Diabetologia (1995) 38: 161-172

Diabetologia

© Springer-Verlag 1995

Selective proteinuria in diabetic nephropathy in the rat is
associated with a relative decrease in glomerular basement

membrane heparan sulphate

J. van den Born', A. A. van Kraats', M. A. H. Bakker!, K. J. M. Assmann?, L. P.W. J. van den Heuvel’, J. H. Veerkamp®*,

J.H.M.Berden!

! Department of Nephrology, University Hospital St. Radboud, Nijmegen, The Netherlands
2 Department of Pathology, University Hospital St. Radboud, Nijmegen, The Netherlands

3 Department of Pediatrics, University Hospital St. Radboud, Nijmegen, The Netherlands

* Department of Biochemistry, University of Nymegen, Nijmegen, The Netherlands

Summary In the present study we investigated
whether glomerular hyperfiltration and albuminuria
in streptozotocin-induced diabetic nephropathy in
male Wistar-Miinich rats are associated with changes
in the heparan sulphate content of the glomerular
basement membrane. Rats with a diabetes mellitus
duration of 8 months, treated with low doses of insu-
lin, showed a significant increase in glomerular filtra-
tion rate (p <0.01) and effective renal plasma flow
(p < 0.05), without alterations in filtration fraction or
mean arterial blood pressure. Diabetic rats devel-
oped progressive albuminuria (at 7 months, diabetic
rats (D): 42+ 13 vs control rats (C): 0.5+ 0.2 mg/
24 h, p <0.002) and a decrease of the selectivity in-
dex (clearance IgG/clearance albumin) of the pro-
teinuria (at 7 months, D: 0.20 + 0.04 vs C: 0.39 + 0.17,
p <0.05), suggesting loss of glomerular basement
membrane charge. Light- and electron microscopy
demonstrated a moderate increase of mesangial ma-
trix and thickening of the glomerular basement mem-

brane in the diabetic rats. Inmunohistochemically an

increase of laminin, collagen I and IV staining was
observed in the mesangium and in the glomerular
basement membrane, without alterations in glomeru-
lar basement membrane staining of heparan sulphate
proteoglycan core protein or heparan sulphate.
Glomerular basement membrane heparan sulphate

content, quantitated in individual glomerular ex-
tracts by a new inhibition ELISA using a specific
anti-glomerular basement membrane heparan sul-
phate monoclonal antibody (JM403), was not altered
(median (range) D: 314 (152-941) vs C: 262 (244
467) ng heparan sulphate/mg glomerulus). However,
the amount of glomerular 4-hydroxyproline, as a
measure for collagen content, was significantly in-
creased (D: 1665 (712-2014) vs C: 672 (515-
1208) ng/mg glomerulus, p <0.01). Consequently, a
significant decrease of the heparan sulphate/4-hy-
droxyproline ratio (D: 0.21 (0.14-1.16) vs C: 0.39
(0.30-0.47), p <0.05) was found. In summary, we
demonstrate that in streptozotocin-diabetic rats
glomerular hyperfiltration and a progressive, selec-
tive proteinuria are associated with a relative de-
crease of glomerular basement membrane heparan
sulphate. Functionally, a diminished heparan sul-
phate-associated charge density within the glomeru-
lar basement membrane might explain the selective
proteinuria in the diabetic rats. [Diabetologia (1995)
38: 161-172]
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Heparan sulphate (HS) is the anionic glycosami-
noglycan side chain of heparan sulphate proteogly-
can (HSPG), the major proteoglycan present in the
glomerular basement membrane (GBM) [1, 2].
Strong evidence indicates that this proteoglycan
plays an important role in the maintenance of the
charge-selective permeability properties of the glom-
erular capillary wall by electrostatic repulsion of an-
ionic plasma proteins, especially albumin. This is
clearly demonstrated by studies eliminating the pres-
ence or charge of GBM HS by heparitinase perfu-
sion of the kidneys [3], intrarenal or intravenous in-
jection of cationic probes [4-7] or antibodies against
HS [8], all leading to an increased permeability of
the GBM for albumin.

