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CZECH, D. A.

 

A nitric oxide synthase inhibitor, N

 

G

 

-nitro-

 

L

 

-arginine, attenuates glucoprivic feeding and deprivation-induced
drinking in the mouse.
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60

 

(3) 601–607, 1998.— Possible involvement of nitric oxide
(NO) in glucoprivic hyperphagia was investigated in nondeprived male ICR mice in independent groups designs. One pair of
experiments demonstrated dose-related reductions in 2-deoxy-

 

D

 

-glucose (2DG)- and insulin-induced solid food intake with
increasing dose (10, 25, and 50 mg

 

/

 

kg SC) of the NO-synthase (NOS) inhibitor, N

 

G

 

-nitro-

 

L

 

-arginine (

 

L

 

-NOARG), reaching
statistical significance at 10 mg

 

/

 

kg 

 

L

 

-NOARG when compared to vehicle controls. In a second pair of experiments, initial pre-
treatment with 

 

L

 

-arginine (500 and 1000 mg

 

/

 

kg IP) partially or completely restored the feeding inhibitory action of an effec-
tive challenge dose (25 mg

 

/

 

kg) of 

 

L

 

-NOARG; 

 

D

 

-arginine (500 mg

 

/

 

kg IP) was ineffective, thus supporting a stereospecific ac-
tion of arginine. A third set of experiments demonstrated dose-related reduction in glucoprivic feeding under delayed access
(4 or 6 h) to food. These findings suggest involvement of NO in glucoprivic hyperphagia; they are consistent with and extend
research linking NO and ingestive behaviors through use of NOS inhibitors. Deprivation-induced drinking was attenuated by
these doses of 

 

L

 

-NOARG as well. © 1998 Elsevier Science Inc.

2-Deoxy-

 

D

 

-glucose 2DG

 

D

 

-Arginine Delayed feeding Drinking Glucoprivation Food intake
Feeding behavior Insulin

 

L

 

-Arginine

 

L

 

-NOARG Mice N

 

G

 

-Nitro-

 

L

 

-arginine Nitric oxide

 

Nitric oxide synthase inhibitor Water intake

 

IT has recently been recognized that nitric oxide (NO), a nat-
urally occurring vasodilating gas, might play an important role
in mechanisms regulating feeding behaviors in animals under
a number of conditions. There is evidence that NO functions
as a neurotransmitter and intracellular messenger in both cen-
tral and peripheral nervous systems (8,18). Pharmacologic
manipulations purportedly interfering with production of en-
dogenous NO have been reported to reduce food intake in
food deprived mice (20,21,23), rats (31), and chickens (5), and
in genetically obese strains of mice (22) and rats (32). Feeding
stimulated by morphine (3), neuropeptide Y (21) and chlor-
diazepoxide (7) was similarly attenuated in mice. In these
studies, NO production was restricted through inhibition of
the catalytic enzyme, NO-synthase (NOS). Feeding deficits

could be restored to varying degree with 

 

L

 

-arginine (

 

L

 

-arg),
the natural substrate for NOS and NO precursor. Further, it
has been reported that pretreatment with a NOS inhibitor can
alter various parameters of feeding behavior, including time
spent feeding and number and duration of meals in the rat
(35). In further probing the extent to and conditions under
which inhibition of NO generation might influence feeding
behaviors, we now report that pretreatment with the NOS in-
hibitor, N

 

G

 

-Nitro-

 

L

 

-arginine (

 

L

 

-NOARG) attenuates feeding
induced by glucoprivic challenge in mice [see (26,29) for re-
views of glucoprivic hyperphagia]. 

 

L

 

-NOARG has been re-
ported to be highly selective for inhibiting brain NO synthesis
(15); 

 

L

 

-NOARG can compete with 

 

L

 

-arg for active sites on
the NOS and thus inhibit generation of NO from 

 

L

 

-arg. In an
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initial set of experiments, food intake in mice pretreated with

 

L

 

-NOARG was monitored from time of insulin administra-
tion or after 2-h delayed access to food following 2-deoxy-

 

D

 

-
glucose (2DG) injection. A second set of experiments ex-
plored a possible effect of coadministering arginine isomers
with an effective challenge dose of 

 

L

 

-NOARG in both the in-
sulin and 2DG paradigms. A final set of experiments,
prompted by the findings of Ritter’s group (28), asked if mice
would exhibit glucoprivic feeding after extended delay in ac-
cess to food and, if so, possible influence of a NOS inhibitor.

 

METHOD

 

Animals

 

Male ICR mice, weighing 31-49 g, were individually housed
in standard opaque polypropylene tub-type cages and main-
tained on a 12 L:12 D cycle (lights on 0700–1900 h) in a tem-
perature- and humidity-controlled colony room, with continu-
ous access to tap water and pelleted food (Teklad rodent diet
8604) except as noted. They were held in the colony room for
at least 7 days before testing. Animals were tested individu-
ally, and all testing was carried out during the light period be-
tween 0900 and 1500 h.

