mesan- 
gial-capillary interface is non-selective (Michael et al. 
1980), plasma proteins will be delivered to the mesan- 
gium in quantities proportional to the filtration surface 
area, that is to say the mesangial-capillary interface area. 
In diabetic glomeruli with a large capillary radius, the 
same transmural pressure differences causes more dila- 
tion of the capillary wall with a resultant high wall ten- 
sion when comparied with control glomeruli (LaPlace's 
law). On the basis of the ultrastructural geometry of 
the glomerulus, wall tension in the pericapillary GBM 
is thought to be transmitted to the mesangial cells 
through connections at mesangial angles (Sakai and Kriz 
1987). It is interesting to note that increased mechanical 
stress on the cultured mesangial cells stimulates produc- 
tion of the extracellular matrix such as collagenous pro- 
teins (Harris et al. 1992). 

Similar morphometric studies in other experimental 
models of glomerulopathy would elucidate to what de- 
gree the widening of the glomerular capillary necks may 
contribute to development of the mesangial widening 
in various kidney diseases. 
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