Diabetic nephropathy ultimately develops in 30—
40 % of patients suffering from insulin-dependent di-
abetes mellitus (IDDM). Since diabetic nephropathy
is initially characterized by microalbuminuria [9, 10],
the significance of GBM HSPG for its development
has been analysed in several studies. Moreover, the
altered selectivity index of the proteinuria in pa-
tients with “incipient” diabetic nephropathy [11-14]
suggested a decreased charge-dependent permeabili-
ty of the GBM. Studies in humans revealed a relative-
ly decreased content of HS and HSPG within the
GBM of kidneys from IDDM patients [15-17]. A re-
cent study using the cationic probe cuprolinic blue
demonstrated a reduction of HS-associated anionic
sites within the GBM, which was inversely correlat-
ed with the degree of albuminuria [18]. We found a
decreased staining for HS in the GBM in kidney bi-
opsies from diabetic patients, which correlated with
the fractional protein excretion, whereas the GBM
staining for the core protein of HSPG was unaltered
[19, 20]. Others, however, found a decreased GBM
staining for the core protein of HSPG in diabetic kid-
neys [21, 22]. Because of the limitations of the study
of human material, investigations were also per-
formed in experimental models of diabetic nephropa-
thy. Most of these studies have been done on the
streptozotocin (STZ)-induced diabetes model in the
rat. Biochemical quantitation of HS in the GBM, in
glomeruli or in renal cortex revealed a decreased
[23-26] or unaltered [27, 28] HS content in rats with
STZ-induced diabetic nephropathy. Others studied
HS synthesis in GBM or glomeruli by in vivo *S-sul-
phate incorporation, which revealed either a de-
creased [25, 26, 29] or normal [30, 31] synthesis of
HS. Studies using ex vivo (isolated perfused kidney)
or in vitro (short-term culture of glomeruli) *S-sul-
phate incorporation suggest a decreased HS synthe-
sis [32, 33], although this was not been found by all in-
vestigators [30]. A clear interpretation of these re-
sults is hampered by the use of different rat strains,
differences in diabetes duration, the absence or in-
complete description of the development of a pro-
gressive diabetic nephropathy, and most importantly
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by the use of different techniques to evaluate the HS
content, which are not specific for HS. A disadvan-
tage of the incorporation studies is related to the
rather indirect method used to identify the individu-
al GAGs by either glycosaminoglycan-degrading en-
zymes, or nitrous acid treatment. In addition, one
should realize that the rate of HS synthesis yields no
information about the actual glomerular HS content,
and that the proteoglycan synthesis of isolated glom-
eruli in tissue culture is very different from that in
vivo [34].

Aside from structural GBM alterations, STZ-dia-
betic nephropathy is also characterized by an in-
creased glomerular filtration rate (GFR) and an in-
creased glomerular capillary pressure [35]. The sig-
nificance of these altered renal haemodynamics is
clearly demonstrated by intervention studies intend-
ed to prevent these haemodynamic changes, by re-
ducing protein intake or by inhibition of the angio-
tensin-converting enzyme, which lead to a preven-
tion or retardation of the progression of DNP [36-
38]. It is possible, therefore, that structural altera-
tions in the glomerular capillary wall might be relat-
ed to the changes in renal haemodynamics. Recent-
ly, we described a monoclonal antibody (mAb)
against GBM HS [8]. Using this mAb, we developed
a sensitive inhibition ELISA, that enables us to spe-
cifically quantitate GBM HS in glomerular extracts
of individual rats. This method circumvents labori-
ous biochemical purification procedures, which have
the disadvantage of considerable loss of HS during
the procedure. Furthermore, based on the exclusive
specificity of the mAb JM-403 for GBM-associated
HS, the assay is not influenced by the contamination
of HS derived from resident glomerular cells, which
represents 80 % of glomerular HS [2]. Also, this
method does not need the differentiation of HS
from other GBM-associated GAGs by GAG-de-
grading enzymes. In the present study we used this
specific HS quantitation technique to investigate
whether changes in GFR and urinary protein excre-
tion are associated with changes in GBM HS con-
tent in the STZ-induced diabetic nephropathy in the
rat.

‘Materials and methods

Induction of diabetes and insulin treatment. Diabetes was in-
duced in 15 overnight-fasted male Wistar-Miinich rats (Jack-
son Laboratory, Bar Harbor, Me., USA) of 150 g body weight
(BW) by intravenous injection of 55 mg STZ/kg BW, freshly
prepared in 0.1 mol/! citrate buffer (pH 4.5), 25 mg/ml. Ani-
mals were treated three times a week (Monday, Wednesday,
Friday at 17.00 hours) with a low dose (1.2 IU) of bovine insu-
lin (Ultralente; Novo, Copenhagen, Denmark) to maintain
blood glucose levels around 25 mmol/l. Time-and and age-mat-
ched rats (n = 5) that did not receive STZ served as controls. In
two pilot experiments (see Results) the influence of insulin
therapy was investigated.
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Longitudinal study during 8 months. Diabetic (n = 15) and con-
trol (n = 5) rats were followed for 8 months. Every 6 weeks an-
imals were placed in metabolic cages to determine the urine
production (ml/24 h), and the albumin and IgG excretion
(mg/24 h). Urinary and serum albumin concentrations were
determined by rocket immuno-electrophoresis according to
Laurell [39] using goat anti-rat albumin and rat albumin as a
standard (both from Nordic, Tilburg, The Netherlands). Uri-
nary and serum IgG concentrations were determined in a cap-
ture ELISA as described [8], using rat IgG, 2-2000 ng/ml as a
standard (Nordic). From these values the selectivity index of
the proteinuria (clearance IgG/clearance albumin) was calcu-
lated. BW was determined every week, and blood glucose ev-
ery month by Haemo-Glukotest 1-44R (Bochringer, Mann-
heim, Germany). Every 6 weeks GFR was calculated from
the plasma disappearance rate of >'Cr-EDTA according to Pro-
voost et al. [40], based on a single, timed (60 min) blood sam-
ple after a single i.v. injection of ¥Cr-EDTA. The distribution
volume of this tracer could be influenced by the disease state.
However, in a short-term (2-7 weeks) STZ-diabetes study in
the rat this alteration was negligible [41].