 

Drugs

 

Regular insulin (Iletin

 

®

 

 I, Lilly) was obtained from a local
pharmaceutical distributor; 2-deoxy-

 

D

 

-glucose (2DG), N

 

G

 

-nitro-

 

L

 

-arginine (

 

L

 

-NOARG), and 

 

L

 

- and 

 

D

 

-arginine (arg) were
purchased from Sigma Chemical Co. (St. Louis, MO). All
drugs were freshly prepared in sterile 0.9% NaCl vehicle on
the morning of testing. Insulin and 

 

L

 

- or 

 

D

 

-arg (or vehicle)
were injected intraperitoneally (IP), 

 

L

 

-NOARG (or vehicle)
was injected subcutaneously (SC), and 2DG (or vehicle) SC
according to experimental protocols indicated below. All drug
doses were selected based on prior research using the mouse
as an experimental subject. Drugs were injected in a volume
of 0.1 m1

 

/

 

10 g body weight.

 

Behavioral Testing Procedures

 

Mice were adapted to the experimental test environment,
with both food and water (Experiments 1–3) or with water
only (Experiment 4) present, prior to testing. On the day of
testing, mice in Experiments 1–3 were weighed to the nearest
0.5 g, placed into a living cage with fresh bedding and water,
but without food, and returned to the colony room. Mice in
Experiment 4 were water deprived overnight from 1530 h, at
which time they were weighed; they were placed into a living
cage on day of testing without food or water. Approximately
30 min later, drug administration was started in all experiments.
Procedures specific to particular experiments were as follows.

 

Experiment 1A—Insulin and 

 

L

 

-NOARG dose–response se-
ries. 

 

Mice (

 

n

 

 

 

5

 

 16–17

 

/

 

group) were first pretreated with 10, 25,
or 50 mg

 

/

 

kg of 

 

L

 

-NOARG or 0.9% NaCl vehicle SC. Forty-
five minutes later, 5 U

 

/

 

kg insulin or vehicle was administered
IP. Within several minutes mice were then placed in a bare
polypropylene test cage, identical to the living cage, with a
preweighed food pellet (same as provided for maintenance
diet) secured in a removable “in-wall-mounted” holder, The
pellet was weighed at 30, 60, 120, and 240 min on a balance ac-
curate to 0.001 g (Mettler model PC-180). Water was avail-
able during the test period. Uneaten crumbs (generally mini-
mal when occurring) dropped into a collector bin mounted
below the food pellet, and were incorporated into pellet
weighing at 240 min.

 

Experiment 1B—2DG and 

 

L

 

-NOARG dose-response se-
ries. 

 

Mice (

 

n

 

 

 

5

 

 12–14

 

/

 

group) were first administered 500 mg

 

/

 

kg of 2DG or vehicle SC. Seventy-five minutes later, they
were injected SC with 10, 25, or 50 mg

 

/

 

kg of 

 

L

 

-NOARG or ve-
hicle. Forty-five minutes after this last injection, mice were
transferred to test cages with food and water. Food intake was
measured at 30, 60, 120, and 180 min. Measurement procedures
were again followed here and below as in Experiment 1A.

 

Experiment 2A—Insulin, 

 

L

 

-NOARG, and 

 

L

 

- and 

 

D

 

-arginine
interaction series. 

 

Mice (

 

n

 

 

 

5

 

 13–16

 

/

 

group) were initially pre-
treated with 

 

L

 

-arg (500 or 1000 mg

 

/

 

kg), 

 

D

 

-arg (500 mg

 

/

 

kg) or
vehicle control IP, along with 25 mg

 

/

 

kg of 

 

L

 

-NOARG SC, or
with double vehicle only (SC or IP). Forty-five minutes later,
5 U

 

/

 

kg insulin was administered IP. Following insulin injec-
tion, mice were transferred to test cages with food and water.
Food intake was measured at 30, 60, 120, and 240 min.

 

Experiment 2B—2DG, 

 

L

 

-NOARG, and 

 

L

 

- and 

 

D

 

-arginine
interaction series. 

 

Mice (

 

n

 

 

 

5

 

 12

 

/

 

group) were first administered
500 mg

 

/

 

kg of 2DG SC. Seventy-five minutes later, they were
injected IP with 

 

L

 

-arg (500 or 1000 mg

 

/

 

kg), 

 

D

 

-arg (500 mg

 

/

 

kg),
or vehicle along with 25 mg

 

/

 

kg of 

 

L

 

-NOARG SC, or with dou-
ble vehicle only (SC or IP). Forty-five minutes after this last
pair of injections, mice were transferred to test cages with
food and water. Food intake was measured at 30, 60, 120, and
180 min.

 

Experiment 3A—Insulin

 

/

 

4-h delay and 

 

L

 

-NOARG dose re-
sponse series. 

