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Abstract

Systemic inhibition of nitric oxide synthase (NOS) with NC-
monomethyl-L-arginine (L-NMMA) causes acute insulin re-
sistance (IR), but the mechanism is unknown. We tested
whether L-NMMA-induced IR occurs via NOS blockade in
the central nervous system (CNS). Six groups of Sprague-
Dawley rats were studied after chronic implantation of an
intracerebroventricular (ICV) catheter into the lateral ven-
tricle and catheters into the carotid artery and jugular vein.
Animals were studied after overnight food deprivation,
awake, unrestrained, and unstressed; all ICV infusion of
L-NMMA or D-NMMA (control) were performed with artifi-
cial cerebrospinal fluid. ICV administration of L-NMMA re-
sulted in a 30% rise in the basal glucose level after 2 h, while
ICV D-NMMA had no effect on glucose levels. Insulin, epi-
nephrine, and norepinephrine levels were unchanged from
baseline in both groups. Tracer (*H-3-glucose)-determined
glucose disposal rates during 2 h euglycemic hyperinsuline-
mic (300 wU/ml) clamps performed after ICV administration
of L-NMMA were reduced by 22% compared with D-NMMA.
Insulin secretory responses to a hyperglycemic clamp and to
a superimposed arginine bolus were reduced by 28% in
L-NMMA-infused rats compared with D-NMMA. In con-
clusion, ICV administration of L-NMMA causes hypergly-
cemia via the induction of defects in insulin secretion and
insulin action, thus recapitulating abnormalities observed in
type 2 diabetes. The data suggest the novel concept that
central NOS—dependent pathways may control peripheral
insulin action and secretion. This control is not likely to be
mediated via adrenergic mechanisms and could occur via
nonadrenergic, noncholinergic nitrergic neural and/or endo-
crine pathways. These data support previously published
data suggesting that CNS mechanisms may be involved in
the pathogenesis of some forms of insulin resistance and
type 2 diabetes independent of adiposity. (J. Clin. Invest.
1998. 102:1403-1412.) Key words: insulin resistance « type 2
diabetes » sympathetic nervous system « nonadrenergic non-
cholinergic neurotransmission « nitric oxide synthase
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Introduction

The pathogenesis of type 2 diabetes has been extensively stud-
ied; however, the etiology of this fascinating and complex dis-
order of metabolism remains elusive. Because overt classical
type 2 diabetes is characterized by abnormalities of B-cell
function (decreased insulin secretion) (1-3), insulin action (in-
sulin resistance) in skeletal and adipose tissue (4-6), and he-
patic glucose metabolism (inappropriately elevated hepatic
glucose output) (7), attention has been focused on metabolic
pathways resident in these organ systems. Numerous candi-
date genes and their products involved in relevant metabolic
pathways have been examined but with relatively modest suc-
cess (8-10). While the metabolic disturbance of type 2 diabetes
is striking, it is remarkable that the level of fasting hyperglyce-
mia is relatively constant within a narrow range. Indeed, given
stable nutrition and physical activity, fasting hyperglycemia
varies little from day to day in patients with type 2 diabetes, sug-
gesting that glucohomeostatic mechanisms are reset and tightly
regulated at a higher glycemic level. Moreover, the level of
fasting hyperglycemia in these patients is apparently sufficient
to normalize the rates of peripheral tissue glucose uptake (via
mass action) despite insulin resistance (11). Given that fasting
hyperglycemia is largely determined by rates of hepatic glu-
cose output (12, 13), it is reasonable to suspect that hepatic and
peripheral tissue glucose metabolism is tightly coupled. This high
degree of regulation and coordination of interorgan fuel flux
suggests the presence of a complex centralized control system.

Endothelial, neuronal, and inducible nitric oxide synthases
(eNOS, nNOS, and iNOS, respectively)! are the rate-limiting
enzymes in the synthesis of nitric oxide (NO), a gas with nu-
merous properties (14), including the modulation of vascular
tone, neurotransmission, and cytotoxicity, respectively. We
have recently reported that acute systemic administration of
high doses of N®-monomethyl-L-arginine (L-NMMA )—a com-
petitive inhibitor of nitric oxide synthase (NOS)—in healthy,
adult male Sprague-Dawley rats results in the development of
marked insulin resistance and hypertension (15). Because
these observations could have resulted from general inhibition
of all NOS isoforms, we recently tested whether NOS activity
resident in the central nervous system (CNS) plays a role in
the control of hypertension and insulin sensitivity. In prelimi-
nary studies performed in anesthetized rats, we examined the

