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Strict metabolic control and renal function in the
streptozotocin diabetic rat
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Strict metabolic control and renal function in the streptozotocin dia-
betic rat. Micropuncture studies were made on insulin—treated strepto-
zotocin diabetic rats two weeks after the induction of diabetes and on
age—matched control rats. Kidney size, GFR and single nephron GFR
were higher in poorly controlled diabetic rats than in normal animals.
Single nephron GFR rose as a result of an increase in the hydraulic
pressure difference across the glomerular capillary wall caused mainly
by a rise in the glomerular capillary pressure due to a diminished ratio
of afferent to efferent arteriolar hydraulic resistances. Furthermore, the
intratubular pressure was reduced as a result of a decrease in hydraulic
resistance in the loop of Henle. Strict metabolic control prevented these
changes. In conclusion, the increase in renal function in experimental
diabetes is determined by the degree of metabolic control excluding a
potential nephrotoxic effect of streptozotocin per se.

The streptozotocin diabetic rat is taken to be a useful model
for studies of the renal function in insulin—dependent diabetes
mellitus, since both glomerular hypertrophy [1] and increased
GFR [2—5] are found in moderately—hyperglycemic diabetic
animals. The rise in GFR is caused by an increased pressure
gradient across the glomerular ultrafiltration membrane and by
a rise in glomerular plasma flow [3—5]. Direct capillary pressure
measurements indicate that the increased transglomerular pres-
sure is the result of a change in the pressure in the glomerular
capillaries [3, 61. In contrast, a normal glomerular capillary
pressure was found in experiments using the indirect stop—flow
method [4, 51. In the latter studies, the increased filtration
pressure was caused by a reduced intratubular pressure. The
present study was made using direct measurements to deter-
mine the pressure in glomeruli of euvolemic Munich Wistar rats
with streptozotocin—induced diabetes of short duration. Exper-
iments were also made to examine whether maintaining the
diabetic rats in strict metabolic control could prevent the
development of renal hypertrophy and the occurrence of
changes in renal function.

Methods

Experiments were made on the male offspring of a breeding
nucleus of Munich Wistar rats (strain WU, Ivanovas, Kisleg im
Algau, FRG) possessing surface glomeruli. Diabetes was in-
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duced in 15 animals weighing between 150 and 240 g by infusion
of streptozotocin (70 mg/kg body wt) dissolved in citric acid
buffer into a tail vein as described previously [4]. Each of the six
normal age—matched rats received a sham injection of vehicle.
The rats were housed individually in metabolic cages with free
access to water and a standard rat pellet diet (0.5% wt/wt NaC1)
until the time of the experiment. Each morning the blood and
urine glucose concentrations were measured and the body
weight and urine volume was recorded. To achieve strict
metabolic control, seven diabetic animals were given 5 to 10
U/day (mean 6.1) of very long—acting heat—treated bovine
insulin (pH 5.5, Ultralente MC, NOVO, Denmark) adminis-
tered subcutaneously once a day after an initial delay of 48
hours as described previously [4, 7]. Strict metabolic control in
the present context is defined as a normal rate of increase in
body weight, normal blood glucose concentration and absence
of polyuria and glucosuria. The eight diabetic rats in poor
metabolic control were each given only 0.4 U/day of the insulin
Ultralente to ensure a small weight gain and to avoid ketonuria
(Ketostix, Ames, Elkhart, Indiana, USA). The mean blood
glucose concentrations (Reflomat, Boehringer—Mannheim,
FRG) recorded during the week before micropuncture were as
follows in the normal rats and in the diabetic rats kept in good
and in poor metabolic control, respectively: 4.5 (3.5 to 6.0)
mmollliter, 6.4 (3.0 to 8.8) mmollliter, and 19.3 (14.9 to 21.0)
mmol/liter. The urinary glucose concentrations recorded semi-
quantitatively (Testape, Lilly, Indianapolis, Indiana, USA)
were 0, 1+ (0 to 2+), and >4+, respectively. The mean 24 hour
urine flow rates were 12 (8 to 16) ml, 16 (14 to 20) ml, and 67 (49
to 70) ml in the three groups, respectively.

Micropuncture experiments were made two weeks after the
induction of diabetes. The rats were anaesthetized with mactin
i.p. (110 to 120 mg/kg body wt) and prepared for micropuncture
of the left kidney as described previously [4]. Briefly, each
animal was placed on a servocontrolled heating pad and the
trachea was cannulated. Catheters were placed in the urinary
bladder, left ureter, femoral artery, and vein. The kidney was
immobilized in a plastic cup and superfused by mineral oil at
37°C.

