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Summary. Albuminuria is the first clinical event in the de- 
velopment of diabetic nephropathy. We assessed glomerular 
charge- and size selectivity in 51 patients with Type i (in- 
sulin-dependent) diabetes mellitus of juvenile onset and 11 
healthy individuals. Patients were allocated to five groups. 
The urinary albumin excretion rate was normal in group D1; 
30-100 mg/24 h in group D2; 101-300 mg/24 h in group D3 
and greater than 300 rag/24 h in groups D4 and D5. Group 
D5 had elevated serum creatinine (above 110gmol/1). 
Glomerular filtration rate and renal plasma flow were deter- 
mined by constant infusion techniques and tubular protein 
reabsorption by excretion of ff2-microglobulin. Charge se- 
lectivity was estimated from the IgG/IgG4 selectivity index. 
Size selectivity was measured by dextran clearance. Dextran 
was measured by refractive index detection after fraction- 
ation (2 A fractions in the range 26-64 A_) by size exclusion 

chromatography. IgG/IgG4 selectivity index was significant- 
ly decreased in patients with albuminuria (p < 0.001). The 
drop in IgG/IgG4 selectivity index was found in patients 
with minimal albuminuria (D2) and was not accompanied 
by any changes in tubular function or glomerular haemody- 
namics. Size selectivity was significantly altered only in pa- 
tients with the most advanced nephropathy (D5) as re- 
flected by an increase in the clearance of 62 A dextran 
(p < 0.04). We conclude that loss of glomerular charge selec- 
tivity precedes or accompanies the formation of new glome- 
rular macromolecular pathways in the development of 
diabetic nephropathy. 

Key words: Diabetes mellitus, dextran clearance, IgG4, IgG, 
IgG/IgG4 selectivity index, diabetic nephropathy, tubular 
function. 

Albuminuria is the first clinical sign in patients with 
Type i (insulin-dependent) diabetes mellitus who are 
developing clinical nephropathy [1]. Albuminuria is of 
glomerular origin [2], however, the cause of increased 
glomerular albumin flux is unknown. In addition to in- 
creased intra-glomerular pressure [3], loss of glomerular 
charge selectivity [4] and altered glomerular size selec- 
tivity [5] seem also to be present in Type i diabetic pa- 
tients with advanced clinical nephropathy. We have pre- 
viously reported evidence of reduced charge selectivity at 
the onset of microalbuminuria [4]. However, in that study 
charge selectivity could be measured in less than one-half 
of our patients and the differences in the charge selectivity 
index (IgG/IgG4 selectivity index) did not reach statistical 
significance. It is also not clear whether impaired glome- 
rular size selectivity is present in diabetic patients early in 
the course of clinical nephropathy, when the glomerular 
filtration rate (GFR) is normal or only slightly decreased. 
Having improved the IgG/IgG4 measurements and estab- 
lished fractionated dextran clearance, we studied glome- 
rular size- and charge-selectivity in patients with Type i 

diabetes who had different levels of albuminuria ranging 
from normal urinary albumin excretion rate (UAE)  to 
microalbuminuria and macroalbuminuria with elevated 
serum creatinine. 

Subjects and methods 

Subjects 

The protocol was approved by the Regional Scientific Ethical Com- 
mittee and the participants gave informed consent. The study groups 
comprised 55Typel diabetic patients (groups DI-D5) and 
12 healthy control subjects (group C). Persistently elevated UAE of 
more than 30 my/24 h for more than 1 year had been noted for 42 pa- 
tients. Four subjects were excluded due to voiding problems during 
the clearance studies (one patient from group C, D1, D2 and D4, re- 
spectively) and one patient from group D1 was excluded due to tech- 
nical failure of the infusion pump. 

All patients were Caucasian and had been treated with insulin 
from the onset of diabetes before the age of 31 years. On the basis of 
serum creatinine and the median of the last three determinations of 
UAE within 12 months, the patients were allocated to one of five dif- 
ferent groups: 
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DI: U A E  < 30 rag/24 h creatinine < 110 gmol/1 
D2: U A E  30-100 mg/24 h creatinine < 110 gmolfl 
D3: U A E  101-300 mg/24 h creatinine < 110 Bmol/1 
D4: U A E  > 300 mg/24 h creatinine < 110 btmol/l 
D5: U A E  > 300 mg/24 h creatinine > 110 Bmol/1 

None of the subjects studied had known non-diabetic renal disease, 
signs of urinary tract infection or cardiac diseases. Antihypertensive 
therapy were given in 20 patients (thiazides, furosemide (18 pa- 
tients), metropolol (1 patient), and Ca 2§ antagonists (6 patients)) 
but not on the day of study. Further clinical characteristics are listed 
in Table 1. 