1. Abbreviations used in this paper: CNS, central nervous system;
CSF, cerebrospinal fluid; EGO, endogenous glucose output; eNOS,
endothelial nitric oxide synthase; GIR, glucose infusion rate; HGO,
hepatic glucose output; ICV, intracerebroventricular; iNOS, induc-
ible nitric oxide oxide synthase; L-NMMA, NS-monomethyl-L-argi-
nine; MAP, mean arterial pressure; NANC, nonadrenergic, noncho-
linergic; nNOS, neuronal nitric oxide synthase; NO, nitric oxide; NOS,
nitric oxide synthase; Ra, rate of glucose appearance; Rd, rate of glu-
cose disappearance.
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acute metabolic and pressor effects of an injection of 500 g of
L-NMMA or D-NMMA (an inert isomer) into the lateral ven-
tricle of the brain. Hypertension and hyperglycemia were ob-
served in the animals receiving L-NMMA, while no changes
in blood pressure or glycemic parameters were noted in the
rats receiving D-NMMA, an inert isomer. The same dose of
L-NMMA given systemically had no effect on blood pressure
or insulin secretion. Thus, the data suggested that CNS NOS
activity may play a role in modulating blood pressure and glu-
cose metabolism.

The current study was conducted in chronically catheter-
ized, awake, unstressed rats to more definitively determine if
inactivation of CNS NOS can induce abnormalities in insulin
action and/or insulin secretion without the confounding effects
of anesthesia. Demonstration of such an effect would provide
the first evidence that central NO-dependent efferent path-
ways may play a role in the resetting of glucohomeostatic
mechanisms in insulin-resistant states and type 2 diabetes.

Methods

Surgical manipulations

Insertion of intracerebroventricular (ICV) canula. Canula for intra-
ventricular placement were custom ordered from Plastics One Inc.
(Roanoke, VA). Outer canula measuring 11 mm in total length,
dummy canula measuring 10 mm in length, and infusion canula mea-
suring 12 mm in length were used. Adult male rats (Harlan Sprague
Dawley, Indianapolis, IN) weighing 250-300 g were used in all the ex-
periments. After an overnight fast, the rats were anesthetized with in-
tramuscular ketamine hydrochloride (10 mg/100 g; Fort Dodge Labo-
ratories, Inc., Fort Dodge, IA) and placed on the Kopf stereotactic
apparatus. An appropriate side arm holding the guide canula was at-
tached. The vertical coordinate of the side arm was set at 0° in the lat-
eral plane and at 90° in the horizontal plane. Animals were positioned
appropriately on the apparatus using the head and chin holders. The
scalp was incised in the midline to expose the saggital suture. The pe-
riosteum was opened and reflected away from the surgical field. The
lateral, anteroposterior, and dorsoventral coordinates of the lateral
ventricle on either side were determined from the Atlas of Paxinos
and Watson (16). The bregma was used as the reference point, and a
hole was drilled in the frontal bone at the junction of the lateral and
anteroposterior coordinates. Extreme caution was exercised to avoid
tearing the dural vessels during this process. Four smaller holes were
drilled around this central hole, and stainless-steel screws were in-

serted half-way through these holes. The outer guide canula was posi-
tioned over the central hole and lowered carefully until the necessary
dorsoventral coordinate was reached (i.e., the tip of the outer guide
canula would be in or very close to the lateral ventricle). The canula
was fixed to the skull using cranioplastic cement after ensuring hemo-
stasis. After the cement had set, the outer canula was freed from the
side arm and the dummy canula or cap was inserted to close the outer
canula. The rats were then allowed to recover from the anesthesia and
were handled on a regular basis, with manipulation of the canula to
get them accustomed to these maneuvers.

Insertion of arterial and venous catheters. Silastic catheters (ID 0.020
in X OD 0.037 in; Dow Corning, Midland, MI) were placed in the
right jugular vein and polyethylene PE-50 tubing (ID 0.023 in X OD
0.038 in; Becton-Dickinson, Parsippany, NJ) was placed in the left ca-
rotid artery of the rats according to a previously described procedure
3-6 d after lateral ventricular cannulation (17). Catheters were exteri-
orized to the back of the neck and capped. The experimental proto-
cols were initiated 2-3 d after cannulation of neck vessels, after over-
night food deprivation.

ICV infusions

Artificial cerebrospinal fluid (CSF) was composed of 145 mM NaCl,
2.7 mM KC(l, 1.0 mM MgCl,, 1.2 mM CaCl,, 0.2 mM ascorbate, pH
adjusted to 7.3-7.4, and 2 mM Na phosphate buffer was used as vehi-
cle for all ICV infusion studies. Artificial CSF was freshly prepared
within 48 h of each experiment. L-NMMA or D-NMMA was dis-
solved in the artificial CSF to a final concentration of 250 pg/pl. A
small amount of this solution was withdrawn into the internal fusion
canula connected to a polyethylene supply tube with a captive collar
(Plastics One Inc.) to secure the unit to the outer guide canula. This
tubing was then connected to a 1-cc syringe primed with the infusate.
The syringe was set into a microinfusion pump (Harvard Apparatus
Inc., South Natick, MA), which was programmed to deliver 2 pl of
the infusion solution over 6 min (0.333 pl/min). After an overnight
fast, the rats were placed in a test cage, the dummy canula was re-
moved, and the infusion canula was introduced into the outer guide
canula and fixed in position. When fixed, the inner canula would
project 1.0 mm from the tip of the outer guide canula and lie in the
lateral ventricle. The experiments began with the simultaneous infu-
sion of saline through the jugular vein and the test substance
(L-NMMA or D-NMMA) into the lateral cerebral ventricle. The infu-
sion canula was removed 10 min after the infusion.