Heparinized plasma obtained from littermates [8] was infused
i.v. (10 mgI/h/kg body wt for 45 minutes during the preparation
and 1.5 mllhr/kg body wt for the remainder of the experiment).
Each animal received 60 pCi/kg body wt of '311-albumin (RISA
human serum albumin, IK21S, Kjeller A/S, Oslo, Norway) and
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2000 U/kg body wt of heparin administered in a volume of 0.2 to
0.5 ml of physiological saline i.v. Simultaneously, infusion of 50
tCi1hr of '4C-inulin (CFA 399, Amersham Radiochemical Cen-
ter, UK) in 0.9% NaCl was initiated at a rate of 1.2 mi/hr. To
prevent hypoglycemia during the experiments the strictly con-
trolled diabetic rats received an infusion of 0.1 mI/hr of 50%
glucose. To keep the systemic hematocrit constant [4, 9], the
diabetic rats in poor metabolic control were infused with 2.2
mi/hr of 0.9% NaC1. Experiments were started after a one hour
equilibration period.

The hydraulic pressures were measured in superficial glomer-
ular capillaries, tubules and efferent arterioles (welling points)
using a servo-nulling pressure measuring apparatus (Model 4A,
Instrumentation for Physiology and Medicine, San Diego, Cal-
ifornia, USA) and micropipettes (2 to 3 jm I.D.) filled with 1 M
NaCI, 1% lisamine green as described previously [4, 10]. The
proximal tubular free flow pressure was measured by the
Landis technique as described previously [10], and the course
of the nephron was visualized by injecting a small amount of
lisamine green through the pressure measuring pipette. When a
superficial distal tubule was outlined (21 nephrons), the distal
pressure was measured and a timed sample was collected into
an oilfihled micropipette to determine the single nephron glome-
rular filtration rate in presence of flow past the macula densa.
Subsequently, a timed sample was obtained from the proximal
tubule (72 nephrons) at the pre-existing free flow pressure as
described previously [4, 11]. To collect blood from the efferent
arteriole (48 nephrons), a large peritubular capillary was punc-
tured with a siliconized pipette (13 to 14 micron I.D.) filled with
mineral oil and the tip of the pipette was then advanced into the
welling point of the efferent arteriole. Collection was initiated
by a single brief aspiration followed by spontaneous flow of
blood into the pipette [12]. Systemic arterial blood samples (75
d each) were obtained from the femoral catheter.

Treatment of the samples and the calculations of the deter-
minants of glomerular function were made as described previ-
ously [4, 9, 12]. Briefly, GFR and albumin excretion of the left
kidney were calculated from the renal clearances of inulin and
albumin tracers, respectively. The rate constant (k) for the
decrease in the arterial plasma concentration of radioactive
albumin was estimated by linear regression of the logarithm of
the concentration versus time. The plasma volume (PV), that is,
the volume of distribution, is given by the injected amount of
tracer divided by the extrapolated concentration at the time of
injection [9]. The single nephron glomerular filtration rate
(NGFR) was calculated from the tubular fluid to plasma inulin
ratio (TF/PI) and the collection rate (V): NGFR = V TF/PI. The
convoluted proximal tubular fractional fluid reabsorption (FR)
was calculated as FR = 1 — PI/TF. The single nephron filtration
fraction (NFF) was calculated from the inulin and albumin
activities in systemic arterial and efferent arteriolar blood
samples as previously described [9, 12]: NFF = f(l —

(AAIE)/(AEIA)) where f is the fraction of water in arterial plasma
measured by a refractometer [9]. The afferent arteriolar plasma
flow (QJ and resistance (RA) was calculated from the systemic
arterial hematocrit (HctA) as: RA = (PA — P0)(1 — HctA)/QA
where QA = NGFRINFF and PA and PG are the systemic
arterial and glomerular capillary pressures, respectively. The
efferent arteriolar resistance was calculated from the efferent
arteriolar hydraulic pressure (PE): R (PG — PE)/(QA/(l —

HctA) — NGFR). The effective glomerular ultrafiltration coef-
ficient (Kf) was calculated with a mathematical model of ultra-
filtration by integration of the protein concentration along the
capillary as described previously [9]. The resistance of the ioop
of Henle (RH) was calculated from the pressure difference
between the proximal and distal tubules (APPD) divided by the
mean of the flow rates measured in the late proximal (Vp) and
early distal (VD) tubule: RH = 2PpD/(Vp + YD). Measurements
of the plasma protein concentration were made by the Lowry
method as described previously [4] using human albumin stan-
dards (4, 6 and 8 g/dl). All series contained a rat plasma control
sample to estimate the coefficient of variation (3%).