Experirnental protocol 

The studies were started in the morning, following an overnight fast. 
All subjects were in the supine position except when voiding. Start- 
ing i h before the study, 200 ml of tap water was given orally every 
20 min. Blood glucose was kept between 3.5 and 16 mmol/l, if neces- 
sary by i. v. injection of small amounts of insulin. After resting for 1 h, 
glomerular filtration rate (GFR) and renal plasma flow (RPF) mea- 
surements were initiated and dextran infusion was started 50 rain 
thereafter. Finally, following a 70-min equilibration period, 3-5 
timed (20 rain) urine collections were made. Venous blood samples 
were taken 7 min after each urine collection. 
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GFR and RPF 

Constant infusion of iothalamat (1.1 rag/rain Conray, 67 %; Astra- 
Meditec, Albertslund, Denmark) and aminohippurate sodium 
(PAH) (10 mg/min, 20%; Merck, Sharp & Dohme, Herlev, Den- 
mark) was started after priming (5 mg/kg of both iothalamat and 
PAH). To prevent the formation of PAH glucose adducts in urine, 
2 ml urine samples were alkalinized with 25 btl of 2 mot/1 sodium hy- 
droxide [6]. An HPLC system with an ultraviolet detector was used 
to assay iothalamat and PAH at 236 nm (UVIS 200 Linear; Mikrolab 
AS, Aarhus, Denmark). Ultra-filtrates of plasma and diluted urine 
were injected onto a reverse phase column (C-18 5 g Ultrasphere; 
Beckman, San Ramon, Calif., USA). The mobile phase was 4 % ace- 
tonitril, 10 mmol/1 trimethylamine and 10 mmol/1 phosphoric acid 
pH 3.0 at a flow rate of 0.9 ml/min. Iothalamat and PAH concentra- 
tions were determined from the peak area of each solute corre- 
sponding to column retention times of 18 and 11 min, respectively. 
The coefficient of variation on the same day was 5 and 6 %, from day 
to day 8.8 and 9.1%, respectively. The coefficient of variation be- 
tween the individual clearance periods was 10.9 %. 

Dextran clearance 

Dextran infusion (10 % dextran 40, Rheomacrodex; Pharmacia, Up- 
psala, Sweden) at a rate of 130 mg- kg 1.10 min-  ~ was started after a 
priming injection of low molecular dextran (3 g in 20 ml, mol. wt- 

Table 1. Clinical characteristics of control (C) and patient groups (D1-D5) 

C D 1 D2 D3 D4 D5 p-value 
(D1-D5) 

n 11 11 8 13 11 8 

Male 7 6 6 4 8 7 NS 

Age 37 _+ 9 33 _+ 8 34 + 8 39 _+ 6 32 + 7 45 _+ 4 < 0.001 
(years) 

Duration 16 + 7 23 _+ 4 24 _+ 6 20 _+ 4 27 + 8 < 0.005 
(years) 

U A E 8.0 (6-15) 11.0 (4-23) 59.0 (20-91 d) 158 (71-326 d) 968 (143-45766) 1632 (554-3008) < 0.001 
(mg/24 h) 

BMI 21.8(19.1-25.5) 22.1(20.4-26.8) 24.3(19.2-25.7) 24.2(21.9-34.1) 23.1(19.3-24.9) 23.0(18.7-33.3) NS 

Insulin/kg 0.58 + 0.14 0.67 _+ 0.30 0.56 + 0.20 0.71 + 0.19 0.55 _+ 0.09 NS 
(units) 

Retina a 9,2,0 2,3,3 1,7,5 0,5,6 1,1,6 < 0.001 

Vibration b 6.0 (5-8) 8.0 (4-9) 8.5 (6-12) 10.0 (7-26) 10.0 (6-13) 13.5 (10-32) < 0.001 

Beat to beat: 29 (14-51) 20 (10-30) 17 (5-27) 10 (1-24) 13 (2-21) 6 (1-10) 0.001 
(variation 
xmin  -1) 