Renal clearance studies. Eight months after induction of diabe-
tes, renal haemodynamics (effective renal plasma flow (ERPF)
and GFR) were measured in 13 diabetic and 5 control rats
(2 diabetic rats died just before these measurements) and
thereafter kidneys were removed for histology and biochemi-
cal analysis. To this end rats were anaesthetized by Inactin
(Byk Gulden, Konstanz, Germany) (control rats, 140 mg/kg
BW; diabetic rats, 110 mg/kg BW) and placed on a heated pad
which maintained rectal body temperature between 37 and
38°C. The left femoral artery was cannulated for continuous
measurement of arterial blood pressure and blood sampling.
Tracheotomy was performed. Determination of renal function
was done by a single intravenous injection of 0.2 ml saline con-
taining a cocktail of 2 pCi I-hippuran (to measure ERPF)
and 10 uCi !Cr-EDTA (to measure the GFR). Blood samples
were taken 5, 10, 20, 30, 40 and 60 min after injection. ERPF
and GFR were calculated by the disappearance rate of both
tracers from the circulation according to van Lambalgen et al.
[42] with minor modifications. GFR values calculated by this
method (based on six blood samples) correlate well according
to the method of Passing and Bablok [43] with the GFR val-
ues obtained by calculation based on only the 60-min blood
sample as described above (r*=0.94 for diabetic rats and
r2=0.99 for control rats), although the one blood sample cal-
culation method yielded somewhat lower GFR values in both
control and diabetic animals. All clearance studies were per-
formed 16 h after insulin administration the evening before.

Renal histology. After the clearance study, kidneys were re-
moved, decapsulated and weighed. Small pieces of renal tis-
sue were snap-frozen in liquid nitrogen for immunofluores-
cence, or immersed in paraformaldehyde-lysine-periodate fix-
ative for electron microscopy or in Bouin’s fixative for light mi-
croscopy (PAS and methenamine silver staining). Paraformal-
dehyde-lysine-periodate fixed renal tissue from eight diabetic
and five control rats, was processed for electron microscopy.
From each rat, three glomeruli were examined and 35 photo-
graphs of cross-sectioned GBM loops with a final magnifica-
tion of 20,000 x were taken per animal. GBM width was calcu-
lated with the aid of a VIDAS computerized image processor
(Kontron Inc., Miinchen, Germany), and was derived from
GBM area divided by GBM length. The GBM length was ob-
tained by measuring the lengths of the lines delineating both
sides of the GBM from epithelium and endothelium divided
by two. Indirect immunofluorescence was performed on 2-um
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cryostat sections of the rat kidneys as described previously [8]
using the following antibodies: goat anti-human GBM HSPG
core protein [44], diluted 1:200; mouse anti-GBM HS mAb
JM-403 [8], 1:500; rabbit anti-rat L.2-laminin, 1:500; goat
anti-collagen IIT (Sanbio, Uden, The Netherlands); and affini-
ty purified goat anti-collagen IV (al/02; Southern Biotechnol-
ogy Associates, Birmingham, Ala., USA), 1:200. As secondary
antibodies we used FITC-labelled rabbit anti-goat IgG (Dako,
Glostrup, Denmark), 1:500; FITC-labelled goat anti-mouse
IgM (Fc) (Nordic), 1:100 and FITC-labelled goat anti-rabbit
IgG (Kallestad, Chaska, Minn., USA}, 1:500. In control exper-
iments the FITC-labelled secondary antibodies were applied
to the sections without prior primary antibody incubation.

Direct immunofluorescence was performed using FITC-la-
belled affinity purified goat anti-rat IgG (heavy and light
chain; Jackson, West Grove, Pa, USA), 1:50; FITC-labelled
rabbit anti-rat C3 (Nordic), 1:75; and FITC-labelled rabbit
anti-human fibrin (Dako), 1:400. Sections were examined on
a Zeiss Axioskop microscope equipped for fluorescence mi-
Croscopy.

