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in the same fashion as for the CON group in respect

to chronic cannulation and training before the meas-

urement period. However, renal function studies
were not performed in these animals. On the day of

the study. the rats were placed in a restraining cage
and infused with a known amount of 5tCr-labeled
erythrocytes (�15 1�Ci) and ‘251-babeled albumin (�l0
�tCi) as previously described ( 1 6). Plasma volume and
systemic hematocrit were determined as previously
performed in our laboratory (16). Because albumin
escapes from the vascubature over time ( 1 6), changes
in plasma volume cannot be accurately assessed

after acute hyperinsulinemia and therefore this pro-
cedure was not attempted in these rats. At the end of
the measurement period. the animals were euthan-
ized to dispose of them in accordance with radiation
safety procedures.

Moderately Hyperglycemic Established Diabetic

Rats (N = 5; STZDpv; weight range, 250 to 290 g).
These animals followed the same procedure as the
STZ-D rats up to the day of the study. On the day of

the study. the rats were placed in a restraining cage
and measurements of plasma volume were per-

formed in the same fashion as in the CON�� group
and as previously described (16). At the end of the
study. the animals were euthanized.

Measurement Protocol in the Conscious Rat

The rats were placed in a restraining cage 5 to 7
days after recovery from surgery, and two baseline
measurement periods were performed to assess renal

function and ECF in the conscious, nonsurgically

stressed condition in each of the two groups. CON
and STZ-D. The bladder pin was removed to allow
collection of urine. The arterial line was connected
to a pressure transducer for measurement of mean
arterial pressure (MAP) and was also used for blood
sampling. A constant iv infusion of (3H]mnulin (100
�Ci/dL) and para-aminohippuric acid (PAH) (1 to 2 g/
dL) was given at a rate of 5 �tL/min . 1 00 g body wt
through the venous line (8. 1 5). Differences in urinary
output between the two groups and the primary in-
fusion were matched with an additional infusion of
isotonic saline solution to maintain constant volume

throughout the course of the measurement periods.
Inubin distribution space was measured as an index
of ECF volume during a 60-mm equilibration period

(8, 1 5). In some rats, the equilibration period was
extended to 80 mm to assure that complete equibibra-
tion was achieved. This was verified by comparing

the plasma (3H]mnulmn concentration in the first blood
sample after the equilibration period to the following
collections. A less than 5% increase in plasma [3H]-
inulin concentration in the second blood sample ob-

tained 20 mm after the first postequilibration blood
sample was used as the criteria for the establishment

of equilibrium. This measurement was determined

by monitoring both input and urinary output of [3H]-
inulin. Determination of the inulin infusion rate is

critical to measurement of inulin distribution vol-

ume. The infusion pump was allowed to run free with
the infusate flowing into a discard vial for at least 15

mm before the measurement of the infusion rate.
Two carefully timed 5-mm collections of [3Hjmnfusate
were collected directly in scintillation vials before
infusion into the rat. Despite a higher line resistance

during infusion into the rat, this free flow rate was

equivalent to the actual infusion rate. A plasma sam-
ple was obtained and pipetted into scintillation vials
before the inulin infusion to provide an accurate

background count for the radioactive counts in sub-
sequent plasma samples. Timing of the start of the

inulin infusion was performed by the placement of a

small air bubble before the radioactive infusate, and

the initiation of the equilibration period was deter-

mined when the infusate exited the end of the cath-

eter within the rat. Because a portion of the catheter
is inside the rat, the actual start time was adjusted

to account for the length of the catheter within the

rat and the velocity of the infusate was determined
by the movement of the air bubble. At the end of the
equilibration period. the total amount of inulin in the
rat was determined and assumed to be homogene-

ously distributed in extracellular space. A blood sam-
ple was obtained, and the concentration of inulin in
plasma water was measured. The total amount of

inulin in the rat divided by the plasma water concen-

tration on inubin yielded an index of extracellubar
volume. This procedure has been used previously by

this laboratory (8. 1 5). Also, at the end of the equili-
bration period. three to four 20-mm urine collections
were obtained and the volumes were measured. Ar-

terial blood collections (� 1 40 �L of whole blood) were
performed, bracketing each urinary collection period,

and were analyzed for hematocrit, BG. inulin, PAH.