Blood glucose 5.3 (4.5-6.6) 8.9 (3.%12.4) 11.3 (4.4-12.6) 10.7 (6.(>12.3) 10.9 (5.6-14.1) 8.9 (5.6-15.9) NS 
during test 
(mmol/l) 

Hbalc 5.0 (4.0-5.6) 8.3 (6.6-10.6) 8.6 (7.2-9.0) 7.4 (6.5-10.9) 8.4 (7.3-10.2) 9.3 (7.%11.2) NS 
(%) 

Cholesterol 4.7 (3.5-6.3) 4.1 (2.6-5.8) 4.4 (3.8-5.2) 5.5 (3.84;.8) 5.8 (3.5-8.2) 6.3 (5.0.8.5) < 0.01 
(mmol/1) 

Serum albumin 39.7 (35.%44.4) 36.7 (33.544.3) 38.7 (32.742.3) 37.2 (31.440.6) 34.2 (25.%39.4) 32.1 (27.4-37.3) < 0.05 
(mg/ml) 

Type i diabetic patients with normal urinary albumin excretion rate 
(UAE) (D1), U A E  30-100 mg/24 h (D2), UAE 101-300 rag/24 h 
(D3), UAE > 300 mg/24 h and serum creatinine < 110 btmol/1 (D4) 
and UAE > 300 mg/24 h and creatinine _> 110 gmol/1 (D5). 
Results are presented as mean _+ SD or as median (range) 

No changes, background retinopathy, proliferative retinopathy 
and/or blindness; 
b normal _< 152 
c normal > 10; 
d in a few patients actual UAE was decreased due to antihyperten- 
sive treatment 
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Table 2. Renal function during forced diuresis in healthy control subjects (C) and Type 1 diabetic patients without (D 1) and with albuminuria 
(D2-D5) (for definition of groups see Subjects and methods) 

C D1 D2 D3 D4 D5 p-value 
(D1-D5) 

n 11 11 8 13 11 8 

Mean blood pressure 89 -+ 7 95 _+ 5 96 + 12 105 _+ 11 104 + 10 109 + 8 0.005 
(mmUg) 

Serum creatinine 86 -+ 8 71 +_ 8 82 _+ 11 76 + 13 88 _+ 14 154 _+ 37 < 0.001 
(gmol/1) 

GFR 93 _+ 5 126 +_ 15 102 +_ 18 108 + 23 99 +_ 22 48 _+ 20 < 0.01 
(ml-rain - ~. (1.73 m 2) - ~) 

RPF 446 _+ 70 546 _+ 64 491 + 75 453 + 84 494 + 91 240 +_ 102 < 0.001 
(ml-min -~. (1.73 m 2) ~) 

FF 0.21 + 0.03 0.23 + 0.04 0.21 _+ 0.03 0.24 +_ 0.04 0.22 _+ 0.04 0.21 + 0.06 NS 

U A E  3 (2-6) 4 (2-7) 19 (8-35) 100 (33-334) 392 (684636) 1760 (659.4235) < 0.001 
(pg/min) 

0albumin 0.85 x / + l . 3  0.82 x / + 1 . 4  4.53 x / + l . 8  24.8 •  175 x / + 4 . 6  1182 x / + 2 . 0  <0.001 
(10 -6 ) 

Urine IgG 2.5 (1.3-3.4) 2.6 (1.8-4.4) 3.6 (2.4-10.4) 10.3 (3.6-35.6) 25.9 (3.5-433) 140 (48.4-242) < 0.001 
(gg/min) 

0IgG 2.41 x / + 1 . 3  2.31 •  4.61 x / + l . 6  11.3 x / + l . 9  49.1 x / + 4 . 7  310 x / + 2 . 3  <0.001 
(10-9 
UrineIgG4 0.07 (0.034).20) 0.21 (0.09~).32) 0.15 (0.06~).69) 0.46 (0.09-2.0) 2.3 (0.15-20) 8.5 (0.13-51) <0.00l 
(gg/min) 

