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ISLAM, A. K., T. DOUGHERTY, J. E. KOCH AND R. J. BODNAR. Naltrexone, serotoninreceptorsubtypeantag- 
onists, and carbohydrate intake in rats. PHARMACOL BIOCHEM BEHAV 48(1)193-201, 1994.-Functional interactions 
between serotonergic (5-HT) and opioid drugs have been observed with 5-HTa receptor antagonism enhancing the inhibitory 
actions of naloxone and naltrexone in both food-deprived and glucoprivic rats; 5-HT~,/c receptor antagonism enhanced 
naltrexone's inhibition of insulin hyperphagia. The present study examined whether pretreatment with either general 5-HT 
(methysergide: 0.5-5 rag/ks), 5-HT2A/c (ritanserin: 0.25-2.5 ms/ks), or 5-HT 3 (ICS 205930:0.5-5 mg/kg) antagonists altered 
the pattern and magnitude of ad lib intake of simple (sucrose: 10o7o) or more complex (maltose dextrin: MD, 10°70) carbohy- 
drate solutions, or naltrexone's (0.25-2.5 mg/kg) inhibition of these forms of intake. Methysergide significantly increased the 
pattern and magnitude of sucrose intake at low (0.5-2.5 rag/ks) doses, and transiently delayed the pattern of MD intake at 
high (5 mg/kg) doses. Ritanserin significantly accelerated the pattern, but not the magnitude of sucrose intake at low (0.25- 
1.25 ms/ks) doses without affecting MD intake. ICS 205930 reduced the magnitude of sucrose intake at the highest (5 rag/ 
kg) dose, and transiently reduced MD intake. Naltrexone dose dependently altered the pattern and magnitude of both sucrose 
and MD intake. Coadministration of ritanserin and naltrexone either eliminated or delayed the pattern of opioid antagonist 
inhibition of both sucrose and MD intake. M~hysergide and ICS 205930 pretreatment produced minor changes in the pattern 
of naltrexone-induced inhibition. These data indicate that 5-HT receptor subtypes differentially modulate the pattern of 
carbohydrate intake, and indicate differential ingestive interactions between 5-HT and opioid antagonists under challenge 
and palatable conditions. 
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A ROLE for serotonin (5-HT) in activating satiety [e.g., 
(5,6,10)] has been a prevailing view in ingestive behavior, and 
is supported by the anorectic actions of  the 5-HT reuptake 
inhibitor, fenfluramine [see review (47)]. The identification 
of 5-HT receptor subtypes and the development of  selective 
subtype agonists and antagonists [see review (22)] have al- 
lowed analysis of their effects in ingestive behavior. Adminis- 
tration of the general 5-HT antagonist methysergide stimu- 
lates food intake in well-sated rats (11,16), marginally reduces 
deprivation-induced feeding (1,14), and fails to alter gluco- 
privic hyperphagia elicited by either 2-deoxy-D-glucose (2DG) 
or insulin (3,34). Whereas 5-HT~A agonists stimulate intake 
(12,13,19,24,25), 5-HTIB and 5-HT2A/C receptor agonists in- 
hibit intake [e.g., 23,27-29,48,49,56,57)]. 5-HT2A/C antago- 
nists fall to alter spontaneous intake (11,20,29,41,55), reduce 

hyperphagia following deprivation (1), 2DG (3), and insulin 
(34), but stimulate intake in sated rats (16). 5-HT 3 antagonists 
fail to affect deprivation or 2DG hyperphagia (1,3), but stimu- 
late insulin hyperphagia (34). 

Functional interactions between 5-HT and opioid drugs in 
modulating food intake include the observation that periph- 
eral 5-hydroxytryptophan significantly potentiated naloxone 
hypophagia in food-deprived rats (14). Further, the hyperpha- 
gia induced by 5-HT~^ agonists is inhibited by naloxone 07).  
Pretreatment with the 5-HT3 antagonist, ICS 205930, potenti- 
ated the hypophagic properties of naioxone and naltrexone in 
food-deprived rats and in rats treated with either 2DG or insu- 
lin 0,3,34). Whereas the 5-HT2A/¢ antagonist ritanserin en- 
hanced naltrexone's inhibition of insulin hyperphagia, it pro- 
duced less consistent effects upon opioid antagonist inhibition 

i Requests for reprints should be addressed to Dr. R. Bodnar, Department of Psychology, Queens College, CUNY, 65-30 Kissena Blvd., 
Flushing, NY 11367. 
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o f  deprivation-induced and 2DG hyperphagia. Finally, methy- 
sergide inconsistently affected these forms of  opioid modula-  
tion (1,3,34). 