At the termination of the ICV studies, green dye was infused
through the ICV canula into the ventricle, and the animal was guillo-
tined and catheter placement was visually confirmed. Only the data from
animals where placement was confirmed were used in the analyses.

Protocol # 1

JJCV L-NMMA or D-NMMA (5001g over 6 minutes) ’

f-l V  L-NMMA or D-NMMA (500pg over 6 minutes)

]

Protocol # 2 | 3H3 Glucose 0.1nCi/min |
«JCV L-NMMA or D-NMMA (500ug over 6 minutes)
*Euglycemic Hyperinsulinemic Clamp X
(12mU/kg/min) Figure 1. In each protocol, two groups of rats un-
— T : T — T derwent ICV bolus injection (over 6 min) of either
-s'o -2<|> -1'0 <I) 10 20 30 40 50 60 70 80 90 100 110 120 L-NMMA or D-NMMA. Protocol 1: (n = 10 in
Minutes each group) ICV injection alone; (n = 4 in one
control group) intravenous injection of L-NMMA
only. Protocol 2: (n = 6 in each group) ICV injec-
. o .
Protocol # 3 *ICV L-NMMA or D-NMMA (500ug over 6 minutes) tion followed by 12 mU/m*/min euglycemic hyper-
*Hyperglycemic Clamp insulinemic clamp with tracer determined (*H-3-
glucose) glucose turnover measurement. Protocol
IV L-Arginine 3: (n = 6in each group) ICV injection followed by
(100mg. kg'") a hyperglycemic (~ 280 mg/dl) clamp for 100 min.
T 1TTIrr 1 1 1 in, insuli .
o v 5 3!0 - 5 60 70 80 % 100135 10 15 20 {\t 100 min, ?n.suhn secretory response to a super
Minutes imposed arginine bolus was measured.
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Determination of mean arterial pressure (MAP)

At the onset of the study, the arterial catheter was connected to a
pressure transducer linked to a custom-made invasive blood pressure
monitor calibrated with a mercury column. MAP was recorded every
5-10 s over a 5-min period, and values were averaged to obtain a rep-
resentative baseline value. After the ICV bolus, MAP measurement
was recorded in a manner similar to that utilized at baseline at the
time points described in the protocol below.

Experimental protocols

For each experimental protocol, two groups of rats were studied. One
group received ICV L-NMMA, while the other received ICV
D-NMMA. All studies were approved by the Indiana University/Pur-
due University Animal Use Committee. In Protocol 1, ten rats were

measured at baseline and at 10 min intervals for
120 min after ICV administration of L-NMMA or
D-NMMA alone (protocol 1).

studied in each group. In Protocols 2 and 3, six rats were studied in
each group. Three different experimental protocols were performed.

Protocol 1: ICV L-NMMA or D-NMMA alone. These studies were
performed to determine the effect of inhibition of CNS NOS on
blood pressure, glucose, insulin, and catecholamine levels (Fig. 1). At
baseline, two samples were obtained 10 min apart for determination
of glucose, insulin, and catecholamine levels. A bolus of 500 pg of
L-NMMA or D-NMMA (2 pl total vol) was infused into the lateral
cerebral ventricle for 6 min, and normal saline was infused intrave-
nously. Following the ICV bolus, glucose and blood pressure were
measured every 10 min. Insulin levels were measured at 30, 60, 90,
and 120 min after the ICV bolus. Catecholamine levels were mea-
sured at —10, 0, 90, and 120 min after the ICV bolus. The experiment
was terminated 120 min after the ICV bolus. To establish the specific-
ity of the effects observed with ICV injection, another set of control

Figure 3. Serum insulin levels in rats measured at
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alone (protocol 1).
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Figure 4. Plasma glucose levels in rats at baseline
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experiments was performed by intravenous infusion of 500 g of
L-NMMA for 6 min. Plasma glucose and blood pressure were mea-
sured at baseline, at 30, 60, 90, and 120 min.