0IgG4 0.99 •  1.39 x / + l . 3  5.19 x / + 1 . 8  12.6 x / + 2 . 4  54.2 x / + 5 . 6  481 x / + l . 9  <0.001 
(10 9 
Urine fl2-microglobulin 3.8 (0.9-6.0) 4.1 (2.3-7.1) 3.2 (1.0.4.3) 3.6 (1.6-24.6) 17.3 (1.5-76.9) 602 (15.2-4083) < 0.00I 
(gg/min/x 10-2) 

0fl2-microglobulin 2.4 x / + l . 9  2.7 •  3.0 x /+3 .1  2.8 x / + l . 9  9.0 x /+3 .1  282 x / + 4 . 8  <0.001 
(10 -4 ) 

Results are presented as mean + SD, mean x / + tolerance factor, or as median (range). GFR, Glomerular filtration rate; RPF, renal plasma 
flow; FF, filtration fraction (GFR/RPF); O, fractional clearance 

1 kDa (Promiten; Pharmacia)) in order to avoid allergic reactions 
[7]. Dextran in plasma was determined after hydrolysis of proteins 
with NaOH and removal of peptides by ZnSO4 precipitation. After 
centrifugation the supernatant was ion-exchanged using Duolite re- 
sins Al13 and C20 (Duolite International, Vitry-sur-Seine, France) 
and filtered through a 0.45 gm disposable Nalgene filter before 
lyophilization. Urine underwent the ion-exchange procedure with- 
out hydrolysis of proteins. The recovery of dextran was greater than 
95 % and no changes in the distribution pattern were observed. Dex- 
tran size fractioning in 2 A intervals were performed by size exclu- 
sion chromatography (GPC) using a Waters chromatograph with 
four columns in series (TSK PW 3000, 4000, 5000 and 6000; Toyoso- 
da, Tokyo, Japan) under temperature control at 30 ~ using refrac- 
tive index detection. Chromatograms were analysed using Pharma- 
cosmos-developed software (Viby, Denmark). Calibration was 
performed using 10 different standards of narrow ranges of molecu- 
lar size (1000M00 000 peak mol. wt.) (Pharmacosmos Dextran Stan- 
dards; Pharmacosmos). On each day dextran 25, dextran 50 and 
Rheomacrodex were also measured. The day to day coefficient of 
variation in the calculated weight average molecular weight (Mw) 
and number average molecular weight (Mn) of these three dextran 
preparations was 1.0-2.1%. 

coefficients of variation were below 5 % and 10 % respectively in all 
assays. The IgG4 assay was not sensitive enough (detection limit 
2 gg/1) to measure the concentration of IgG4 in urine during water 
diuresis in all patients, thus total IgG and IgG4 concentrations were 
also measured in the urine and blood samples taken before water 
diuresis was established. 

Other measurements 

Haemoglobin AI~ (HbA~c) was measured by HPLC (Biorad, Dia- 
mat, Richmond, Calif., USA),  normal range 4.3 6.2 %. Blood pres- 
sure was measured several times before and during the study using a 
standard sphygmomanometer. Diastolic blood pressure was re- 
corded when the Korotkoff sounds disappeared (phase V). Vibra- 
tion perception threshold was measured with a hand-held Biothe- 
siometer (Biomedical Instrument, Newbury, Ohio, USA) over the 
first right toe [12] and expressed as the mean of three measurements. 
Autonomic neuropathy was assessed by beat-to-beat variation [13]. 
Other measurements included serum creatinine, cholesterol, 
haematocrit, blood glucose, Na § and K + . 

Albumin, IgG, IgG4 and ff2-microglobulin clearances 

Albumin, IgG, IgG4 and ff2-microglobulin were measured in serum 
and in the timed urine samples with enzyme linked immunosorbent 
assay (ELISA) as previously described [8-11]. Intra- and inter-assay 

Calculations 

GFR and RPF were calculated as the mean of the values from the 
timed urine collections. Fractional protein or dextran clearances (0) 
were calculated as 
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Table 3. Serum (S) and urine (U) IgG and IgG4 concentrations (median (range)) before water diuresis in healthy control subjects (C) and 
Type i diabetic patients without (D1) and with albuminuria (D2-D5), (for definition of groups see subjects and methods) 

C D1 D2 D3 D4 D5 p-value (DI-D5) 

S-IgG 9.41 8.20 7.06 9.11 6.49 7.98 NS 
(g/l) (6.5-10.9) (5.3-11.2) (6.2-12.9) (6.8-12.0) (4.5-9.3) (5.5-10.5) 

