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completed, two to three 20-min 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 min 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 min of continuous inulin infusion was small
(between 15 and 25%), the data derived were repro-
ducible 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 (18). 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 (14,19). Systemic protein concentra-
tion was determined by the analysis of femoral artery
plasma. Both a refractometric method and the
method of Lowry et al. (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 (21). 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 mmol/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 17.3 +
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 C, (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 1. Effects of diabetes and acute insulin infusion on systemic and renal parameters in awake rats®

Body Wt KW MAP BG

9) (mm Hg) (mmoil) (g/dL)

Pro+ Px+ GFR UnaV UV
(mEq/L) (mL/min) (xEq/min- 100 g body wt)

CON 310+ 12 4.03+0.08 125+1 83+03 51+0.1 151+1 44+01 28+0.1 0.63+0.05 0.97+0.05

CON +IN

124+ 19 7.2+11 49+01 151+2 3.7+0.4°3.2+0.3°0.87 £ 0.07° 0.69 = 0.07°

S12-D 235+ 4° 1.48 +£0.09° 122+ 3 17.3+0.6°5.7 + 0.1° 142 + 1° 4.1+ 0.1° 3.2+ 0.1° 1.03 £ 0.07° 1.20 + 0.05°

ST1Z-D +IN

126+2 6.4+0.3°55+0.2° 144 + 2° 3.4 + 0.1° 2.7 + 0.2° 1.61 + 0.27°° 0.82 + 0.08°

KW, kidney weight; C,, systemic protein concentration; Puo., serum sodium concentration; Py,, serum potassium concentration; UxoV, urinary

sodium excretion; UcV, urinary potassium excretion.
® P < 0.05 compared with respective first period.
¢ P < 0.05 compared with respective CON period.
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Figure 4. 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 (+IN), decreased significantly to values not differ-
ent compared with those in CON + IN rats. P < 0.05 com-
pares WHYIESREC!vE st PRrite: "B 6-88 compdidd With
respactive EON (sr +IN) value:

Figure 1). whereas the opposite sceurred in the 8T%-
B %FBHB: with GFR decreased as a result of +IN (1.37
+0.03ta 1.13 + 0.68 mL/min: 100 g bedy wt: B <
0.08: Figure 1). The values for GFR were nof different
after +IN in the diabetic and nondiabetic rats (Figure
1). The nennsrmalized values for GFR are depicted
in TaBle 1. GFR was significantly greater in 8T4-D
compared with CON despite the lower Bedy weight in
§T%-D rats. The change in nennsrmalized GFR after
+IN was significant in Beth 8F%-D and €GN gmuﬁs
(FaBle 1). Fhe alterations in RFP %aranslsa the
sh.an%sﬁ abserved in 6FR g‘igm 3). RFB was signif-
icantly increased in 8T4:D rats (4.0 = 0.1 mL/min:
160 g bedy wt) compared with CON rats (2.7 £ 0.3
mL/min: 160 g bedy wt: P < 0.08: Figure 3). After
aeute insulin infusien. RBF increased in €ON (]B 3
0.088) and decreased in 8§TZ:D (P < 0.08) t8 values
that were not different fram one anather (Figure 3).
Urine flow in 8T%:D was appreximately 80% greater
than that ebserved in CON g 1 3 versus 3] £ y4b/
min. respeetively: P < 0.08). After +IN. urine flgw
decreased in 8T%-D rats t9 20 + 4 yL/min (IB < 0.08).
Fhere was ne change in urine flaw after +IN ip 66!

Fats (21 * 1 versus 20 + 2 yL/min. respectively: not
significant |N8)). Urinary sedium exeretisn did net
parallel either changes in GFR oF in urine flow Be:
cause of acute insulin infusien. Urinary sedium ex:
cretion was &iﬁmﬂsamly greater in 8F%:-D compared
with 60N (TaBle 1). After +IN. urinary sedium exere-
tion increased in Both graups (Table 1). It is interest-
ing te nete that urinary Na* exeretien increased after
+IN in 8F2-D rats despite decreased GFR and urine
flow. Urinary petassium exeretion (UxV) was signifi-
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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 wilg re-
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cantly greater in 8T%-D compared with 66N (Table
12: After +IN. UxV decreased in Bsth greups (Table
1). A reduetion in UxV after +IN and 3 decrease in
By after +IN are indicative of an insulin-stimulated
intraceliular transpert of patassium.

Effeet of Acute IRsulin IRfusieh SR EEF Velume
in Bigbetie and Neneiabetie Rats

EEF velume was net different Between 66N and
8T%-D rats (38 + 3 versys 36 * 3% bedy wt: N8&:
Figure 3). Acute insulin infusien did net alter EGF
volume in sither €ON (38 = 2 {0 38 £ 3% body wt
after +IN: N8: Figure 3) or 8F2-D (36 £ 3 {3 36 £ 3%
Body wt after +IN: N&: Figure 3). These data indicate
that the alteratigns in renal funetien as a result of
asins insulin infusion are not due to changes in ECF
volume:

Effect of 86 1o 66 Bays' Biabetes en Plasma
Yelume

Fhe effects of 80- tp 60-day mederately hypergly-
cemic diabetes on plasma volume are presented in
Table 3. Plasma velume in 8T4-Bpy rats was signifi-
cantly less than in the GONpy Fats measured either
as absslute velume oF as 3 pereentage of bady weight
(Fable 3). The data demenstrate that. under these
eenditions of mederately hyperglveemic diabetes.
there was ne plasma velume expansisn: These find-
ings parallel the numerical difference observed in
measurements of BCF velume: however. there was
ne significant decrease in ECF in the 8T2-D rats.
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Figure 3. Effect of acute insulin infusion (+IN) on ECF volume
in control, nondiabetic (CON) and diabetic (S1Z-D) con-
scious rats. There was no difference in ECF between CON
and STZ-D rats, indicating that the glomerular hypeffiltration
observed in STZ-D is due to mechanisms other than extra-
cellular volume expansion. Although +IN had significant
effects on both GFR and RPF, ECF was unaitered after acute
insulin infusion.

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

BodyWt  BG PV ateor PV
(9  (mmoil)  (ml) (% bodywh
CONpy 303+22 6.7+04 106+08 3.5+0.1

STZ-Dpy 272+7 17.1+0.7° 8.6+0.4°> 3.2+0.1°

° PVao. NONNOMalized plasma volume; PV, normalized plasma vol-
ume to body weight.

® P < 0.05 compared with CONey.

DISCUSSION

This study demonstrates two significant facts. (1)
The maintenance of increased GFR (glomerular 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 extrarenal 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-
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sulin-dependent diabetes remain to be elucidated. In
a previous study from our laboratory with conscious,
chronic cannulated rats, there was no association
between the development of glomerular 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 Faulchald et al. (6)
observed ECF volume expansion in humans with
established insulin-dependent diabetes mellitus (10).
However, Fioretto et al. 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 intrarenal factors. These
data provide added evidence of the dissociation of
glomerular hyperfiltration in diabetes and plasma or
ECF volume expansion. A dissociation between vol-
ume expansion and hyperfiltration was also noted in
humans (9). These studies specifically test the hy-
pothesis of whether the glomerular 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-
lation and an increase in GFR (12). 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
10 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 extracellular 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 extracellular 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-
lated perfused diabetic rat kidney, in which renal
vasoconstriction was also observed after acute insu-
lin 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 glomerular 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 mineralocorticoid 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 glomerular 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-
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striction in diabetic rats and for vasodilation in non-
diabetic rats are entirely intrarenal in origin.
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