and plasma protein concentrations. Urine was ana-
lyzed for [3H]inubmn and PAH concentrations. Studies

that have been performed in glycosuric humans have
demonstrated that errors in the measurement of ef-
fective RPF can occur as the result of the binding of

glucose to PAH ( 1 7) and can be eliminated by the
addition of NaOH during the collection of urine (17).
We added 10 �L of 2N NaOH in the urine collection

vials in some of the initial studies: however, we found
this to have minimal effect on the measurements of
PAH clearance in the rat and discontinued the prac-

tice. Na� and K’� concentrations were also measured
in both serum and urine. At the end of the experi-

ments, the erythrocytes were reconstituted with ster-
ile saline and reinfused into the rat. On the final

measurement day, when insulin was infused, the

same procedures were performed with only minor
modifications. After the first equilibration period was
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completed, two to three 20-mm clearance periods

were obtained to measure GFR and RPF. At the end
of the second clearance period, 5 U of insulin R was

infused and the rats of both groups were glucose
clamped to euglycemic values. A second equilibration

period lasting 45 mm was then performed. and ECF
volume was remeasured at the end of this equilibra-

tion period. This procedure requires careful monitor-

ing of time and collection of all urine up to the end of

the second equilibration period. Although the differ-

ence between the input and output of inulin after 2

h and 25 mm of continuous inulin infusion was small

(between 1 5 and 25%), the data derived were repro-

ducibbe but resulted in a greater margin for error.
After the second equilibration period, two to three

additional clearance periods were obtained and the

measurements were repeated.

Analytic Methods

Total filtration rates were calculated as previously

described ( 1 8). RPF was determined from the clear-
ance of PAH as previously used in this laboratory (8).
A PAH extraction ratio of 0.85 was used; this has
been previously shown to be an average extraction
ratio for the rat (1 4, 1 9). Systemic protein concentra-
tion was determined by the analysis of femoral artery
plasma. Both a refractometric method and the
method of Lowry et at. (20) were used. Plasma and

urinary Na�’ and K� concentrations were determined

by flame photometry (Instrumentation Laboratory.
Lexington, MA).

Statistical Analysis

Significance of the data between control and ex-

perimental conditions was determined by analysis of
variance and paired t test where appropriate in the

conscious rat studies (2 1 ). Comparisons between
groups were analyzed by unpaired t test to determine
significant differences. All data values are given as

the means ± SE.

RESULTS

Effect of Diabetes and Acute Insulin Treatment
on Mean Arterial Pressure, BG, Systemic Pro-
tein Concentration, and Serum Electrolytes

The mean body weight and kidney weight are de-
picted in Table 1 . Mean arterial pressure (MAP) was

not different between CON and STZ-D and was not

significantly altered after acute insulin infusion (+IN)

(Table 1). Kidney weight was significantly increased

in STZ-D rats (Table 1). BG in the CON rats was 8.3

± 0.3 mmob/L and was essentially unchanged after

acute Insulin infusion and glucose clamp (7.2 ± 1.1

mmol/L; Table 1). In the STZ-D rats, BG was 1 7.3 ±
0.6 mmol/L and was significantly decreased to 6.4 ±

0.3 mmol/L after insulin infusion and glucose clamp

(P < 0.05; Table 1). Systemic protein concentration

(CA) was significantly greater in STZ-D rats compared
with CON. but acute insulin infusion in both groups

did not alter CA (P < 0.05; Table 1). Serum sodium
and potassium concentrations for both CON and

STZ-D rats are depicted in Table 1 . Both serum Na”
and K”' concentrations in STZ-D were significantly
less than in CON (P < 0.05; Table 1 ). Acute insulin
infusion did not alter serum N”’ concentrations in
either group (Table 1 ). Serum K� concentrations de-
creased after +IN in both groups (P < 0.05), and the
magnitude of the decrease was equivalent in both
groups (Table 1).

Effect of Diabetes and Acute Insulin Infusion on
GFR, RPF, Urine Flow, and Sodium and
Potassium Excretion Rates

Because of the differing growth rates between the
diabetic rats and the age-matched controls (Table 1).