Protocol 2: CNS NOS inhibition + euglycemic hyperinsulinemia.
The effect of inactivating CNS NOS on blood pressure and insulin ac-
tion in peripheral tissues was evaluated by performing euglycemic
hyperinsulinemic clamps immediately following an ICV infusion of
L-NMMA or D-MNNA (500 pg) (Fig. 1). Euglycemic hyperinsuline-
mic clamp studies were performed using a modification of the
method described by Smith et al. (18). Arterial and venous lines were
connected to sampling and infusion syringes, respectively. Glucose
turnover in both the basal and insulin-stimulated state was assessed
isotopically by bolus injection of 6 wCi of [3-*H]glucose (NEN Life
Science Products, Inc., Boston, MA) followed by a constant infusion
at 0.1 pCi/min. Blood for measurement of basal glucose-specific ac-
tivity was obtained after 40, 50, and 60 min of constant tracer infu-
sion. Insulin infusion (Humulin-R; Eli Lilly and Co., Indianapolis,
IN) was then initiated at ¢ = 0 of the clamp at a rate of 12 mU/kg/min.
The insulin infusate was mixed in a heparinized (9 U/ml of heparin)
solution of glucose tracer and blood (obtained from cardiac puncture
of a littermate) drawn up into a 5-ml syringe and delivered continu-
ously via a Compact Harvard pump (model 975; Harvard Apparatus,
Inc.). Plasma glucose concentration was measured at 5-10 min inter-
vals and clamped at euglycemia with a variable infusion of 20% dex-
trose solution (Abbott Laboratories, North Chicago, IL) via an ad-
justable pump (model A-99; Razel Scientific Instruments, Stamford,
CT). Serum insulin levels were measured at t = 90 and 100 min dur-
ing the clamp. All clamps were carried out for 100 min. Blood sam-
ples were obtained at ¢t = 90 and 100 min to measure steady-state glu-
cose-specific activity during euglycemic hyperinsulinemia.

Under basal conditions and during insulin infusion, the rate of
glucose appearance (Ra) was calculated by dividing the known infu-
sion rate of tritium counts by the glucose-specific activity. The rate of

and during a hyperinsulinemic euglycemic
clamp after ICV administration of L-NMMA or
D-NMMA (protocol 2).

hepatic glucose output was calculated as Ra minus the glucose infu-
sion rate (HGO = Ra — GIR). Under steady-state conditions, Ra is
equal to the rate of glucose disappearance (Rd).

Protocol 3: CNS NOS inhibition + hyperglycemic clamp and argi-
nine. These studies were undertaken to evaluate the effect of inhibit-
ing CNS NOS activity on insulin secretion in response to hyperglycemia
and arginine stimulation (Fig. 1). For these studies, hyperglycemic
clamps were performed immediately following an ICV infusion of 500
ng of L-NMMA or D-NMMA into the lateral ventricle. After a 20-min
baseline period, during which fasting glucose and insulin levels were
measured in duplicate, a variable infusion of 20% dextrose solution
(Abbott Laboratories) via an adjustable pump (model A-99; Razel
Scientific Instruments) was used to achieve blood glucose levels of ~ 280
mg/dl. Plasma glucose was determined every 10 min. When the blood
glucose concentration was maintained at the desired level with mini-
mal changes in the GIR (< 10%) for at least 30 min, it was assumed
that steady state was achieved. Steady-state GIRs were subsequently
kept constant for ~ 70-130 min. Insulin levels were determined at 90
and 100 min, after which a 100 mg/kg bolus of L-arginine (100 mg/dl)
(Sigma Chemical Co., St. Louis, MO) was infused rapidly. Insulin and
glucose levels were determined at 1, 3, 5, 10, 15, and 30 min following
the arginine bolus.

Analytical techniques

Plasma glucose was determined by the glucose oxidase method with a
glucose analyzer (model 2300 Stat; Yellow Springs Instruments, Yel-
low Springs, OH). Plasma samples for determination of glucose-spe-
cific activity were processed and evaluated according to the technique
previously reported (17, 18). Serum insulin levels were measured
by double-antibody radioimmunoassay, using rat insulin antibody
(Linco, St. Louis, MO). Human insulin antibody was used to measure
circulating immunoreactive human insulin during the hyperinsuline-
mic clamp studies. Blood drawn for analysis of catecholamine levels
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Table I. Catecholamine Levels at Baseline and during ICV
Administration of L-NMMA or D-NMMA Alone (Protocol 1)

Time (¢, min) L-NMMA D-NMMA P value
Epinephrine (pg/ml)
10 665.6+1209  1126.0+478.9 NS
0 779.3+206.0 574.1+121.4 NS
90 1026.6+280.4  1619.1x788.7 NS
120 896.0+269.7  1227.0+711.2 NS
Norepinephrine (pg/ml)
10 426.1+78.9 625.1+143.5 NS
0 367.2+48.6 489.7+104.8 NS
90 417.2+55.6 941.4+404.0 NS
120 519.3+201.7 695.8+170.7 NS

was immediately transferred to heparin-treated tubes set on ice and
spun for 1 min in a 0°C centrifuge. The supernatant was pipetted into
precooled capped tubes and stored at —86°C. All samples were ana-
lyzed within 3 wk of collection as previously described (19).