The Bartlett test was used to examine equality of variances
within groups [13]. The differences between the mean values
were then tested by analysis of variance using the unpaired
t-test for one—by—one comparisons of the three groups [13].
Probabilities below 5% were considered significant.

Results

The micropuncture measurements of each variable were
repeated between one and four times in each animal and the
mean value calculated. Within each animal the average coeffi-
cients of variation for left kidney GFR and arterial plasma
protein concentration, single nephron GFR and filtration frac-
tion, glomerular capillary and Bowman's space hydraulic pres-
sure were 11% and 10%, 19% and 12%, 4% and 8%, respec-
tively.

The results for the left kidney function and the systemic
values are given in Table 1. Blood glucose concentration was
moderately increased in the poorly controlled, but was main-
tained within the normal range in the strictly—controlled dia-
betic rats. The values for kidney weight and GFR were signif-
icantly and proportionally increased in the poorly—controlled
diabetic rats despite a non-significant decrease in body weight.
The arterial plasma protein concentration was reduced in the
poorly—controlled diabetic rats. The erythrocyte volume frac-
tion was slightly decreased in the strictly treated group. The
renal clearances of '311-albumin were similar in the three groups
showing that rats with early diabetes do not excrete excessive
amounts of albumin. No significant differences were observed
in the plasma volumes or the transcapillary escape rates of
albumin tracer between the three groups. Despite the higher
rate of intravenous infusion in the diabetic rats in poor meta-
bolic control, the excretion rate for sodium and water were
similar in the three groups. This was probably caused by the
small decrease in blood glucose concentration (BG) during the
experiments in the poorly controlled diabetics since a signifi-
cant correlation to the urine flow (Vu) was observed in this
group: Vu (pilmin) = 2.4 BG (mM) — 21.0; r = 0.74, N = 8, P
<0.05. Furthermore, the urine flow rates in strictly controlled
diabetics and normal animals during the experiments were
unexpectedly high.

The results for the hydraulic pressure are shown in Table 2.
The systemic arterial pressure was similar in the three groups.
The hydraulic ultrafiltration pressure, that is, the difference
between the hydraulic pressure in the glomerular capillaries and
Bowman's space, was increased in the poorly controlled dia-
betic rats. This was mainly the result of an increased glomerular
capillary pressure but also due to a small decrease in the
pressure in Bowman's space. The free flow hydraulic pressure
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Table 1. Whole kidney function in normal and streptozotocin diabetic rats in good and poor metabolic control

N
T

days
BW
g

LBW
g/day

KW
g

BG
mri

CA
gidi

HctA
mi/mi

GFR
mi/mm

Vu
pJ/min

VNa Cl(I)
p.Eq/mmn td/min

PV
mi/kg

k
hr'

Normal 6 11 260 5.0
0.5

1.08
0.05

5.2
0.2

6.0
0.2

0.48a
0.01

0.86
0.07

18 2.1
0.5

0.72
0.07

40 0.12
0.01

Diabetic 7 14 243 4.5" 107b 54b 60" 045b 102b 13 1.3 0.73 40 0.16
strict 0.3 0.04 0.5 0.2 0.01 0.08 0.3 0.08 0.02
control

Diabetic 8 14 234 1.8° 1.24° 15.7° 5.2° 0.48 1.20c 16 2.4 0.94 39 0.16
poor 0.5 0.03 0.2 0.01 0.05 0.6 0.14 0.02
control

P-ANOVA NS NS <0.001 <0.05 <0.001 <0.01 <0.05 <0.01 NS NS NS NS NS

Values are mean SEM. Abbreviations are: N, number of animals in each group; T, time after induction of diabetes or sham treatment; BW,
body weight at time of experiment; BW, average daily increase in BW; KW, left kidney wet weight after experiment; BG, blood glucose during
experiment; CA, arterial protein concentration; HctA, arterial erythrocyte volume fraction; GFR, left kidney glomerular filtration rate; Cl(I), left
kidney clearance of '311-albumin (RISA); PV, distribution volume of RISA; k, rate constant of the decrease in arterial concentration of RISA; Vu,
left kidney urine flow; VNa, left kidney sodium excretion; P-ANOVA, probability of variance analysis.

a Significant difference between normal and strictly controlled diabetics
b

Significant difference between strictly and poorly controlled diabetics
Significant difference between normal and poorly controlled diabetics