GFR and RPF were normalized to body weight. GFR
was significantly increased in the STZ-D group com-

pared with that in the CON group (P < 0.05; Figure
1). The effects of acute insulin infusion in CON re-
sulted in a significant increase in GFR (0.90 ± 0.04

to 1.12 ± 0.06 mL/min.100 g body wt; P < 0.05;

TABLE I . Effects of diabetes and acute insulin infusion on systemic and renal parameters in awake rats#{176}

Body Wt KW
(g)

MAP
(mm Hg)

BG CA
(mmol/L) (g/dL)

PNO+ PK+ GFR U�V UkV
(mEq/L) (mL/min) (�Eq/min. 100 g body wt)

CON 310 ± 12 1.03 ± 0.08 125 ± I 8.3 ± 0.3 5.1 ± 0.1 151 ± I 4.4 ± 0.1 2.8 ± 0.1 0.63 ± 0.05 0.97 ± 0.05
CON + IN 124 ± I 7.2 ± 1.1 4.9 ± 0.1 151 ± 2 3.7 ± 0.lb 3.2 ± 0.3b 0.87 ± 0.07b 0.69 ± 007b

STZ-D 235 ± 4C 1.48 ± 0.09c 122 ± 3 17.3 ± 0.6� 5.7 ± 0.1� 142 ± 1� 4.1 ± 0.1w 3.2 ± 0.1� 1.03 ± 0.07c 1.20 ± 0.05c
STZ-D + IN 126 ± 2 6.4 ± 0.3b 5.5 ± 0.2C j44 ± 2C 3.4 ± 0.lb 2.7 ± 0.2b 1.61 ± 0.27bc 0.82 ± 0.08b

a KW, kidney weight; cA, systemic protein concentration: P�+, serum sodium concentration; PK+, serum potassium concentration; U�V. urinary
sodium excretion: UKV. urinary potassium excretion.

b p < 0.05 compared with respective first period.

C p< 0.05 compared with respective cON penod.
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Figure 2. Effect of acute insulin infusion on RPF in control,

nondiabetic (CON) and diabetic (STZ-D) conscious rats. RPF
was significantly increased after acute insulin infusion (+IN)
in CON. In the STZ-D rats, RPF was greater than CON values
and, after +IN, decreased significantly to values not differ-
ent compared with those in CON + IN. P< 0.05 compared
with respective first period; �P < 0.05 compared with re-
s’pecIlv� COf�f (or +lN) value

eantly greater in STZ-D compared with CON (Table

1). After -f-IN. UKV decreased in both groups (Table
1 ). 4 reductipn in UKV after +IN and a decrease in

PK+ after +IN are indicative of an insulin-stimulated

intracellular transport of potassium.

Effect of �cuIe insp�in Infusion on ECF Volume
In p�q�t�#{231}� qnd �Qndiq�eti#{231} Rqts

ECF volume was not different between CON and
STZ-p rats (28 ± 2 versus 26 ± 2% body wt: NS:

Fig4re �). Acute insulin infusion did npt alter ECF
volume in either CON (28 ± 2 to 25 ± 3% body wt
after -i-IN: NS; Figure 3) or STZ-D (26 ± 2 to 26 ± 3%

body wt after +IN: NS: Figure 3). These data indicate
that the alterations in renal fun4jon as a result of
acute insulin infusion are not due to changes in ECF
volume.

F�#{231}I ,f 50 to AU DayS’ � On Plq�nq

The effects of 50- to 60-day moderately hypergly-
cemic diabetes on plasma volume are presented in

Table 2. Plasma volume in STZ-Ppv rats was sigriifi-
cantly less than in the CON�� rats measured either
as absolute volume or as a percentage of body weight

(T�e 2). The data demonstrate that. under these
conditions of moderately hyperglycemic diabetes,
there was no plasma volume expansion. These find-

ings parallel the numerical difference observed in

n�easurernents of ECF volume: however, there was
no significant decrease in ECF in the STZ-D rats.
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Figure 1. Effect of acute insulin infusion on GFR in control,

nondiabetic and diabetic conscious rats. GFR was signifi-
cantly increased after acute insulin infusion in control, non-
diabetic rats (CON). In the diabetic rats (STZ-D), GFR was
significantly greater than that in CON and, after insulin
infusion (+lN), decreased significantly to values not differ-
ent compared with those in CON + IN rats. � < 0.05 com-
pared �PIh respective first p�rioci �P < 0 05 compared with
respective CON (or +lN) value.