Statistical analyses

All comparisons were made between L-NMMA versus D-NMMA
groups, respectively, throughout the result section. All data are ex-
pressed as mean*SEM. Results were analyzed using the Statview 4.5
software package (Abacus Concepts, Inc., Berkeley, CA) run on a
Power Macintosh 7600 computer. The two groups were compared us-
ing ANOVA followed by Fisher’s protected least significant differ-
ence test or Student’s ¢ test where applicable. Significance was ac-
cepted at P < 0.05.

Results

Protocol 1: ICV L-NMMA or D-NMMA alone. Both L-NMMA-
and D-NMMA-treated groups exhibited similar MAP at base-
line (106.3=3.8 vs. 109.5+4.2 mmHg, respectively, P = NS).
Immediately following ICV infusion of L-NMMA, MAP rose
while no significant change was noted in animals infused with
D-NMMA. In this latter group, MAP remained essentially un-
changed from baseline throughout the study. 20 min following
ICV infusion, MAP was 125+4 mmHg, or 14% higher in the
L-NMMA- than in the D-NMMA-treated group, and by 120
min, MAP had stabilized to 137=3 mmHg, a level ~ 20%
higher than baseline (P < 0.001) (Fig. 2 A). Basal plasma glu-
cose levels were identical in both L-NMMA versus D-NMMA
groups (130.2%2.3 vs. 130.1+2.0 mg/dl, respectively) and did
not change perceptibly in the animals infused with D-NMMA.
In contrast, in the animals receiving ICV infusion, L-NMMA
plasma glucose concentrations rose above baseline by 15% at
20 min and continued to rise, reaching a level of 181+6 mg/dl
at 120 min, an ~ 30% increase above baseline (P < 0.05) (Fig.
2 B). These glycemic and hemodynamic changes were not ac-
companied by any perturbation in serum catecholamine levels
(Table I). At 90 and 120 min, both plasma glucose and MAP

Table I11. Characteristics of Animals at Baseline and after ICV
Administration of L-NMMA or D-NMMA during Euglycemic
Hyperinsulinemia (Protocol 2)

L-NMMA D-NMMA P value
N 6 6 —
Weight (g) 28724126 289.8+61 NS
Fasting glucose (mg/dl) 123.3+4.5  118.8%6.5 NS
Steady-state glucose (mg/dl) 120.0£4.5  1185*74 NS
Fasting insulin (n.U/ml) 19.2+2.1 11.7£2.6 NS
Steady-state insulin (nU/ml) 3131739 298.1%57.2 NS
Baseline MAP (mmHg) 112.7£39  1154*1.7 NS
Steady-state MAP (mmHg) 137.3x2.6  129.8%2.6  <0.05
Steady-state GDR (mg/kg/min)  33.9+1.8 433%51 <0.05
Basal HGO (mg/kg/min) 8.4+1.5 8.1+09 NS
Residual HGO (mg/kg/min) 23%22 0.00 NS

levels were at their peak values, while catecholamine levels
were unchanged from baseline. Serum insulin levels were com-
parable in both groups under basal conditions (30.0=7.4 vs.
23.7%6.9 nU/ml, P > 0.05). Insulin levels fell below baseline in
both groups (P < 0.05) 30 min after ICV injection, returning
to baseline levels by 60 and 90 min in the L-NMMA- and
D-NMMA-infused groups, respectively. At 90 min post-ICV,
infusion insulin levels were unchanged from baseline and not
different between L-NMMA and D-NMMA groups (Fig. 3).
Because animals infused with the L analog displayed hypergly-
cemia, the lack of an appropriate rise in prevailing insulin lev-
els suggested a defect in the insulin secretory response to glu-
cose induced by CNS NOS blockade. In contrast to ICV
administration, infusion of 500 pg of L-NMMA intravenously
caused no change in either plasma glucose or MAP (Table II).

Protocol 2: CNS NOS blockade and insulin action. Baseline
MAP was similar in both L-NMMA- and D-NMMA-treated
groups, 112.7+3.9 versus 115.4+1.7 mmHg, respectively, P >
0.05 (Table III). During hyperinsulinemia, MAP rose in both
groups, but the rise was greater in the L-NMMA-treated
group. Under steady-state conditions, MAP was elevated in
the L-NMM A-infused group compared with the control group,
137.3%2.6 and 129.8+2.6 mmHg, respectively, P < 0.05 (Table
III). Fasting blood glucose levels were similar in both groups
(123.3£4.5 vs. 118.8%6.5 mg/dl, P = NS) and were clamped
close to baseline levels during hyperinsulinemia (Fig. 4). The
steady-state glucose and immunoreactive insulin concentrations
in both the L-NMMA- and D-NMMA-infused groups were
nearly identical (120%4.5 vs. 118.5+7.5 mg/dl and 313.0=73.9
vs. 298.1257.2 mU/ml, respectively) (Table III). The GIR re-
quired to maintain euglycemia in both groups of rats was com-
parable initially. After 50 min of hyperinsulinemia, GIR was
~ 18% lower, and by 100 min it was ~ 26% lower in the rats
receiving ICV L-NMMA versus D-NMMA (31.62+2.21 vs.
43.28+5.09 mg/kg/min, P < 0.05) (Fig. 5). Basal endogenous