 

Mice (

 

n

 

 

 

5

 

 13–14

 

/

 

group) were first administered
5 U

 

/

 

kg of insulin or vehicle IP, and returned to a holding

 

/

 

living cage with fresh bedding and water only for 4 h. Forty-
five minutes prior to the end of the 4-h delay, mice were in-
jected SC with 10, 25, or 50 mg

 

/

 

kg of 

 

L

 

-NOARG or vehicle.
The shorter delay with insulin was selected after initially ob-
serving that several animals exhibited varying degrees of leth-
argy by the fifth hour, and ate little or no food. Given its
higher metabolism, the mouse is likely to be at greater risk
under extended energy deficit in this protocol. At the end of
4 h, they were transferred to test cages with food and water.
Food intake was measured at 30, 60, 120, and 180 min.

 

Experiment 3B—2DG

 

/

 

6-h delay and 

 

L

 

-NOARG dose-
response series. 

 

Mice (

 

n

 

 

 

5

 

 13–15

 

/

 

group) were first adminis-
tered 500 mg

 

/

 

kg of 2DG or vehicle SC, and returned to a
holding cage with fresh bedding and water only for 6 h. Forty-
five minutes prior to the end of the 6-h delay, mice were in-
jected SC with 10, 25, or 50 mg

 

/

 

kg of 

 

L

 

-NOARG or vehicle. At
the end of 6 h, they were transferred to test cages with food
and water. Food intake was measured at 30, 60, and 120 min.

 

Experiment 4—Water deprivation and 

 

L

 

-NOARG dose–
response series. 

 

Mice (

 

n

 

 

 

5

 

 15–16

 

/

 

group) were injected with 10,
25, or 50 mg

 

/

 

kg of 

 

L

 

-NOARG or 0.9% NaCl vehicle SC; 45
min later, they were placed in a bare test cage with water dis-
penser only. Duration of water deprivation was approximately
20 h. The water tube was weighed to 0.001 g accuracy at 30, 60,
and 120 min. Spillage collected in a drip cup mounted inside
the unit directly under the sipper tube was incorporated into
final weighing.

All research protocols were reviewed and approved by
Marquette University’s Institutional Animal Care and Use
Committee (IACUC) and are in compliance with the USDA
Animal Welfare Act.

 

Statistical Analyses

 

Cumulative food or water intake data at each measure-
ment period were evaluated separately with independent one-
way ANOVAs along with Dunnett’s 

 

t

 

-tests (Experiments 1, 3,
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and 4), or with Bonferonni protected Student’s 

 

t

 

-tests (Exper-
iments 1–3), (one tail). Minimally acceptable alpha level was
set at 

 

p

 

 

 

,

 

 0.05.

 

RESULTS

 

Experiment 1A—Insulin and 

 

L

 

-NOARG Dose–Response Series

 

Cumulative food intake data for insulin-treated animals
are summarized in Fig. 1 (upper panel). Insulin produced a ro-
bust feeding response, as expected, and which was maintained
across all time periods [Veh

 

/

 

Veh vs. Veh

 

/insulin; t (32) 5 4.22,
4.75, 4.64, and 3.77, respectively, at 30, 60, 120, and 240 min,
all p , 0.01, Student’s t-test]. The one-way ANOVAs (not in-
cluding double vehicle baseline control) yielded F(3,62) 5
7.09, 8.54, 6.17, and 4.38, respectively, at these time periods
(all p , 0.01). When compared to L-NOARG vehicle condi-
tion/group, cumulative food intake in mice administered 5 U/
kg insulin was significantly lower at all doses of L-NOARG
used (p , 0.05 or p , 0.01, Dunnett’s t-test) at all measure-
ment periods, with the exception of the 10 mg/kg L-NOARG
dose at 120 and 240 min.

Experiment 1B—2DG and L-NOARG Dose–Response Series

Cumulative food intake data for 2DG-treated animals are
shown in Fig. 1 (lower panel). A robust feeding response was
produced by 2DG across all time periods [Veh/Veh vs. Veh/
2DG; t (24) 5 8.43, 6.15, 5.38, and 5.75, respectively, at 30, 60,
120, and 180 min, all p , 0.01, Student’s t-test]. The ANOVAs
yielded F(3,44) 5 9.68, 6.94, 3.41, and 3.79, respectively, at
these time periods (p , 0.01, p ,0.01, p , 0.02, and p , 0.02).
When compared to L-NOARG vehicle condition, cumulative
food intake in mice administered 500 mg/kg 2DG was signifi-
cantly lower at all doses of L-NOARG used (p , 0.05 or p ,
0.01, Dunnett’s t-test) at all measurement periods.

Experiment 2A—Insulin, L-NOARG, and L- and D-Arginine 
Interaction Series

Cumulative intake data for insulin-treated mice pretreated
with arginine isomers in conjunction with 25 mg/kg of
L-NOARG are summarized in Fig. 2 (upper panel). Pretreat-
ment with 500 or 1000 mg/kg of L-arg partially reversed an at-
tenuating effect of L-NOARG at 30 and 60 min (both p ,
0.05, Student’s t-test); mean intakes were 46.8 and 52.8%
higher at 30 min, and 46.0 and 53.0% higher at 60 min, under
the two doses of L-arg than under L-arg vehicle. In contrast,
500 mg/kg of the inactive isomer, D-arg, failed to significantly
alter food intake.