Determination of glomerular HS and 4-hydroxyproline content.
Glomeruli from individual rats were isolated from renal tissue
(1.5 kidney/rat) by the differential sieving technique accord-
ing to Meezan et al. [45] using 150, 105 and 53 mesh sieves.
The glomeruli remaining on the 53 mesh sieve were harvested
with a purity of more than 90 %. Glomeruli were counted,
weighed after centrifugation and after a 30-s sonication on ice
(using a Soniprep 150, amplitude at 10 (one third of maximal
power) ) extracted overnight at 4°C in 50 mmol/l sodium ace-
tate buffer (pHS5.8) containing 4 mol/l guanidine HCI,
10 mmol/l EDTA and 1 mmol/l PMSF (100 ul extraction buf-
fer/25 mg wet weight glomeruli). After centrifugation, the su-
pernatant was taken for GBM HS determination and the re-
maining pellet was used to measure the 4-hydroxyproline con-
tent (representative for collagen) according to Berg [46].

GBM HS concentrations were determined in an inhibition-
ELISA, using mAb JM-403, directed against rat GBM HS [8].
Polystyrene flat-bottom microtitre plates (Nunc maxisorp; Gi-
bco, Breda, The Netherlands) were coated overnight at room
temperature with 50 ug HS/ml (Seikagaku, Tokyo, Japan),
100 pl/well in phosphate buffered saline (PBS). After washing
with PBS containing 0.05 % Tween-20 (PBS-T), plates were
blocked for 2 h at room temperature by PBS containing 1%
gelatin, 120 pl/well. Thereafter, the plates were washed and
glomerular extracts, in a dilution range from 1:250 to 1:4000
in PBS-T and pre-incubated for 2 h with a 1:50000 dilution in
PBS-T of JM-403, were transferred to ELISA plates and incu-
bated for 1 h at room temperature. After washing, a 1:1000 di-
lution in PBS-T of peroxidase labelled affinity purified goat
anti-mouse IgM (Fc) (Southern Biotechnology) was added to
the plates, 100 pl/well and incubated for 1 h at room tempera-
ture. Thereafter the plates were washed and 100 ul substrate
solution/well were added. The freshly prepared substrate solu-
tion contained 75ug 3,3,5,5 tetramethylbenzidine (Sigma,
St. Louis, Mo., USA) and 1 ul 30 % H,0,/ml 0.1 mol/l sodium
acetate buffer (pH 5.5). Reaction was stopped after 30 min
with 2 mol/l H,SO, and absorption was measured at 450 nm us-
ing a Titertek multiscan. Bovine kidney HS (Seikagaku), 2—
2000 ng/ml was used as standard. Percentage inhibition was
calculated as [1-(A450 + inhibitor/A450 — inhibitor) ] x 100 %.
From the 50 % inhibition value the glomerular HS content
was calculated, compared to the standard curve. The intra-
and inter-assay coefficients of variation were 15.8% and
20.3 %, respectively.
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Table 1. Influence of 15 weeks insulin therapy on blood glucose, GFR and albuminuria in STZ diabetes in rats (means + SD or me-

dian values and range)

Experiment 1

Experiment 2

Diabetic rats Control rats Diabetic rats Control rats

No insulin No insulin Low insulin High insulin No insulin

(n=11) (n=238) (n=4) (n=4) (n=17)
Blood glucose (mmol/l) 266142 45104 21.1 £1.3b¢ 82+22 52103
GFR (ml/min) 2.65+031 2.44+£0.28 3.65+0.32° 3.16 £ 045 2.82+0.16
Albuminuria (mg/24 h)® 1.3 (0.5-6.0)* 0.4 (0.3-0.6) 4.6 (1.4-14.5)b° 0.4 (0.3-0.6)* 0.9 (0.7-1.2)

* Diabetic vs control p < 0.001; ®low insulin vs control p < 0.01; °low insulin vs high insulin p < 0.05; ¢ high insulin vs control

p <0.05; ° median value and range

Statistical analysis

For statistical analysis the Wilcoxon’s test was used. Probabili-
ty values p < 0.05 were regarded as significant. Values are ex-
pressed either as means + SD or as medians and range if not
normally distributed.