S-IgG4 497 640 180 376 310 424 NS 
(mg/1) (354-1851) (90-1199) ( 1 0 3 - 7 0 1 )  (28-711) (16(7>1639) (4-1231) 

U-IgG 0.97 1.86 150 7.04 20.72 41.65 < 0.001 
(mg/1) (0.46-3.70) (0.33-12.2) (0.34-3.24) (1.21-16.7) (2.45-97.0) (13.2-80.0) 

U-IgG4 50 36 36 290 1961 1590 < 0.001 
(gg/1) (16-153) (12-1636) (14-414) ( 1 3 - 1 0 5 3 )  (94-10689)  (40-14015) 

urinary protein (dextran) excretion 
serum protein (dextran) concentration x GFR 

All clearances were corrected to a body surface area of 1.73 m 2. The 
IgG/IgG4 selectivity index (SI) was calculated as clearance of 
IgG/clearance of IgG4. This ratio of the clearance of two plasma pro- 
teins of identical size but different charge i. e. total IgG tStoke radius 
55 A, pI 7.3 (range 6-10)) and IgG4 (Stoke radius 55 A, pI 5.8) was 
taken as an index of glomerular charge selectivity. 

Statistical analysis 

Standard unpaired parametric statistics, two-tailed significance level 
p less than 0.05, were applied. The protein clearances followed nor- 
mal distribution when logarithmically transformed. One way anal- 
ysis of variance with Duncans multiple range test was used to detect 
group differences. 

Results  

The clinical data are given in Table 1. Patients in group D5 
were older, had a longer duration of disease and a higher 
HbAlc. Total cholesterol was higher, serum albumin lower 
and ret inopathy and neuropathy more  severe in patients 
with clinical nephropathy. One patient in group D5 had no 
signs of retinopathy, but renal biopsy demonstrated 
severe nodular glomerulosclerosis without signs of other 
renal disease. Patient mean blood glucose concentration 
was 9.3 mmol/1 during the study. Blood pressure increased 
concomitantly with U A E  in diabetic patients with albu- 
minuria (Table 2). Patients in group D1 had glomerular 
hyperfiltration and hyperperfusion. Also the filtration 
fraction tended to be elevated, although not significantly, 
compared  to D2 (p = 0.13 for D1 vs D2). 

The urinary excretion of/32 microglobulin, a marker  of 
tubular function, was normal  in patients with U A E  less 
than 300 mg/24 h but increased in group D5 (Table 2). 

Mean fractional clearance of IgG4 was 50 % lower than 
total IgG clearance in control subjects and D1, whereas 
the clearances were similar in group D2-D5  (Table 2). 
Urinary IgG4 could not be measured during water  
diuresis in 15 subjects, mainly f rom groups C and D1. 
Thus urine sampled before water  diuresis was preferable 
for the further calculation of the IgG/IgG4 selectivity 
index (SI) (Table 3). This reduced the number  of excluded 
subjects to six (two in C, three in D1 and one in D4). A 
good correlation was found between SI's measured during 
water diuresis and the SI's measured before water  diuresis 

was induced ( r=  0.72, p = 0.001, n = 47). In the albu- 
minuric groups SI was significantly reduced (p = 0.001), 
indicating loss of glomerular charge selectivity in these pa- 
tients (Fig. 1). The reduction in SI was present even in pa- 
tients with microalbuminuria in the lowest range (30- 
100 mg/24 h) (p = 0.01 for D1 vs D2). No further decrease 
in SI was seen in patients with more  advanced albuminu- 
ria. Treatment  with antihypertensive drugs had no effect 
on S! which was also unrelated to diabetes duration, GFR,  
HbAlo, age and sex (data not shown). Total IgG clearance 
was significantly elevated in groups D3-D5  compared  to 
C, D1 and D2, whereas no significant differences were 
found between C, D1 and D2 (Table 2).o 