Experiment 2B—2DG, L-NOARG, and L- and D-Arginine 
Interaction Series

Cumulative food intake data for 2DG-treated mice pre-
treated with arginine isomers in conjunction with 25 mg/kg of
L-NOARG are summarized in Fig. 2 (lower panel). Pretreat-
ment with 500 or 1000 mg//kg of L-arg partially or completely
reversed an attenuating effect of L-NOARG at all time peri-
ods (p , 0.05 or p , 0.01, Student’s t-test); mean intakes were
increased by 48.3, 65.8, 65.6, and 63.2% and by 53.3, 67.1, 81.8,
and 84.6%, respectively, at 30, 60, 120, and 180 min under the
two doses of L-arg, when compared to L-arg vehicle. In con-
trast, 500 mg/kg of the inactive isomer, D-arg, failed to signifi-
cantly alter food intake at any time point. 

Experiment 3A—Insulin/4-h Delay and L-NOARG
Dose–Response Series

Cumulative food intake data under 4-h delayed access to
food for insulin-treated animals are summarized in Fig. 3 (up-
per panel). Insulin produced a robust feeding response, which
was maintained across all time periods [Veh/Veh vs. Veh/in-
sulin; t(25) 5 2.06, 3.06, 3.17, and 3.11, respectively, at 30, 60,
120, and 180 min, p , 0.05 or p , 0.01, Student’s t-test]. The
one-way ANOVAs yielded F(3,49) 5 3.67, 8.18, 9.44, and
7.48, respectively, at these time periods (p , 0.02 or p , 0.01).
When compared to L-NOARG vehicle condition/group,
cumulative food intake in mice administered 5 U/kg insulin
was significantly lower at a dose of 10 mg/kg of L-NOARG at
60, 120, and 180 min (p , 0.05 or p , 0.01) and at all measure-
ment periods under 25 and 50 mg/kg of L-NOARG (p , 0.05
or p , 0.01), Dunnett’s t-test.

Experiment 3B—2DG/6-h Delay and L-NOARG
Dose–Response Series

Cumulative food intake data under 6-h delayed access for
2DG-treated animals are shown in Fig. 3 (lower panel). An in-
crease in feeding was again produced by 2DG across all time

FIG. 1. Mean (6SEM) cumulative food intake in insulin-treated
(upper panel) or 2DG-treated (lower panel) mice following pretreat-
ment with L-NOARG or 0.9% NaCl vehicle at 30, 60, 120, and 180
(or 240) min. §p , 0.01 compared to Veh/insulin or to Veh/2DG
groups, Student’s t-test (one-tail). *p , 0.05, **p , 0.01 compared to
Veh/insulin or to Veh/DG, Dunnett’s t-test (one-tail). All compari-
sons are at same measurement period. For each group, sample size
(n) is indicated in base of open bar for that group. Veh/Veh group is
baseline control. 
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periods [Veh/Veh vs. Veh/2DG; t(28) 5 3.60, 2.87, and 2.94,
respectively, at 30, 60, and 120 min, all p , 0.01, Student’s
t-test]. The ANOVAs yielded F(3,52) 5 9.82, 6.92, and 8.79,
respectively, at these time periods (all p , 0.01). When com-
pared to L-NOARG vehicle condition/group, cumulative food
intake in mice administered 500 mg/kg 2DG was significantly
lower at 25 mg/kg of L-NOARG at 30 min (p , 0.05) and at 50
mg/kg of L-NOARG at all measurement periods (all p ,
0.01), Dunnett’s t-test.

Experiment 4—Water Deprivation and L-NOARG
Dose–Response Series

Cumulative water intake data in 20-h water-deprived ani-
mals are shown in Table 1. The ANOVAs yielded F(3, 59) 5

8.70 and 3.64, respectively, at 30 and 60 min (p , 0.05 and p ,
0.02). When compared to L-NOARG vehicle condition, cumu-
lative water intake was significantly lower at 25 mg/kg of
L-NOARG at 30 min only (p , 0.05) and at 50 mg/kg of
L-NOARG at 30 and 60 min (p , 0.01 and p , 0.05), Dunnett’s
t-test. No other comparisons were statistically significant.