Results

Influence of insulin regimen of GFR and albuminuria.
In two 15-week pilot experiments, we investigated
which insulin regimen should be chosen to induce de-
velopment of diabetic nephropathy. From Table 1, ex-
periment 1, it becomes clear that diabetic rats with-
out insulin therapy demonstrate high blood glucose
levels, while the GFR was not significantly different
from controls and albuminuria was significantly high-
er than controls but considerably lower than animals
treated with a low dose insulin (experiment 2). Treat-
ment with low doses of insulin (mean 1.2 IU/day) re-
sulted in only a slight reduction of the blood glucose
levels, but in a clear increase of the GFR and a much
higher degree of albuminuria (Table 1, experiment 2
compared to experiment 1). An optimal metabolic
control (high insulin in Table 1; mean 3.2 IU insulin/
day) almost completely prevented these alterations,
GFR was normal and albuminuria was even signifi-
cantly lower than that in control rats. These results
underline the importance of a low-insulin regimen to
study hyperfiltration-related events in the STZ diabe-
tes model in the rat.

Longitudinal study during 8 months of diabetes. Dia-
betic (n = 15) and control rats (n = 5) were followed
for a period of 8 months for morning blood glucose,
BW, GFR, urine production and albuminuria
(Fig.1). Diabetic rats showed significantly increased
blood glucose levels, fluctuating around 25 mmol/l,
whereas the control rats remained at a constant
blood level of 5 mmol/l (Fig.1A). The diabetic ani-
mals gained significantly less weight compared to
their litter mates (Fig.1B). Whereas the control rats
reached about 350 g BW at 32 weeks, the diabetic

rats remained at a maximal BW of around 230 g
from 18 weeks onwards. GFR was measured five
times during the observation period. Figure 1 C clear-
ly demonstrates that at each time point the GFR in
the diabetic rats was significantly higher compared
to the values found in the control rats. With time, the
GFR increased in both the control and diabetic rats
due to an increase in BW [40]. For that reason we cor-
rected the GFR for BW as shown in Figure 1D, which
shows that this corrected GFR was stable during the
study period. Furthermore, these results clearly indi-
cate glomerular hyperfiltration directly after the on-
set of diabetes. As can be seen in Figure 1 E, diabetic
rats had a significantly higher diuresis than the con-
trol rats. At the same time, diabetic rats developed a
progressive albuminuria rising to 42mg/24h at
29 weeks (Fig. 1F), whereas the control rats demon-
strated a constant basal urinary albumin excretion
ranging from 0.2-0.5 mg/24 h. To investigate possible
alterations in the charge-dependent permeability of
the glomerular capillary wall, we calculated the selec-
tivity index of the proteinuria (clearance of IgG di-
vided by the clearance of albumin) at 16, 22, and
29 weeks after diabetes induction. The results dem-
onstrate a decreasing selectivity index in the diabetic
rats in course of the disease. This index is significant-
ly different from the control rats at week 29 (Fig.2).
These latter results suggest a progressive disturbance
in the charge-dependent permeability in diabetic
rats, possibly resulting from an increasing loss of neg-
ative charge from the glomerular capillary wall. The
data indicate the development of a progressive, selec-
tive albuminuria in association with a glomerular hy-
perfiltration, which is already present soon after in-
duction of diabetes.

Renal clearance studies after 8 months of diabetes. Af-
ter 8 months of diabetes renal haemodynamics were
studied in more detail including estimation of the
ERPF. The results in Table 2 show a significant in-
crease in GFR and ERPE, that becomes even more
significant after correction for BW. At the same time
no differences were seen in mean arterial pressure
and filtration fraction between the two groups. Kid-
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weight (D), diuresis (E) and albuminuria (F). Significance

abetic (D*) and control (Cs) rats were followed for blood glu- of differences between groups *p<0.05, **p<0.01,
cose (A), body weight (B), GFR (C), GFR corrected for body *rk p < 0.002
Table 2. Blood glucose, renal haemodynamics and kidney weight after 8 months of diabetes (mean + SD)

Diabetic rats (n = 13) Control rats (1 = 5) p-value
Blood glucose just before clearance (mmol/l) 2361023 46103 <0.002
GFR (ml/min) 416+0.81 3.06 £0.40 <0.01
GFR/BW (ml/min x 100 g BW) 1.69+0.24 0.84 £ 0.06 <0.002
ERPF (ml/min) 972+1.34 7.92+1.28 <0.05
ERPF/BW (ml/min x 100 g BW) 3.99+0.58 217+0.24 < 0.002
Filtration fraction 0.43+0.08 0.39£0.04 NS
Mean arterial pressure (mm Hg) 146 + 11 145+ 8 NS
Wet weight kidneys (g) 3.26+£0.23 2224018 <0.002
Wet weight kidneys/BW (/100 g BW) 1341011 0.61 £ 0.02 <0.002
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rats (C—@-); however a significant decrease was found in the
diabetic rats (D—+—), suggesting loss of negative charge from
the glomerular capillary wall

neys of the diabetic rats are significantly enlarged as
demonstrated by the difference in wet weight of the
kidneys, which is even more evident after correction
for BW.