Clearance of dextrans sized 28q50 A could be calcu- 
lated in all but six subjects (two in D1, two in D2, one in D3 
and one in D5) in which the dextran assay was not sensi- 
tive enough for urinary dextran 60 A. At  62 A the corre- 
sponding number  of patients excluded from the calcula- 
tion was 23 (two in C, five in D1, three in D2, five in D3, 
four in D4, four in D5) and at 64 A, the number  was 32 
(five in C, seven in D1, five in D2, six in D3, five in D4, four 
in D5). Fractional dextran clearances are shown in Fig- 
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Fig. 1. Selectivity index (SI) - defined as clearance of IgG/clearance 
of IgG4 before water diuresis - in healthy control subjects (C), 
Type 1 diabetic patients with normal urinary albumin excretion 
(UAE) (D1) and persistently elevated UAE (D2-D5). SI was sig- 
nificantly decreased in D2-D5 compared to C and D1 (p = 0.001) 
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diabetic patients with: normal urinary albumin excretion (UAE) 
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tients with UAE > 300 mg/24 h and serum creatinine < 110 gmol/1 
(D4, n = l l ,  A), UAE >300mg/24h and serum creatinine 
> 110 gmol/1 (Dh, n = 8, �9 compared to Type i diabetic patients 
with normal UAE. * p < 0.04 

ure 3. The fractional dextran clearance at 62 A was sig- 
nificantly elevated in group D5 when compared  to group 
D I - D 4  (p < 0.04). Otherwise no significant differences in 
dextran clearances between the groups were found 
(Fig. 2). In the albuminuric groups (D2-Dh),  both  G F R  
and fractional IgG clearance correlated significantly with 
fractional dextran clearances in the range 58-62 A, the 
strongest correlations being with 62 A clearance (r = 
- 0.70, p = 0.0002 and r = 0.56, p = 0.004, n = 24, for G F R  
and In (0 IgG) respectively. The correlations remained 
significant although weakened when normoalbuminuric  
patients (D1) were included. No differences were found in 
slope of the dextran clearance curves or in the clearance of 
dextrans less than 40 A in the albuminuric groups com- 
pared to C or D1. Dextran clearances were however 
generally lower in normoalbuminuric  patients (D1) com- 
pared to healthy control subjects (Fig.2A). Antihyper-  
tensive t reatment  had no effect on fractional dextran 
clearance. 

Groups  D2-D5  were heterogeneous regarding GFR,  
and since G F R  potentially influenced the fractional 
clearance of large dextrans, the patients in group D 2 - D 5  
were allocated to two groups according to whether  their 
G F R  was above (n = 21) or below (n = 19) 90 ml. min-1.  
(1.73 m 2) 1 (Table 4). Comparing these two albuminuric 
groups revealed a tendency towards an increase in the 
fractional clearance of dextrans above 56 A in the group 

with reduced G F R  as seen in Figure 3. The clearances of 
58 A and 60 A dextran were significantly elevated in the 
group with reduced G F R  compared  to normoalbu-  
minuric patients (D1) (p < 0.05) and at 62 A became sig- 
nificantly different also from albuminuric patients with 
normal GFR.  A significant correlation was found be- 
tween G F R  and fractional 62 A dextran clearance in the 
low-GFR group (r = - 0.66,p = 0.02, n = 12), but not with 
other dextran clearances or with fractional IgG clear- 
ance. No significant correlations between these parame-  
ters were present in the albuminuric group with normal  
GFR.  

Table 4. Characteristics of renal function in Type 1 diabetic patients 
with normal (D1) or elevated urinary albumin excretion (UAE) 
(D~ 5 A and B) regrouped according to level of glomerular filtration 
rate (GFR). Data are median (range). 

D1 D25(A) D24(B) 

GFR 125 (103-152) 116 (93-145) 74 (24-89) 
(ml- min- 1. 
(1.73 m 2) - ~) 

UAE 4 (3-7) 93 (8-1792) 1201 (9-4636) 
(gg/min) 
UIgGV 2.5 (1.8-11.2) 9.9 (2.4-77.4) 57.5 (2.4-241.8) 
(gg/min) 

UIgGV, Urinary IgG excretion rate 
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Fig.& Fractional clearance (mean + SEM) of dextrans of different 
size (A) in Type i diabetic patients with normal urinary albumin ex- 
cretion (UAE) (< 30 mg/24 h, glomerular filtration rate (GFR) 
greater than 90 ml.min -1. (1.73 m 2) 1, D1, n = 11, .), patients with 
persistently elevated UAE  (>30mg/24h ,  GFR greater than 
90 ml. min-1. (1.73 m 2) ~, n = 21, � 9  and patients with elevated 
UAE but GFR less than 90 ml-min -1. (1.73 m2) -~, n = 19, -k). Fur- 
ther characteristics are given in Table 4. * p < 0.05 

Discuss ion  

This is the first study to combine the measurements of 
dextran clearance and IgG/IgG4 selectivity in a diabetic 
population including a full range of stages in the develop- 
ment of diabetic nephropathy, and diabetic patients with 
normal UAE. 