DISCUSSION

The principal focus of the present study was to systemati-
cally investigate a possible role of nitric oxide in the feeding
stimulatory effect of two glucoprivic agents—insulin and 2DG
(26,29). Endogenous NO production was purportedly blocked
by the neuronal NOS inhibitor, L-NOARG, and cumulative
food intake was measured under different protocols at several
posttreatment time points. Three major sets of findings
emerged. First, peripheral administration of L-NOARG atten-
uated both insulin- and 2DG-induced feeding in a dose-related
manner under immediate or short delay access to food. A sec-
ond was that L-arg, the natural substrate for synthesis of NO
and NO precursor, restored feeding blocked by an effective

FIG. 2. Mean (6SEM) cumulative food intake in insulin-treated
(upper panel) or 2DG-treated (lower panel) mice following pretreat-
ment with 25 mg/kg of L-NOARG along with L- or D-arg or 0.9%
NaCl vehicle, or with double vehicle control, at 30, 60, 120, and 180
(or 240) min. †p , 0.05, §p , 0.01 compared to Veh/L-NOARG/insu-
lin or to Veh/L-NOARG/2DG groups, Student’s t-test (one tail).
*p , 0.05, **p , 0.01 compared to Veh/L-NOARG/insulin or to Veh/
L-NOARG/2DG, Student’s t-test (one tail). All comparisons are at
same measurement period. For each group, sample size (n) is indi-
cated in base of open bar for that group.

FIG. 3. Mean (6SEM) cumulative food intake in insulin-treated (upper
panel) or 2DG-treated (lower panel) mice following L-NOARG or
0.9% NaCl vehicle injections at 30, 60, 120, and 180 min, with delayed
access to food for 4 h (insulin) or 6 h (2DG). †p , 0.05, §p , 0.01,
compared to Veh/insulin or to Veh/2DG groups, Student’s t-test (one
tail). *p , 0.05, **p , 0.01 compared to Veh/insulin or to Veh/2DG,
Dunnett’s t-test (one tail). All comparisons are at same measurement
period. For each group, sample size (n) is indicated in base of open
bar for that group. Veh/Veh group is baseline control.
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attenuating challenge dose of L-NOARG. Further, this action
of L-arg was stereospecific, i.e., the inactive D-isomer was in-
effective—thereby providing strong suggestion of NO in-
volvement. These observations are in general agreement with
the recent literature implicating NO in regulation of feeding,
extending previous research with morphine-, neuropeptide
Y- and chlordiazepoxide-induced feeding, as well as for depri-
vation-induced feeding, in animals administered NOS inhibi-
tors. Third, it was further shown that both insulin and 2DG
stimulated a vigorous feeding response in mice even when ac-
cess to food was delayed for 4 (insulin) or 6 (2DG) h. These
findings are consistent with those first reported for the rat by
Ritter and his colleagues (28). These investigators demon-
strated glucoprivic feeding induced by insulin and 2DG in the
rat when food was withheld until physiological indication of
glucoprivation had abated, i.e., altered blood glucose concen-
trations had returned to normal levels. The delayed feeding
currently observed in mice was also attenuated in a dose-
related manner by NOS inhibition. The only apparent differ-
ence, in contrast to the current Experiment 1 findings, was a
weaker attenuating effect on food intake in 2DG-treated mice
at the lower doses of L-NOARG.

In considering a putative role for NO in feeding mecha-
nisms, it is important to provide evidence that observed shifts
in food intake are not attributable to a nonspecific effect of in-
hibiting NOS activity, as, for example, a shift in general
arousal or responsiveness—perhaps suggesting reduced sen-
sory or motor function. Such nonspecific influence would
thus, of course, be a concern in evaluating the shifts in food in-
take currently observed under glucoprivic challenge. While
reduced horizontal locomotion in rats (30) and mice (19,33) in
unfamiliar or novel environments and altered exploratory
patterns (19,30) have been linked to systemic injection of
NOS inhibitors, these were observed only at relatively high
doses (e.g., $100 mg/kg). Control data from our laboratory
are in general accord. Both horizontal and vertical (rears) lo-
comotion in an open field were significantly attenuated at 50
and 100 mg/kg of L-NOARG in ICR mice, while lower doses
(10 and 25 mg/kg) were without effect (7). Most recently,
Prendergast et al. reported no apparent diminution in motor
(swim speed) or visuosensory (visual location of “safe/dry”
platform) functioning in a water maze at or below, respectively,
50 mg/kg of NG-nitro-L-arginine methyl ester (L-NAME) in
rats (25). Thus, while relatively high doses of a NOS inhibitor

might contribute to some blunting of these behaviors/
functions, a significant drop in food intake was observed in
the current study (in all but Experiment 3B) at the low dose of
10 mg/kg of L-NOARG in acclimated animals in a familiar en-
vironment using familiar protocols.

A further consideration is whether a general malaise or
other debilitating circumstance might have led to reduced
food intake; indeed, this is generally a concern whenever an
activated state/condition is attenuated following drug admin-
istration. A less clear picture emerges here. The related work
of Morley’s group would seem to argue against such interpre-
tation. These authors report that while the classical “illness-
inducing” agent, lithium chloride (LiCl), reduced lever press-
ing for milk reinforcement equally in partially sated and in
18-h fasted mice (11), L-NAME affected lever pressing differ-
entially under these conditions (20). Further, unpublished
data (not shown) from our laboratory failed to show a condi-
tioned taste aversion (CTA) to a 0.1% saccharin solution in
rats under L-NAME at the same doses as were used in the
present study; a LiCl control, as expected, did induce a robust
CTA. In contrast, Prendergast et al. reported evidence of a
CTA to a 10% sucrose solution at 20 mg/kg of L-NAME in
the rat (25). Overall, however, the lower effective dose(s) of
NOS inhibitors found to be effective here and in much of the
previous feeding work and the dose-related behavior patterns
shown, coupled with the stereospecific reversing action of
L-arg, would argue against the nonspecific actions herein con-
sidered.