Histology. Light microscopy demonstrated a moder-
ate increase of the mesangial matrix in the glomeruli
of most diabetic rats (Fig.3 A and B). In addition, in
all diabetic animals focal, segmental hyalinosis, scle-
rosis and adhesions to the Bowman’s capsule were

tes-induced increase in mesangial matrix. Magnification x 540
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observed. Hyalinosis was predominantly subendothe-
lial and often found to be associated with splitting of
the GBM. In all diabetic rats, a focal mesangial depo-
sition of foamy material was observed. None of these
alterations were seen in the control animals. Direct
immunofluorescence showed positivity for Ig of the
hyaline deposits, but almost no C3 and fibrin (not
shown). Measurements of the GBM width on elec-
tron microscopy demonstrated a thickened GBM in
the diabetic rats (D: 281+£32 vs C: 239+ 14 nm;
p <0.05). To evaluate semiquantitatively possible al-
terations in glomerular extracellular matrix compo-
nents, kidney cryostat sections were stained for the
core protein of HSPG and HS, collagen III and IV,
and laminin. Representative examples are shown in
Figures 4 and 5. In control rats the glomerular stain-
ing for laminin is weak compared to tubular base-
ment membrane staining, and is predominantly locat-
ed in mesangial regions (Fig.4 A). However, in dia-
betic rats we observed a clear increase of the glomer-
ular staining for laminin, not only in the mesangium,
but also very prominently along the GBM (Fig.4B).
With the antibodies against collagen IV (al,a2) used
in this study we observed predominantly a mesangial
staining pattern in normal rats (Fig.4C), that in-
creased slightly in diabetic rats, not only in the me-
sangium but also in the GBM (Fig.4 D). Collagen II1
had a very low expression in the mesangium of con-
trol rats (Fig.4E), which increased in diabetic rats
both in the mesangium and the GBM (Fig.4F). The
core protein of HSPG is abundantly present in the
GBM and to a lesser extent in the tubular basement
membrane as described [8]. No differences could be
observed between control (Fig.5 A) and diabetic rats
(Fig.5B). MAb JM-403 directed against the HS-side
chains of HSPG showed an intense linear staining of

F

) and a diabetic (B) rat. Note the diabe-
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Fig.4. (A-F) Glomerular staining of laminin, and collagen IV
and ITI by indirect IF. Cryostat sections of control rats (A,C
and E) and diabetic rats (B,D and F) were stained for laminin

the GBM and of the basement membranes around
vascular smooth muscle cells and a weak staining of
the tubular basement membranes as previously re-
ported [8]. No differences could be observed be-
tween control (Fig.5C) and diabetic rats (Fig.5D).

(A and B), collagen IV (C and D), and collagen III (E and F).
Note the increase of laminin and both collagens in the me-
sangium and the GBM in the diabetic rats. Magnification x 350

These semiquantitative immunofluorescence results
demonstrate an increase of the extracellular matrix
proteins laminin, collagen III and IV in the me-
sangium and the GBM, without obvious alterations
in HSPG core protein and HS staining.



Fig.5. (A-D) Glomerular staining of HSPG-core protein and
HS by indirect immunofluorescence. Cryostat sections of con-
trol rats (A and C) and diabetic rats (B and D) were stained
for HSPG-core protein (A and B) and HS (C and D). No alte-

Glomerular HS and 4-hydroxyproline determination.
In order to measure GBM HS content more precise-
ly, glomerular guanidine extracts of individual rats
were analysed with an inhibition-ELISA using anti-
HS mAb JM-403. HS content was calculated based
on the standard HS curve of the same microtitre
plate. Figure 6 shows a typical standard HS curve
and one example of a glomerular extract. Extraction
buffer alone in the same dilution range did not inhib-
it at all. The guanidine extraction liberates 85 % of
the total glomerular HS content, since alkaline boro-
hydride treatment of the pellet, obtained after guani-
dine extraction, contained 15 % of the HS content
present in whole glomeruli treated with alkaline
borohydride. The glomerular pellet obtained after
guanidine extraction was used to measure glomeru-
lar 4-hydroxyproline content. In pilot experiments,
we found that 93 % of the total glomerular hydroxy-
proline is still present in the pellet, indicating that
guanidine treatment of glomeruli is very ineffective
in solubilizing collagens, as was also indicated by oth-
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rations were observed in GBM staining for the HSPG-core
protein and HS. Sometimes HS staining of Bowman’s capsule
was interrupted in diabetic rats (D). Magnification x 350