Fractionated dextran clearance and IgG/IgG4 selec- 
tivity represent the best available methods for determina- 
tion of glomerular size-- and charge selectivity in a clinical 
setting. Dextran is a well-established tracer, it is not reab- 
sorbed in the tubules and narrow size fractioning enables 
studies of filtration barrier size selectivity. The IgG/IgG4 
selectivity index (SI) is less established, but still the most 
used index of glomerular charge selectivity. The weak- 
nesses of these methods should, however, not be ignored. 
Dextran polymers may, through their random coiling na- 
ture, be able to pass glomerular pores that restrict the pas- 
sage of spherical proteins. Therefore dextran clearances 
may overestimate glomerular pore size, or falsely predict 
existence of non-selective glomerular pathways. The 
major disadvantage of the SI is that the proteins are reab- 
sorbed in the tubules, (90 % under normal conditions 
[14]), causing the index to reflect the composite action of 
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gtomerular and tubular handling. Another source of error 
that might contribute to the scatter of the index is local 
(post-glomerular) production of IgG. Both methods share 
the drawback that pre-membrane solute concentrations, 
i.e. the concentration of dextran and IgG at the luminar 
capillary surface, must be assumed to equal the circulating 
plasma concentration. It is, however, unlikely that these 
weaknesses obscure the significance of the present find- 
ings. 

Patients were subgrouped according to typical stages of 
diabetic nephropathy, and matched according to key clini- 
cal characteristics. In agreement with previous findings 
[15], there was no elevation of mean blood pressure in pa- 
tients with slightly elevated UAE (D2). 

Filtration fraction was not elevated in patients with 
early nephropathy. Previous studies have shown un- 
changed [16], elevated [17] or reduced [18] filtration frac- 
tion in these patients. Since filtration surface and oncotic 
pressure are unchanged in patients with UAE between 
30-100 mg/24 h [19, 20], we suggest that intraglomerular 
pressure is not elevated in these patients compared to nor- 
moalbuminuric diabetic patients. 

In healthy control subjects the glomerular filtration 
process is charge selective [21]. The results of the present 
and previous studies [4, 5] are in agreement with this as- 
sumption since mean fractional clearance of lgG was 
about 50 % higher in control subjects and patients with 
normal UAE compared to the clearance of IgG4. This re- 
sults in an SI greater than 1.0. In diabetic patients with in- 
creased UAE, SI was reduced. Previous studies in ad- 
vanced stages of diabetic nephropathy utilizing different 
endogenous protein markers have demonstrated loss of 
renal charge selectivity [4, 5, 22-24]. The present study, 
however, offers the first demonstration of reduced SI dur- 
ing the early stage of diabetic nephropathy. Patients with 
minimal albuminuria (group D2) had a significantly re- 
duced SI and the SI remained reduced in all the groups 
with increased UAE. The demonstration of these dra- 
matic alterations in patients with only s!ightly increased 
UAE we attribute to an improvement in the sensitivity of 
the ELISA assays and the urine storage conditions [9] 
having reduced the variation in the index by a factor 10 
compared to the recent report of Pietravalle et al. [22]. 

The reason for the reduced SI in the albuminuric pa- 
tients is not quite clear. In the tubules the reabsorption of 
negatively charged proteins is restricted favouring their 
excretion compared to neutral or positively charged pro- 
teins [25, 26]. Thus glomeruli and tubules exert opposite 
effects on SI. Our findings of reduced SI in patients with 
increased UAE could be explained either by loss of 
glomerular charge selectivity with unaltered tubular func- 
tion or by an increase of anionic tubular charges with un- 
altered glomerular charge selectivity. Up to now evidence 
of an increased anionic tubular charge in patients with in- 
sulin-dependent diabetes is lacking whereas the recent 
observation of a negative correlation between glomerular 
basement membrane anionic sites and albuminuria in 
diabetic patients indicates glomerular alterations in pa- 
tients with albuminuria [27]. We, therefore, suggest that 
the difference of SI between patients with and without al- 
buminuria is due to loss of glomerular charge selectivity. 
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The demonstration of a normal urinary excretion of j32 
microglobulin - a marker of tubular reabsorption of pro- 
teins - in patients with normal GFR by our group and 
others [2, 4] is in agreement with this assumption. The fact 
that albuminuric patients have a mean SI below i as also 
found by Nakamura and Myers [5] can easily be under- 
stood if one assumes loss of glomerular but persisting tu- 
bular charge selectivity in these patients i. e. lower tubular 
reabsorption of anionic plasma proteins. 