Table 1. Effects of 500 ug of L-NMMA Intravenous Bolus on Plasma Glucose Levels and MAP

n=4 t=0 t=30 t=60 t=90 t=120
Glucose (mg/dl) 130+4 1167 124+6 119+4 1313
MAP (mmHg) 124.4+2.4 129.3+1.7 127.6+0.3 122.0+2.0 121.7+0.3

Nitric Oxide Synthase and Glucose Homeostasis 1407



Figure 6. Rates of hepatic glucose output at base-
line and during a euglycemic hyperinsulinemic

Baseline

glucose output (EGO) was nearly identical in both groups
(8.42+1.52 vs. 8.09+0.88 mg/kg/min, P < 0.05) (Fig. 6). After
100 min of hyperinsulinemia, EGO was completely sup-
pressed in animals infused with D-NMMA while residual EGO
(2.31%2.33 mg/kg/min) was still measurable in the rats in-
fused with L-NMMA, although not statistically different from
zero. Glucose-specific activities at 80, 90, and 100 min of eugly-
cemic hyperinsulinemia were 22,261+1,697, 23,579+2,008,
22,880+1,973 dpm/mg in the L-NMMA-infused group and
18,569+1,247, 18,114+1,120, and 17,050*=1,635 dpm/mg in the
D-NMMA-infused group, indicating achievement of steady
state. Isotopically determined steady-state glucose disposal
rates were reduced in the animals receiving ICV L-NMMA
versus D-NMMA (33.9%1.8 vs. 43.3%=5.1 mg/kg/min, P < 0.05)
(Table III).

Protocol 3: CNS NOS blockade and insulin secretion. Un-
der hyperglycemic clamp conditions, steady-state glucose con-
centrations were nearly identical in both the L-NMMA- and
D-NMMA-infused groups (286.3£8.0 vs. 283.0+=14.8 mg/dl,
P = NS) (Fig. 7). Steady-state insulin levels during the hyper-
glycemic clamp were 43.5+11.5 pU/ml and 59.8+18.7 wU/ml
during L-NMMA versus D-NMMA, respectively (P = NS).
GIR required to maintain hyperglycemia were reduced in the
animals receiving ICV L-NMMA compared with ICV D-NMMA
(20.37+3.84 vs. 30.58+2.38 mg/kg/min, P < 0.05) (Fig. 8). Plasma
glucose response to bolus administration of arginine was identi-
cal in both groups of rats (Fig. 7), but serum insulin levels were
significantly lower in the rats receiving ICV L-NMMA (Fig. 9).
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clamp study after ICV administration of
L-NMMA or D-NMMA (protocol 2).

Peak insulin concentrations occurred at 1 min and were mark-
edly reduced in L-NMMA- versus D-NMMA-infused animals
(145.3+33.9 vs. 251.4+105.3 wU/ml, P < 0.05). Insulin areas un-
der the curve above basal levels following arginine administra-
tion were lower in L-NMMA compared with D-NMMA ICV-
infused animals (1227231 vs. 2504837, respectively, P = 0.06).

Discussion

The current study was designed to evaluate the role of CNS
NOS activity on glucose and insulin homeostasis in conscious
chronically-catheterized rats. The novel findings of this study
are that acute inhibition of CNS NOS induces: hyperglycemia,
insulin resistance, defective insulin secretion, and hyperten-
sion. These abnormalities recapitulate the cardinal features of
overt type 2 diabetes and some features of the insulin-resis-
tance syndrome (12, 20). The data suggest that central nitrergic
neuronal pathways could be involved in regulating and main-
taining glucose homeostasis, and that abnormalities in these
pathways could play a role in the etiopathogenesis of certain
forms of insulin resistance and type 2 diabetes.

L-NMMA is a competitive inhibitor of the enzyme NOS
(21). We have previously shown that when given in large doses
(15 mg/kg) to rats peripherally, L-NMMA acutely causes
marked hypertension and insulin resistance (15). Given that
L-NMMA inhibits all forms of NOS and that knockout mice
for both nNOS (a gene product of NOS I) and eNOS (a gene
product of NOS III) exhibit sustained hypertension (22, 23),

Figure 7. Plasma glucose concentrations in rats
during a hyperglycemic clamp study performed af-
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we wished to test whether specific inhibition of NOS activity
resident in the CNS could cause insulin resistance. Because
systemic infusion of 500 wg of L-NMMA had no effect on
blood glucose or blood pressure (Table II), it is highly likely
that in the current study all the effects observed following ICV
infusion of the same dose of L-NMMA are secondary to acute
inhibition of NOS isoforms that reside in the CNS. Of course,
the predominant NOS isoform in the CNS is nNOS, and,
therefore, it is likely that the physiologic changes observed are
the result of inhibition of nNOS. However, brain microvessels
express eNOS, and one cannot exclude the possibility that in-
hibition of this isoform also contributed in part to the overall
effect.