A related consideration is a potential confounding influ-
ence of introducing a drug known to attenuate behavioral re-
sponsiveness into a system already under the considerable
physiological stress of pronounced glucoprivation. In the hope
of providing some insight, this issue was addressed by also
probing a potential effect of NOS inhibition on behavior linked
to a challenge less stressful than glucoprivation, as, for exam-
ple, water deprivation. As has been reported for other species,
L-NOARG dose relatedly attenuated deprivation-induced
drinking in the mouse. The effect, however, was no longer sig-
nificant at the second hour.

While mechanism(s) and site(s) of action is/are currently
unknown, the literature points to altered NO activity both pe-
ripherally and centrally that could contribute to observed
shifts in feeding behavior. NOS inhibitors have been shown to
abolish reflexive relaxation of the stomach to accommodate
intake of liquid or solid food in guinea pig (10), and to antago-
nize the lower esophageal sphincter muscle relaxation re-
sponse to swallowing and to vagal stimulation in opossum
(38). Both were reversed only by the active isomer, L-arg. In
the dog, NOS inhibition delayed gastric emptying of a solid
food meal, also reversed by L-arg; the inactive D-isomer was
not evaluated (24). Reduced ingestion is arguably consistent
with inhibition of any of these gastrointestinal responses. Glu-
coprivic agents, such as insulin and 2DG, are known to accel-
erate gastric emptying as well as to increase gastric acid secre-
tion (6,12,17,34); NOS inhibitors would be expected to
antagonize these responses. Involvement of NO in digestive
systems/processes has been the focus of a recent review (14).
Squadrito et al. (31,32) suggest brain NO involvement in a cen-
tral serotonergic system regulating food intake, reporting that
depressed levels of serotonin (5-HT) and 5-hydroxyindoleace-
tic acid in diencephalon following 24-h food deprivation were
reversed/increased by systemic injection of L-NOARG, and
that selective antagonism of 5-HT receptor subtypes abol-
ished L-NOARG–induced hypophagia in deprived animals.
Involvement of serotonin in feeding behavior is well docu-

TABLE 1
CUMULATIVE WATER INTAKE (g) FOLLOWING SALINE VEHICLE 

OR L-NOARG INJECTION IN 20-h WATER-DEPRIVED MICE

Time (min)

Dose of L-NOARG (mg/kg)

Veh (0) 10 25 50

30 0.86
(60.08)

0.79
(60.05)

0.63*
(60.07)

0.40†
(60.07)

60 0.96
(60.08)

0.95
(60.05)

0.73
(60.08)

0.67
(60.09)*

120 1.10
(60.10)

1.03
(60.06)

0.91
(60.12)

0.93
(60.13)

n/group 16 16 15 16

Results are shown as mean (6SEM)
*p , 0.05, †p , 0.01 compared to corresponding vehicle group

(Dunnett’s t-test, one-tail).



606 CZECH

mented [for reviews, see citations (2,16)]. Recent reports have
pointed to interactions of 5-HT receptor subtypes and opioid
mechanisms in modulating insulin and 2DG hyperphagia in
the rat (1,13). De Luca et al. (9) most recently reported op-
posing shifts in oxygen consumption, and in activity of sympa-
thetic nerves innervating and temperature of brown adipose
tissue in 24-h fasted rats following central or peripheral ad-
ministration of L-NAME, while both resulted in depressed
food intake—suggesting multiple mechanisms of NOS-linked
inhibition of feeding. There are currently no research data
available to implicate central nervous system (CNS) circuitry/
sites linking NO and glucoprivic feeding. At the same time, it
is interesting to note several recent observations. While cen-
tral neural circuitry mediating glucoprivic feeding is largely
unknown, there is evidence to indicate that important CNS
regions involved in 2DG-induced feeding are located in cau-
dal hindbrain and in central nucleus of the amygdala (CeAmy)
in the rat (26,36). Using Fos immunohistochemistry, Ritter
and Dinh (27) recently reported that systemic injection of
2DG induced Fos-like immunoreactivity (Fos-li) in area po-
strema (AP), nucleus of the solitary tract (NTS), and parabra-
chial nucleus (PBN), as well as in the CeAmy. Other areas
linked to feeding behavior, most notably the paraventricular
nucleus of the hypothalamus (PVN), also exhibited Fos-li. To-
tal destruction of the PVN, however, failed to impair 2DG-
induced feeding in the rat (4)—perhaps reflecting multiple

and redundant pathways and/or mediation of other physiolog-
ical responses to 2DG (27). Further, Vincent and Kimura re-
cently identified presence of NOS in neurons in some of these
same areas, i.e., in AP, NTS, and CeAmy (37). It will be im-
portant to carry out discrete central administration of NOS
inhibitors into these and other sites in conjunction with gluco-
privic feeding challenges.