100 ~

80 4

60 H

% Inhibition

40

20 +

O LLLALLALLE T rrrmm T T 1 T TrmT
1 10 100 1000 10000

Concentration HS (ng/mi)

or 1/extract dilution-10E™®
Fig.6. Example of HS quantitation in the inhibition ELISA.
Measurement of a representative glomerular guanidine ex-
tract, diluted 250-4000 times (—+—), and extraction buffer in
the same dilution range (-[_]-). GBM HS content was calculat-
ed based on the HS standard in the same ELISA plate (- ®-).
The sensitivity of the assay is around 25 ng HS/ml, 50 % inhibi-
tion around 100 ng HS/ml
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ers [16]. No differences in the extraction efficiency of
HS and 4-hydroxyproline were found between con-
trol and diabetic rats (data not shown). Figure 7
shows for control (n =5) and diabetic (n = 13) rats
the glomerular HS content (A), 4-hydroxyproline
content (B), and the HS/4-hydroxyproline ratio (C).
The results showed no alterations in absolute HS con-
tent (median (range) D: 314 (152-941) vs C: 262
(244-467) ng HS/mg glomeruli). Expression of the
glomerular HS content per 1000 glomeruli or per mg
glomerular protein did not demonstrate significant
differences between diabetic and control rats (not
shown). The glomerular hydroxyproline content was
significantly higher in diabetic rats (median (range)
D: 1665 (712-2014) vs C: 672 (515-1208) ng hydrox-
yproline/mg glomerulus, p < 0.01) and consequently
the HS/4-hydroxyproline ratio was significantly de-
creased in diabetic rats (median (range) D: 0.21
(0.14-1.16) vs C: 0.39 (0.30-0.47), p < 0.05).

Discussion

In this study we analysed whether albuminuria and
renal hyperfiltration in STZ-diabetic rats are associ-
ated with changes in the amount of GBM HS. For
this purpose, we developed a new immunochemical
HS-assay, using mAb JM-403 directed against GBM
HS [8]. This assay offers several advantages com-
pared to the classic biochemical HS determinations
as outlined previously.

From the experiments with different degrees of
glycaemic control it becomes clear that high insulin
treatment leading to blood glucose levels between 5
and 10 mmol/l prevents the development of albumin-
uria and an increased GFR. Treatment with low doses
of insulin leading to blood glucose levels between 20
and 25 mmol/l is associated with a clearly elevated
GFR and a pronounced albuminuria, in contrast to
untreated diabetic animals. In this group the GFR
was not elevated and the observed albuminuria was
clearly lower. This suggests that an increased GFR is
a major determinant for the glomerular injury as pre-
viously suggested [36]. It also confirms that hyperfil-
tration is not only the direct consequence of a high
blood glucose [35, 47]. Also, Allen and co-workers
[48] found that the GFR in untreated STZ-rats was
nearly normal, while it was clearly elevated in ani-
mals treated with moderate doses of insulin. Based
on these results, we performed a longitudinal study
for 8 months, in which we treated the diabetic rats
with low doses of insulin and measured the GFR re-
peatedly in the same animals. From both the GFR
measurements during the study period as well as
from the more precise measurements at 8 months it
becomes clear that this parameter increases quickly
after diabetes induction and remains elevated during
the whole observation period. The observed altera-
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Fig.7. (A-C) Measurements of glomerular HS, 4-hydroxypro-
line and their ratio. HS content (A), 4-hydroxyproline content
(B) and the HS/4-hydroxyproline ratio (C) were determined
in glomeruli from individual rats. Median values are indicated
by horizontal bars, significance between control (C) and dia-
betic (D) rats is also indicated

tions in renal haemodynamics in the diabetic rats
were not related to changes in systemic haemody-
namics, since these were not different from control
animals (Table 2).