Elevation of blood pressure was rapid following ICV infu-
sion of L-NMMA. The maximal pressor effect was noted
within minutes and was sustained for the 2-h period of obser-
vation. Previous studies have noted that acute inhibition of
nNOS in rats results in hypertension (24-27). The nNOS
knockout mouse is markedly hypertensive, confirming and
further strengthening these findings (23). The exact mecha-
nism(s) by which hypertension is induced by nNOS inhibition
is not entirely clear, but an increase in sympathetic outflow, in
particular renal sympathetic activity, has been strongly impli-
cated, suggesting that CNS NOS activity tonically inhibits sym-
pathetic outflow (28). To assess overall sympathetic nervous
system activity, we measured serum catecholamine levels dur-
ing CNS NOS blockade and found no change in these hor-

mone levels over control. However, serum catecholamines are
not very sensitive indicators of local sympathetic nerve activity
(29-31) and thus, we cannot rule out that changes in CNS sym-
pathetic outflow were not instrumental in causing hyperten-
sion via increases in regional sympathetic activity (28, 32). It is
important to note that ICV infusions of either D-NMMA or
L-NMMA in our study had no apparent effect to increase cir-
culating epinephrine levels, suggesting that the ICV infusion
technique employed was not itself perceptibly stressful. It
should be noted, however, that catecholamine levels displayed
a great degree of variability, and thus, it is possible that we did
not detect subtle but physiologically significant changes in cat-
echolamine levels. Very recently, Uemura et al. reported the
onset of hyperglycemia following L-NMMA infusion into the
third ventricle of albino Wistar rats (33). The authors exam-
ined doses of L-NMMA spanning the one used in our study
and observed a rapid rise in blood glucose concentrations,
reaching a peak at 15-30 min and returning to baseline by 60
min. At a dose two times larger than the one used in our study,
they noted transient elevations of circulating concentrations of
epinephrine and norepinephrine. Elevations of the former
could have accounted for the hyperglycemia observed via its
effects to cause peripheral insulin resistance and insulin secre-
tory defects (34, 35). Interestingly, Uemura et al. (33) also noted
paradoxical elevations of circulating glucagon concentrations
in the face of hyperglycemia and could prevent hyperglycemia
induced by central NOS blockade with pretreatment with pe-

Figure 9. Serum insulin levels during a hypergly-
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ripheral alpha adrenergic blockade or adrenomedullectomy,
but not beta adrenergic blockade. No measures of blood pres-
sure were reported. They concluded that central NO-depen-
dent neural pathways could be instrumental in causing hy-
perglycemia via effects on pancreatic and adrenomedullary
hormone secretion. Our current findings support their conclu-
sions only in part. Indeed, we did not observe any increases in
circulating concentrations of either epinephrine or norepi-
nephrine. Moreover, at similar doses of L-NMMA, the rise in
blood glucose observed in our study was gradual and sustained
over the 2-h observation period rather than transient. Ex-
perimental differences are likely to account for these appar-
ently divergent observations. In addition to the lower dose of
L-NMMA used, we also used artificial CSF and a smaller infu-
sion volume (2 vs. 5 pl) administered over 6 min, which may
have also minimized catecholamine release. Therefore, our
data do not suggest that hyperglycemia induced by central
NOS blockade is caused by epinephrine release but via an-
other mechanism(s).