A final note—in contrast to a growing literature linking
NOS inhibition to systematic dose-related decreases in food
intake under a variety of experimental conditions at low to
moderate dosing, several investigators have failed to observe
a similar significant depressant effect of NOS inhibition on
normal/spontaneous feeding in both mice (3,7) and rats (31).
Thus far, there have been no suggestive data to account for
this difference. This and other issues will need to be pursued
in future investigations.

In summary, these experiments provide further evidence
for involvement of NO in the regulation of feeding behaviors,
extending the work of others in this area. To our knowledge,
this is also the first report of delayed glucoprivic feeding and
of an NOS inhibitor influence on drinking behavior in the
mouse. It will be important to carry out CNS mapping re-
search, and to systematically probe possible contributions of
change(s) in factors such as taste, and in meal parameters, as
well as interactions with other neurochemical systems in both
rat and mouse models.

REFERENCES

1. Beczkowska, I. W.; Koch, J. E.; Bodnar, R. J.: Naltrexone, seroto-
nin receptor subtype antagonists, and glucoprivic intake: 1. 2-Deoxy-
D-glucose. Pharmacol. Biochem. Behav. 42:661–670; 1992.

2. Blundell, J. E.: Serotonin and the biology of feeding. Am. J. Clin.
Nutr. 55:155S–159S; 1992.

3. Calignano, A.; Persico, P.; Mancuso, F.; Sorrentino, L.: Endoge-
nous nitric oxide modulates morphine-induced changes in locomo-
tion and food intake in mice. Eur. J. Pharmacol. 231:415–419; 1993.

4. Calingasan, N. Y.; Ritter, S.: Hypothalamic paraventricular nucleus
lesions do not abolish glucoprivic or lipoprivic feeding. Brain
Res. 595:25–31; 1992.

5. Choi, Y.-H.; Furuse, M.; Okumura, J.; Denbow, D. M.: Nitric
oxide controls feeding behavior in the chicken. Brain Res. 654:
163–166; 1994.

6. Colin-Jones, D. G.; Himsworth, R. L: The secretion of gastric
acid in response to a lack of metabolizable glucose. J. Physiol.
202:97–109; 1969.

7. Czech, D. A.: Possible involvement of nitric oxide in chlordiazep-
oxide-induced feeding in the mouse. Pharmacol. Biochem. Behav.
55:327–331; 1996.

8. Dawson, T. M.; Snyder, S. H.: Gases as biological messengers:
Nitric oxide and carbon monoxide in the brain. J. Neurosci. 14:
5147–5159; 1994.

9. De Luca, B.; Monda, M.; Sullo, A.: Changes in eating behavior
and thermogenic activity following inhibition of nitric oxide for-
mation. Am. J. Physiol. 268:R1533–R1538; 1995. 

10. Desai, K. M.; Sessa, W. C.; Vane, J. R.: Involvement of nitric
oxide in the reflex relaxation of the stomach to accommodate
food or fluid. Nature 351:477–479; 1991.

11. Flood, J. F.; Silver, A. J.; Morley, J. E.: Do peptide-induced
changes in feeding occur because of changes in motivation to eat?
Peptides 11:265–270; 1990.

12. Friedman, M. I.; Ramirez, I.; Wade, G. N; Siegel, L. I.; Granne-
man, J.: Metabolic and physiologic effects of a hunger-inducing
injection of insulin. Physiol. Behav. 29:515–518; 1982. 

13. Koch, J. E.; Beczkowska, I. W.; Bodnar, R. J.: Naltrexone, seroto-
nin receptor subtype antagonists, and glucoprivic intake: 2. Insu-
lin. Pharmacol. Biochem. Behav. 42:671–680; 1992. 

14. Konturek, S. K.; Konturek, P. C.: Role of nitric oxide in the
digestive system. Digestion 56:1–13; 1995.

15. Lambert, L. E.; Whitten, J. P.; Baron, B. M.; Cheng, H. C.;
Doherty, N. S.; McDonald, I. A.: Nitric oxide synthesis in the
CNS, endothelium and macrophages differs in its sensitivity to
inhibition by arginine analogues. Life Sci. 48:69–75; 1991.

16. Leibowitz, S. F.: The role of serotonin in eating disorders. Drugs
39:33–48; 1990. 

17. McCann, M. J.; Stricker, E. M.: Increased gastric emptying paral-
lels increased food intake in rats. Soc. Neurosci. Abstr. 9:201; 1983.

18. Moncada, S.; Palmer, R. M. J.; Higgs, E. A.: Nitric oxide: Physiol-
ogy, pathophysiology, and pharmacology. Pharmacol. Rev.: 43:
109–142; 1991. 