Table 2. Superficial nephron hydraulic pressures (mm Hg) in normal and streptozotocin diabetic rats in good and poor metabolic control

PGB
N PA P0 PB P0 PE E P PPD

Normal 6 101 47.7 13.0 34.7 0.6 12.6 5.1

Diabetic strict 7 110 477b 144b 333b 17.1 —3.4' 129b 49b
control ±4 ±0.9 ±0.7 ±0.8 ±1.1 ±1.7 ±0.4 ±0.6

Diabetic poor 8 103 50.1° 12.1 37.7° 13.9 7.2 10.3c 3.0°
control ±1 ±0.9 ±0.3 ±1.1 ±0.8 ±3.2 ±0.3 ±0.6

P-ANOVA NS <0.05 <0.02 <0.01 NS <0.05 <0.01 <0.02

Values are mean ± SEM. Abbreviations are: N, number of animals in each group; PA, systemic arterial pressure; P0, glomerular capillary
pressure; PB, hydraulic pressure in Bowman's space; PGB, hydraulic ultrafiltration pressure (PG-PB); PE, efferent arteriolar hydraulic pressure;
ITE, oncotic pressure at the distal extreme of the glomerular capillaries; P, proximal tubular free flow pressure; PPD, pressure difference between
proximal and distal tubules.

a,b,c Significant differences as in Table 1.

Table 3. Single nephron function, hydraulic resistance, and ultrafiltration coefficient in normal and streptozotocin diabetic rats in good and
poor metabolic control

N
NGFRJBW
ni/mm/kg

NGFR LNGFR QA NFF FR RH RA RE RA/RE Kf
ni/min/mm Hg ni/mmGdyn sec/cm5

Normal 6 104
±12

27.6
±4.8

1.0
±3.0

106
±27

0.28
±0.02

0.58
±0.01

42.7
±4.9

24.9
±4.0

17.8
±3.0

1.51
±0.10

3.7
±0.3

Diabetic strict 7 133 32.7 0.3 Ill 0.31 0.57 420b 31.3 19.9 171b 59
control ±20 ±5.3 ±2.8 ±24 ±0.02 ±0.03 ±2.2 ±5.5 ±4.7 ±0.14 ±1.3

Diabetic poor 8 154° 35.0 0.7 100 0.33 0.51 24.0° 23.1 19.2 1.23° 2.9
control ±15 ±2.7 ±2.5 ±8 ±0.02 ±0.06 ±5.1 ±1.8 ±1.9 ±0.07 ±0.7

P-ANOVA <0.05 NS NS NS NS NS <0.01 NS NS <0.02 NS

Values are mean ± SEM. Abbreviations are: N, number of animals; NGFR/BW, single nephron glomerular filtration rate per kg body weight;
NGFR, single nephron glomerular filtration rate; INGFR, difference between proximal and distal determinations of NGFR; QA, afferent arteriolar
plasma flow rate; NFF, single nephron filtration fraction; FR, proximal convoluted tubular fractional fluid reabsorption; RH, hydraulic resistance
of the loop of Henle; RA and RE, afferent and efferent arteriolar hydraulic resistances, respectively; RA/RE, ratio between afferent and efferent
resistances; Kf, effective glomerular ultrafiltration coeffecient.

a,b,c Significant differences as in Table 1.

in the proximal convoluted tubule and the pressure difference superficial single nephron glomerular filtration rates (NGFR)
between the proximal and distal convoluted tubules were calculated from the proximal tubular fluid collections showed
significantly lower in the poorly controlled diabetic rats. similar changes as total kidney GFR between the normal and

Table 3 shows the flow rates and hydraulic resistances. The the diabetic animals, but the changes failed to reach statistical
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significance on account of the large variability of NGFR within
and between animals in all groups. When expressed per gram
body weight, NGFR was found to be significantly increased in
the poorly controlled diabetics. The paired differences between
NGFR calculated from proximal and distal tubular fluid collec-
tions (LNGFR) were not significantly different from zero in any
group presumably due to the limited number of distal collec-
tions (one per animal). The glomerular plasma and blood flow
values were almost the same in the three groups. The pre-
glomerular hydraulic resistance was slightly decreased while
the efferent arteriolar resistance was increased in the poorly—
controlled diabetic rats. Accordingly, the ratio between the
afferent and efferent arteriolar resistance was significantly de-
creased in this group causing the increased glomerular capillary
pressure. The hydraulic resistance of the loop of Henle was
substantially lower in the poorly—controlled diabetic rats.