As stated before, GBM HS is thought to play an
important role in maintaining the charge-selective
properties of the glomerular capillary wall, since its
removal or blocking leads to albuminuria. Several ob-
servations have suggested that a decrease of GBM
HS is responsible for the progressive albuminuria in
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diabetes. However, in our study we found that the ab-
solute GBM HS content is not decreased in glomeruli
of diabetic rats, but that other extracellular matrix
components were increased. This was concluded
from a number of observations: an increase in me-
sangium and GBM of laminin, and collagen III and
IV in the immunofluorescence experiments; a signifi-
cant increase in glomerular 4-hydroxyproline con-
tent; a mesangial enlargement on light microscopy;
and a significant GBM thickening on electron micros-
copy. These findings strongly suggest a relative HS
decrease, mainly due to an increase of other extracel-
lular matrix constituents as expressed by a significant
decrease of the glomerular HS/4-hydroxyproline ra-
tio in diabetic rats. This relative decrease of HS may
lead to a dilution of the negative charges within the
GBM, leading to an enhanced protein permeability
through the GBM. Our observation of a relative HS
decrease is in accordance with findings of other inves-
tigators in the same model [27, 49]. Also in a diabetic
model in the mouse [50] and in other models of glom-
erular injury, a generalized upregulation of extracel-
lular matrix constituents was not paralleled by an up-
regulation of basement membrane HSPG (reviewed
by Kopp et al. [51]). Transforming growth factor-f1
is thought to play a leading role in this process [52,
53]. In vitro studies using rat glomerular visceral epi-
thelial cells in culture demonstrated a major role for
transforming growth factor-f1 in upregulating the
production of extracellular matrix including fibronec-
tin, collagen IV and dermatan sulphate proteoglycan
(biglycan), without influencing HSPG production
[54]. The reduced HS and HSPG concentrations
found in human diabetic GBM, expressed as hexu-
ronic acid residues/1000 amino acid residues [15] or
ug HSPG/mg GBM [16] or as the number of anti-
HSPG immunogold particles/um®* GBM [17] may
also be explained by overproduction of other extra-
cellular matrix constituents. A relative HS decrease
will result in a diminished charge density within the
GBM and may explain the development of a progres-
sive albuminuria in our rats and the declining IgG/al-
bumin selectivity index. This latter finding is in
agreement with observations in human incipient dia-
betic nephropathy, showing a decline in IgG/IgG4
[12, 13] or albumin/glycated albumin [14] selectivity
indices.

The HS and 4-hydroxyproline content of the GBM
in diabetic animals was compared to age-matched
control animals. However, due to the diabetic state
the diabetic animals had a lower BW than the con-
trol animals. This raises the question of whether this
lower BW may have influenced the composition of
the GBM. To rule out this possibility we should have
compared our diabetic animals with weight-matched
controls. To this end we should have taken 3-month-
old control animals. Based on data in the literature
[55] it is obvious that the amount of GBM HS de-
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creases and of collagen, increases with age. There-
fore, it can be expected that weight-matched young-
er control animals would have had even a higher HS/
4-hydroxyproline ratio. We therefore can exclude
that the observed difference in HS/4-hydroxyproline
ratios between diabetic and age-matched control ani-
mals is influenced by the lower BW of the diabetic an-
imals.

Another possibility, that we cannot rule out, is that
the HS present in the GBM of the STZ-rats is under-
sulphated. The HS-charge is mainly dependent on
the extent of sulphation, which occurs in the Golgi-
apparatus of the cell and is determined by the key en-
zyme glucosaminyl N-deacetylase [56]. A decreased
activity of this enzyme has been found in STZ-diabet-
ic rats [57-59]. Undersulphation of HS both from the
GBM [28] as well as from other tissues [60, 61] in
STZ rats has been reported. Very recently, it has
been shown that culture of mesangial cells on non-en-
zymatic glycated mesangial matrix or prolonged ex-
posure to elevated glucose leads to the production of
undersulphated proteoglycans [62]. Further structur-
al analysis of GBM HS isolated from diabetic and
control rats is needed to elucidate this point, and we
are currently adressing this issue.

Besides changes in the density or structure of HS
in the GBM other mechanisms may also play a role
in the disturbance of the filtration barrier of the
GBM in diabetic nephropathy, like the binding and
cross-linking of non-enzymatically glycated plasma
proteins to the GBM. Also basement membrane con-
stituents themselves can become non-enzymatically
glycated, thereby influencing GBM integrity [63-68].

Our results, showing no decrease of HS staining in
the GBM of STZ-diabetic rats seem to be in contrast
to our previous findings in human diabetic kidneys
[19, 20], in which GBM HS staining was significant-
ly diminished, whereas the GBM HSPG-core pro-
tein staining was unaltered. In addition, we and oth-
ers [18, 20] could demonstrate a correlation be-
tween GBM HS staining and fractional urinary pro-
tein excretion in human diabetic nephropathy. A ma-
jor difference between the studies in experimental
animals and in humans was the duration of the dia-
betes and the severity of the diabetic nephropathy.
Since the changes on light microscopy in our rats
were less severe than those observed in patients, a
decrease of the HS-epitope recognized by our mAb
JM-403 may occur predominantly in more advanced
stages of diabetic nephropathy. An alternative expla-
nation could be that the diabetic nephropathy in the
STZ-diabetes model is different in this respect to hu-
man diabetic nephropathy.

In summary, in this study we demonstrate that in
hyperglycaemic insulin-treated STZ-diabetic rats,
glomerular hyperfiltration and a progressive, selec-
tive proteinuria are associated with a relative de-
crease of GBM HS.
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