19. Moore, P. K.; Oluyomi, A. O.; Babbedge, R. C.; Wallace, P.; Hart,
S. L.: L-NG-nitro arginine methyl ester exhibits antinociceptive
activity in the mouse. Br. J. Pharmacol. 102:198–202; 1991. 

20. Morley, J. E.; Farr, S. A.; Suarez, M. D.; Flood, J. F.: Nitric oxide
synthase inhibition and food intake: Effects on motiviation to eat
and in female mice. Pharmacol. Biochem. Behav. 50:369–373; 1995.

21. Morley, J. E.; Flood, J. F.: Competitive antagonism of nitric oxide
synthetase causes weight loss in mice. Life Sci. 51:1285–1289; 1992.

22. Morley, J. E.; Flood, J. F.: Effect of competitive antagonism of
NO synthetase on weight and food intake in obese and diabetic
mice. Am. J. Physiol. 266:R164–R168; 1994. 

23. Morley, J. E.; Flood, J. F.: Evidence that nitric oxide modulates
food intake in mice. Life Sci. 49:707–711; 1991.

24. Orihata, M.; Sarna, S. K.: Inhibition of nitric oxide synthase
delays gastric emptying of solid meals. J. Pharmacol. Exp. Ther.
271:660–670; 1994.

25. Prendergast, M. A.; Buccafusco, J. J.; Terry, A. V., Jr.: Nitric
oxide synthase inhibition impairs spatial navigation learning and
induces conditioned taste aversion. Pharmacol. Biochem. Behav.
57:347–352; 1997.

26. Ritter, S.: Glucoprivation and the glucoprivic control of food
intake. In: Ritter, R. C; Ritter, S.; Barnes, C. D., eds. Feeding
behavior: Neural and humoral controls. Orlando, FL: Academic
Press; 1986:271–313.

27. Ritter, S.; Dinh, T. T.: 2-mercaptoacetate and 2-deoxy-D-glucose



GLUCOPRIVIC FEEDING AND NITRIC OXIDE SYNTHASE INHIBITION 607

induce Fos-like immunoreactivity in rat brain. Brain Res. 641:
111–120; 1994.

28. Ritter, R. C.; Roelke, M.; Neville, M.: Glucoprivic feeding behav-
ior in absence of other signs of glucoprivation. Am. J. Physiol.
234:E617–E621; 1978.

29. Rowland, N. E.; Bellush, L. L.; Carlton, J.: Metabolic and neuro-
chemical correlates of glucoprivic feeding. Brain Res. Bull. 14:
617–624; 1985.

30. Sandi, C.; Venero, C.; Guaza, C.: Decreased spontaneous motor
activity and startle response in nitric oxide synthase inhibitor-
treated rats. Eur. J. Pharmacol. 277:89–97; 1995. 

31. Squadrito, F.; Calapai, G.; Altavilla, D.; Cucinotta, D.; Zingarelli,
B.; Campo, G. M.; Arcoraci, V.; Sautebin, L.; Mazzaglia, G.;
Caputi, A. P.: Food deprivation increases brain nitric oxide syn-
thase and depresses brain serotonin levels in rats. Neuropharma-
cology 33:83–86; 1994. 

32. Squadrito, F.; Calapai, G.; Cucinotta, D.; Altavilla, D.; Zingarelli, B.;
Ioculano, M.; Urna, G.; Sardella, A.; Campo, G. M.; Caputi, A. P.:
Anorectic activity of NG-nitro-L-arginine, an inhibitor of brain

nitric oxide synthase, in obese Zucker rats. Eur. J. Pharmacol.
230:125–128; 1993. 

33. Starr, M. S.; Starr, B. S.: Do NMDA receptor-mediated changes
in motor behaviour involve nitric oxide? Eur. J. Pharmacol. 272:
211–217; 1995.

34. Stricker, E. M.; McCann, M. J.: Visceral factors in the control of
food intake. Brain Res. Bull. 14:687–692; 1985.

35. Stricker-Krongrad, A.; Beck, B.; Burlet, C.: Nitric oxide mediates
hyperphagia of obese Zucker rats: Relation to specific changes in
the microstructure of feeding behavior. Life Sci. 58:9–15; 1996.

36. Tordoff, M. G.; Geiselman, P. J.; Grijalva, C. V.; Kiefer, S. W.;
Novin, D.: Amygdaloid lesions impair ingestive responses to 2-
deoxy-D-glucose but not insulin. Am. J. Physiol. 242:R129–R135;
1982.

37. Vincent, S. R.; Kimura, H.: Histochemical mapping of nitric
oxide synthase in the rat brain. Neuroscience 46:755–784; 1992.

38. Yamato, S.; Saha, J. K.; Goyal, R. K.: Role of nitric oxide in lower
esophageal sphincter relaxation to swallowing. Life Sci. 50:1263–
1272; 1992.