Figure 1 ), whereas the opposite occurred in the STZ-
D group. with �1FR decreased as a result of ±IN (1.37

± 0.03 to 1.13 ± 0.05 mL/min’ 100 g body wt: P <

0.05; Figure 1). Th� values for GFR were not different

after +IN in the diab�ic and nondi4betjc rats (Figure
1). T� nprrnprmaliz�d values for GFR are depicted
in Tab1� 1 . GFR was significantly greater in STZ-D

comp�ired with CON despite th� lower body weight in
STZ-D rats. Th� ch�tnge in nonnprmaliz�d �FR 4fter

+IN w�is signific�int in both STZ-D and CQN grpups
(T4ble 1). Thf� alter�ttmons in F�FP p�tralleled the
changes pbs�rv�#{231}1 in GFR (Figure 2). RFP w�s signif-
i#{231}�rflly increased in STZ-D rats (4.0 ± 0. 1 mL/min.
100 g body wt) compared with CON rats (2.7 ± 0.2

mL/min. 100 g body wt: P < 0.Q�: Figure 2). After

acute insulin infusion. RPF in#{231}r�ased in CON (P <

0.05) and decreased in STZ-D (P < 0.05) to values
that were not different from one another (Figure 2).
Urine flow in STZ-p was approximately 50% greater
than that observed in CON (31 ± 2 versus 21 ± 1 �tL/

mm. respectively: P < Q.05). After +IN. urine flow
d�#{231}reased in STZ-D rats to 20 ± 4 j�L/min (P < 0.05).
There was no change in urine flqw after -1-IN in CON
rats (21 ± 1 versus 20 ± 2 ��L/min. respectively: not

significant [NSJ). Urinary sodium �cretion did not
p�r4ll�l either changes in PER or in urine flpw Pe-

cause of acute insulin infusion. Urinary sodium �-

cretion w�is significantly greater in STZ-D compared

with CON (Table 1 ). After -I-IN. urinary sodium excr�-
tion mncreased in both groups (Table 1). It is interest-

ing to note that urinary Na� excretion increased after

-f-IN in STZ-IJ rats despite decreased GFR and urine
flow. Urinary pptassium excretion (UKV) was signifi-
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Figure 3. Effect of acute insulin infusion (+IN) on ECF volume
in control, nondiabetic (CON) and diabetic (STZ-D) con-
scious rats. There was no difference in ECF between CON
and STZ-D rats, indicating that the glomerular hyperfiltration
observed in STZ-D is due to mechanisms other than extra-
cellular volume expansion. Although +lN had significant
effects on both GFR and RPF, ECF was unaltered after acute
insulin infusion.

TABLE 2. Effect of diabetes on plasma volume in
awake rats (plasma volume measurement groups)a

Body Wt BG PV� PV
(g) (mmol/L) (ml) (% body wt)

CON�� 303 ± 22 6.7 ± 0.4 10.6 ± 0.8 3.5 ± 0.1
STZ-D�� 272±7 17.1±0.7b 8.6±0.4b 3.2±0.lb

0 PV,,,,.,�, nonnormalized plasma volume; PV, normalized plasma vol-

ume to body weight.

b p < 0.05 compared with CON��.

DISCUSSION

This study demonstrates two significant facts. (1)

The maintenance of increased GFR (gbomerular hy-
perfiltration) in the established moderately hypergly-
cemic model of experimental insulin-dependent dia-

betes is not dependent on fluid volume expansion.
(2) The changes in renal function, in both diabetic

and nondiabetic rats, due to acute insulin infusion
are not associated with alterations in ECF volume.
Despite the rapid and marked decrease in blood glu-
cose concentration in the diabetic group. there was
no change in ECF volume. It would appear that the
contrasting effects of insulin infusion on GFR and

RPF between diabetic and nondiabetic rats cannot
be attributed to extrarenab volume shifts and that the

control mechanisms for these insulin-induced alter-
ations reside within the kidney.

The reasons for the genesis and maintenance of

glomerular hyperfiltration in poorly controlled, in-

subin-dependent diabetes remain to be elucidated. In
a previous study from our laboratory with conscious,

chronic cannubated rats. there was no association
between the development of gbomerubar hyperfiltra-
tion and the expansion of either ECF or plasma vol-

umes after the onset of streptozotocin diabetes (8).
Hostetter and coworkers observed plasma volume

expansion in a more established model of streptozo-

tocin diabetes in the rat (3), and Faubchald et at. (6)
observed ECF volume expansion in humans with

established insulin-dependent diabetes mellitus (10).
However, Fioretto et at. demonstrated that volume

expansion in insulin-dependent diabetes does not

always result in hyperfiltration (9). Also, in this

study. ECF volume (normalized to body weight) in the

diabetic rat was not different from that of control,

nondiabetic rats, whereas the diabetic rats exhibited
a significantly greater normalized GFR compared
with that of the control group. This increase in GFR