Filtration pressure equilibrium (Table 2: LP08 — E < 0.5
mm Hg) was reached in four normal and in five strictly—con-
trolled diabetic rats, so for these animals only minimal values
for the effective glomerular ultrafiltration coefficient (Kf) were
calculated [14]. Filtration pressure disequilibrium occurred in
seven poorly—controlled diabetic rats, which made it possible to
calculate a definite value for the Kf, which was found to be
slightly but not significantly reduced from the minimal values
calculated for the other groups (Table 3).

Discussion

The present results demonstrate that the increased GFR
found in early insulin—dependent diabetic rats is caused mainly
by an increased glomerular capillary pressure, but also by a
reduced pressure in the proximal tubule. The rise in glomerular
capillary pressure results from a reduced ratio between the
hydraulic resistance of the afferent and the efferent arterioles;
the decreased intratubular pressure results from a decreased
resistance in the loop of Henle. More apparent changes are
found in rats with a longer duration of diabetes [91.Maintaining
diabetic rats in strict metabolic control prevents renal hyper-
trophy and the associated changes in renal function (15, 16).
Accordingly, the use of streptozotocin for diabetes induction is
without adverse effect on renal function per se.

The low plasma protein concentration in the poorly con-
trolled diabetic rats could conceivably be the result of: 1)
plasma volume expansion; 2) an enhanced extravasation of
plasma proteins; or 3) an altered protein metabolism. The
plasma volumes were almost the same in all three groups; the
arterial hematocrit was not reduced in the poorly-controlled
diabetic rats and it remained constant during the experiments in
the three groups; the rate of plasma albumin extravasation was
similar in the three groups. Accordingly, the low plasma protein
concentration in the poorly—controlled diabetic rats was prob-
ably caused by a reduced ratio between the plasma protein
synthesis and catabolism.

The effective hydraulic ultrafiltration coefficient of the glome-
rulus (Kf) can be calculated with a mathematical model of
glomerular ultrafiltration [9, 14] using the measured time—aver-
aged values for the driving forces across the glomerular mem-
brane. Kf is the product of the glomerular capillary surface area
and its hydraulic conductance [14]. Two weeks after induction
of diabetes Kf was within the normal range in the poorly
controlled group. At this stage of diabetes the surface area of

the glomerular capillaries is already increased [1], so the
hydraulic conductivity of the membrane must be decreased,
provided that the morphological estimate is representative for
the filtering surface area. Thickening of the basement mem-
brane is not yet present [1], but it is conceivable that the
composition of the glomerular membrane is altered.

The increased GFR in diabetes has been proposed to be
caused by an increased rate of proximal sodium and glucose
reabsorption. This in turn would decrease the proximal intra-
tubular pressure and thereby increase GFR [17]. Such a mech-
anism is neither supported by model calculations [18] showing
that it is quantitatively insufficient, nor by experimental obser-
vations which show that the proximal tubular fractional fluid
reabsorption is not increased in diabetic rats [4] and further-
more, moderately hyperglycemic normal rats do not show an
increased rate of tubular fluid reabsorption [19]. In contrast, our
results demonstrate that the low proximal intratubular pressure
in the diabetic rat is caused by a decrease in the hydraulic
resistance of the loop of Henle. The mechanism for this
decrease remains unknown. It could be the result of the osmotic
diuresis pre-operatively. It is unlikely to be a direct effect since
similar urine flow rates were observed during the present
experimental conditions in the three groups. The reduced
tubular resistance in poorly-controlled diabetic animals can be
normalized after two weeks of strict metabolic control (Jensen
et al., unpublished results). Furthermore, in rats with chronic
hypertension and increased urine flow rate the resistance in the
loop of Henle is decreased [20], indicating that augmented urine
flow can be associated with a decreased tubular hydraulic
resistance.

The present results confirm that changes in renal function in
both strictly and in poorly-controlled streptozotocin diabetic
rats are similar to those observed in human insulin-dependent
diabetes mellitus [21]. The resistance of the arterioles and the
tubular system are responsible for the changes in glomerular
function. A simple isomorphous growth of the renal structures
cannot reproduce these changes. It can be shown using a
mathematical model of the fluid transport in the kidney [18] that
isomorphous growth can account for the proportional increases
in kidney weight and GFR, but not for the changes in glomer-
ular capillary and in intratubular pressures. The model results
are supported by experimental observations in the normal-
ly—growing rat kidney [22]. These results indicate that func-
tional factors associated with the degree of metabolic control
may be involved in the changes in glomerular hemodynamics in
diabetes. Further studies are needed to determine whether the
renin—angiotensin—prostaglandin systems are involved [9, 23,
24].
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