Our results suggest that hyperglycemia induced by central
blockade of NOS results from two separate and important ab-
normalities. First, as we had previously observed with periph-
eral administration of L-NMMA (15), central NOS blockade
acutely induced a significant degree of insulin resistance. This
was most evident at the level of peripheral tissues where insu-
lin-stimulated glucose uptake was reduced by 26%. Although
less marked, insulin resistance was also evident at the level of
the liver as hyperinsulinemia was unable to suppress com-
pletely endogenous glucose production, as was the case during
ICV administration of D-NMMA. As previously reported,
L-NMM A-induced insulin resistance is coincident with the on-
set of hypertension (14), and thus, one could speculate that in-
sulin resistance is etiologically related to hypertension in this
model. However, it is well established that many forms of hy-
pertension are not associated with insulin resistance. Indeed,
the spontaneously hypertensive rat (36), the transgenic hyper-
tensive REN-2 rat (37), and the two-kidney one-clip rat model
of hypertension (38), as well as angiotensin II (39) or norepi-
nephrine (40) infusion in humans, are not associated with insu-
lin resistance. Therefore, while it is possible that insulin resis-
tance and hypertension are etiologically related in our model,
it is more likely that they are caused separately by a common
mechanism related to central NOS inhibition. If insulin resis-
tance was the only abnormality induced by central NOS block-
ade, one would not expect a significant rise in the fasting glu-
cose concentration because of the expected compensatory
hyperinsulinemia secondary to B-cell hypersecretion. During
CNS NOS blockade, insulin concentrations remained inappro-
priately unchanged in the face of hyperglycemia, suggesting
abnormalities in glucose-induced insulin secretion. Second, an
abnormal insulin secretory response to glucose was confirmed
with the use of the hyperglycemic clamp. Indeed, during hy-
perglycemia, insulin levels were similar in D-NMMA- and
L-NMMA-infused groups when one would expect insulin lev-
els to be much higher in the insulin-resistant (L-NMMA-
infused) group. Moreover, this insulin secretory abnormality
was shown to extend to nonglucose secretagogues, such as
arginine. Finally, it is unlikely that alterations in insulin clear-
ance accounted for the differences in insulin concentrations
because steady-state insulin levels during the hyperinsulinemic
euglycemic clamp studies were similar in D-NMMA- and
L-NMMA-infused groups. Therefore, our data suggest that in-
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hibition of NOS in the CNS results in peripheral tissue (and
perhaps hepatic) insulin resistance and defective insulin secre-
tion in response to both glucose and nonglucose secreta-
gogues, all classic pathophysiologic features of type 2 diabetes.

The mechanism(s) by which acute inhibition of central
NOS results in B-cell dysfunction and insulin resistance re-
mains speculative at this point. Certainly, the pancreatic islet is
richly innervated by vagal adrenergic and cholinergic neurons
(41, 42). In addition, the vagus carries so-called nonadrenergic,
noncholinergic (NANC) neurons containing NO-nitrergic fi-
bers (43, 44). Neurons containing NO have been described in
the pancreatic islets tissue of both rats and humans (45). Like-
wise, NANC neurons have been described in skeletal muscle
and its vasculature (46, 47). Thus, it is conceivable that nitrer-
gic neurons project from the CNS to the pancreas to modulate
insulin secretion and to skeletal muscle to modulate insulin ac-
tion. Alternatively, it is possible that central NO-dependent
neural pathways control hypothalamic/pituitary release of hor-
mones, which in turn acutely modulate insulin secretion and
insulin action. These possibilities deserve further study.

With the discovery of leptin (48) and other centrally acting
factors that modulate satiety and/or energy expenditure, it has
become clear that CNS can be an etiologic site for the develop-
ment of obesity but also for the induction of type 2 diabetes in
animal models displaying susceptible genetic backgrounds
(48). Over the last decade, Jeanrenaud and colleagues have
championed the idea that a search for initiating events in the
pathophysiology of both obesity and type 2 diabetes should be
focused on the CNS (49, 50). Most animal models of type 2 di-
abetes are obese, such as the Zucker diabetic fatty rat and the
db/db mouse (both exhibit leptin receptor mutations) (51-54),
and thus, diabetes in those models has largely been attributed
to the failure of the B-cell to compensate for the insulin resis-
tance that accompanies accumulation of fat mass. Peripheral
administration of leptin has recently been reported to acutely
(55) increase in vivo insulin sensitivity independent of changes
in fat mass. More recently, the action of leptin to increase pe-
ripheral insulin sensitivity was defined to perhaps have a CNS
origin (56). Subacute ICV leptin administration was potent at
enhancing insulin sensitivity in skeletal muscle of mice, inde-
pendent of any changes in body weight, and muscle denerva-
tion was apparently able to abolish this effect (56). Together,
these data suggest the possibility that leptin deficiency or lack
of central leptin effect can be associated with reduced periph-
eral insulin action, independent of changes in fat mass. Our rat
model of type 2 diabetes shares a CNS etiology with animal
models exhibiting reduced leptin action, but differs signifi-
cantly in that our model is lean and the onset of the diabetes is
acute. Speculatively, it is tempting to suggest that perhaps one
of the efferent signal(s) triggered by leptin in the CNS may be
nitrergic in nature, and that defects in this efferent signal could
result in insulin resistance and defective insulin secretion.

In summary, we report for the first time the acute onset of
hyperglycemia secondary to defects in insulin secretion and in-
sulin action following inhibition of CNS NOS activity. These
alterations in glucose homeostasis are not likely attributable to
changes in circulating concentrations of catecholamines and,
therefore, the data suggest that central NANC efferent path-
ways may control glucose homeostasis. The data further sug-
gest that dysfunction of CNS NO-dependent neural pathways
may play an instrumental role in the etiopathogenesis of cer-
tain forms of insulin resistance and type 2 diabetes.
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