in the diabetic group is closely associated with the
increase in RPF. This study demonstrates that the
maintenance of glomerular hyperfiltration is not de-
pendent on the expansion of either plasma or ECF
volume and is likely due to intrarenab factors. These

data provide added evidence of the dissociation of
gbomerular hyperfiltration in diabetes and plasma or
ECF volume expansion. A dissociation between vob-

ume expansion and hyperfiltration was also noted in
humans (9). These studies specifically test the hy-

pothesis of whether the gbomerular hyperfiltration
observed in diabetes is the direct result of volume

expansion. Volume expansion alone does not always
result in increases in GFR. as demonstrated by sa-
line-loading studies in humans (22.23).

Values for GFR and RPF were normalized to body
weight in this study as a result of the markedly

different body weights between the age-matched
nondiabetic and diabetic groups of rats (Table 1). If

GFR in both groups were not normalized, there would
still be a significant difference between the two
groups (Table 1 ). However, previous studies in rats

have demonstrated that GFR and nephron plasma
flow are linearly related to body weight (24). and

therefore, normalized values for GFR, RPF. and ECF
were used in this study to compensate for the differ-

ences in body weight between the two groups.
Acute insulin infusion in normal, nondiabetic rats

has been previously shown to result in renal vasodi-
bation and an increase in GFR ( 1 2). This phenomenon
is independent of extrarenal fluid volume alterations,
as has been demonstrated in the isolated perfused

kidney preparation by Cohen and coworkers (13).
However, the opposite occurs when the same proce-

dure is applied either to untreated diabetic rats. 7 to
1 0 days after the onset of streptozotocin diabetes

or, as in this study. to the established, moderately
hyperglycemic model of experimental insulin-de-
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pendent diabetes. Although there was a significant

reduction in blood (and presumably interstitial fluid)

glucose concentration in the STZ-D group after acute

insulin infusion, this event was not accompanied by

a fluid shift from extracebbubar to intracellular space.

One must assume that osmotic adaptations must
have occurred in order to compensate for the reduc-

tions in extracellular glucose concentration, possibly
via acute changes in extraceblular osmolytes. There-
fore, it is unlikely that rapid decreases in fluid volume
are responsible for the insulin-induced reduction in

GFR and RPF observed in diabetic rats in this study.
This finding is supported by evidence from the iso-

bated perfused diabetic rat kidney. in which renal

vasoconstriction was also observed after acute insu-

bin infusion (25). In the isolated perfused diabetic

kidney. perfusate glucose was not altered, and there-

fore, changes in BG are less likely to contribute to
the insulin-induced renal vasoconstriction. These
data, taken in concert, indicate that alterations in
fluid volume status in insulin-dependent diabetes
may exert a lesser influence on gbomerular hyperfil-

tration than was previously hypothesized. It is also
possible that the normalization of GFR in diabetic

patients as the result of proper glycemic control could
be the direct result of increased levels of insulin
administration.

Sodium excretion increased and potassium excre-
tion decreased in both CON and STZ-D groups after

acute insulin administration. These events are likely
the renal response to reduction in serum K”' concen-

tration after acute insulin administration, because of
decreased adrenal minerabocorticoid release in both
groups. Decreased aldosterone should increase the
excretion of Na”' and cause concentration of K”.

There is one perplexing problem that remains:
what mechanism or mechanisms are involved in the

kidney whereby insulin administration evokes such

disparate renal vasoaction in experimental insulin-

dependent diabetes and nondiabetic animals? The
complex interactions in the neurohormonal milieu

associated with control of renal function that are
altered in insulin-dependent diabetes and that pro-
duce insulin-induced renal vasoconstriction in both

early (12) and established diabetes will require fur-
ther study.

In summary. the contrasting effects of insulin in-
fusion on GFR and RPF observed in conscious dia-

betic and nondiabetic rats cannot be attributed to

acute alterations in ECF volume. In contrast to pre-
vious hypotheses. these data demonstrate that

plasma or ECF volume expansion is not required as

a contributing mechanism to insulin-dependent dia-
betes-induced gbomerular hyperfiltration in the mod-

erately hyperglycemic, established, diabetic rat.
There is a high likelihood that the control mechanism
or mechanisms for insulin-induced renal vasocon-

striction in diabetic rats and for vasodilation in non-

diabetic rats are entirely intrarenal in origin.
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