Fractional dextran clearances in healthy control sub- 
jects were very similar to those reported by Myers and co- 
workers [18, 28]. Within the range 30 to 55 A values over- 
lap + 10 %, illustrating the precision in the measurements 
and the comparability with previous studies. Increased 
clearance of the largest dextrans was found only in the 
most advanced stage of diabetic nephropathy. Regroup- 
ing albuminuric patients revealed a more significant 
elevation of large dextran clearances in patients with 
reduced GFR. Correlations of both GFR and fractional 
IgG clearance with fractional clearances of 58-62 A dex- 
trans were dependent  on patients with reduced GFR. 

Myers and co-workers [29] previously found a decrease 
in the slope of the dextran clearance curve in patients with 
advanced nephropathy. In "mild" nephropathy (com- 
parable to our group D5), decreased slope of the clear- 
ance curve was found in one study [29], and reduction in 
clearance of small dextrans in another [5]. Our study con- 
firms the elevated clearance of large dextrans in advanced 
nephropathy, but not a change in the slope of the dextran 
clearance curve. A general reduction of dextran clear- 
ances in the diabetic groups D I - D 4  compared to healthy 
control subjects, similar to the finding by Nakamura and 
Myers [5], may not be related to diabetic nephropathy but 
rather to diabetes per se, since we also find it in normoal- 
buminuric (D1) patients. Thus abnormal glomerular size 
selectivity can be demonstrated only in the advanced 
stages of diabetic nephropathy. 

It is not possible to calculate a true glomerular pore size 
from the dextran clearance data. Functionally however, 
the parallel dextran clearance curves indicate that the ef- 
fective size selectivity of the major part of the filtration 
barrier remains unchanged during the progression of al- 
buminuria. Interestingly, a calculation of this "effective 
pore size" (based on differentiation of the dextran clear- 
ance curves, data not shown) discloses a minor (1 A) re- 
duction in group D5, in perfect agreement with previous 
findings [30]. 

The theoretical "isoporous plus shunt" model suggests 
that development of proteinuria in diabetic nephropathy 
is associated with a shunt allowing unrestricted passage of 
plasma proteins at a rate up to 6 % of the GFR [28]. Diffi- 
culties in applying models to experimental data are how- 
ever illustrated by a recent study where neither the "iso- 
porous plus shunt" nor a lognormal pore model fitted the 
experimental data [31]. Moreover, abnormalities in cal- 
culated membrane parameters have always been associ- 
ated with differences in the fractional dextran clearance 
curves. We therefore prefer to compare the experimental 
data directly, rather than model-based membrane par- 
ameters. Our data do not contradict the "isoporous plus 
shunt" model. It can be calculated that any shunt-induced 
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increment in the fractional clearance of a 60 A dextran 
(assuming 0 % shunt in normoalbuminuric control sub- 
jects) in patients with minor elevation of IgG clearance 
(groups D2, D3) will be less than 10 %, far below the de- 
tection limit of the present studies. Therefore,  whereas the 
initial increase in U A E  can be explained by loss of glome- 
rular charge selectivity, increase in excretion of IgG may 
still be explained by the formation of a new macromolecu- 
lar pathway. It that case, the significant elevation of total 
IgG clearance in our group D3 and possibly also in some 
of the patients from D2 suggests the appearance of such 
new pathways in close association to the development of 
microalbuminuria. 

We conclude that loss of glomerular charge selectivity 
either precedes or accompanies the formation of new 
glomerular macromolecular pathways in the develop- 
ment of diabetic nephropathy. Neither glomerular 
haemodynamic changes nor changes in the size restrictive 
filtration properties of the major glomerular filtration 
barrier were found at the early stages of diabetic nephro- 
pathy. 
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