Naloxone and naltrexone inhibit different forms of  food 
intake [see reviews (37,43)], including carbohydrate intake: 
sucrose (32,33,46,58) and maltose dextrin [MD (4)]. Sucrose 
and MD intake are both inhibited by mu antagonists,  while 
the former is only inhibited by kappa antagonists (2,4). Both 
general (4,30-33) and specific (2,4) opioid antagonists produce 
a delayed pattern of  inhibition upon sucrose and MD intake, 
indicating alterations in the maintainance rather than the initi- 
ation o f  palatable intake. 

Because previous studies o f  functional interactions between 
opioid and 5-HT antagonists upon food intake were limited 
to challenge situations (I ,  3,14,34), the present study examined 
alterations in these two forms of  palatable intake following 
methysergide (general), ritanserin (5-HT2A/C) and ICS 205930 
(5-HT3) pretreatment alone and in combinat ion with naltrex- 
one. Because opioid antagonists delay the patterns o f  sucrose 

and MD intake, the two forms of  intake were monitored cu- 
mulatively at 5 min intervals over a 60 rain time course to 
determine whether these serotonergic antagonists altered pat- 
terns as well as magnitude o f  intake. 

METHOD 

Male albino Sprague-Dawley rats (300-550 g; Charles 
River Laboratories,  Wilmington,  MA) were maintained indi- 
vidually in wire mesh cages on a 12 L : 12 D cycle with Purina 
rat chow and water available ad lib. In all experiments, rats 
were initially moni tored for daily body weight and food intake 
over 3 days to establish normal intake patterns. The protocols 
described in this experiment were approved by the Queens 
College IACUC.  

Drugs 

Methysergide (Sandoz, East Hanover ,  N J) was dissolved 
in 0.9°70 normal  saline and administered intraperitoneally. Ri- 

TABLE 1 

SUMMARY OF PROTOCOLS FOR SEROTONERGIC AND 
OPIOID ANTAGONIST EFFECTS UPON SUCROSE AND 

MALTOSE DEXTRIN INTAKE 

A. Serotonergic Antagonists Alone 

Sucrose MD 
Condition (mg/kg) Intake (n) Intake (n) 

Vehicle 21 19 
Methysergide (0.5) 9 10 
Methysergide (2.5) 9 l0 
Methysergide (5.0) 9 10 
Ritanserin (0.25) 7 5 
Ritanserin (1.25) 7 8 
Ritanserin (2.50) 6 8 
ISC205930 (0.5) 7 7 
ICS205930 (2.5) 7 7 
ICS205930 (5.0) 7 7 

B. Serotonergic-Opioid Antagonist Interactions: 

Second Sucrose MD 
First Injection (mg/kg) Injection (mg/kg) Intake (n) Intake (n) 

Vehicle Vehicle 21 19 
Vehicle Naltrexone (0.25) 10 - 
Methysergide (5.0) Naltrexone (0.25) 7 - 
Ritanserin (0.25) Naltrexone (0.25) 7 - 
Ritanserin (2.50) Naltrexone (0.25) 7 - 
ICS205930 (5.0) Naltrexone (0.25) 7 - 

Vehicle Naltrexone (1.0) 9 10 
Methysergide (0.5) Naltrexone (1.0) - 7 
Methysergide (5.0) Naltrexone (1.0) 7 7 
Ritanserin (0.25) Naltrexone (1.0) 7 7 
Ritanserin (2.50) Naltrexone (1.0) 7 7 
ICS205930 (0.5) Naltrexone (1.0) - 7 
ICS205930 (5.0) Naltrexone (1.0) 7 7 

Vehicle Naltrexone (2.5) - 7 
Methysergide (0.5) Naltrexone (2.5) - 7 
Methysergide (5.0) Naltrexone (2.5) - 7 
Ritanserin (0.25) Naltrexone (2.5) - 7 
Ritanserin (2.50) Naltrexone (2.5) - 7 
ICS205930 (0.5) Naltrexone (2.5) - 7 
ICS205930 (5.0) Naltrexone (2.5) - 7 
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tanserin (Janssen, Beerse, Belgium), administered subcutane- 
ously (SC), was initially prepared in 10007o methanol at a con- 
centration of  10 mg/ml and then titrated with 0.9070 normal 
saline to its desired concentration 0.5 h prior to treatment. 
ICS 205930 (Sandoz, Basle, Switzerland), administered SC, 
was initially prepared in 100°70 dimethyl sulfoxide at a concen- 
tration of 10 mg/ml  and then titrated with 0.9°70 normal saline 
to its desired concentration 0.5 h prior to treatment. Naltrex- 
one (Sigma, St. Louis, MO), administered SC, was dissolved 
in 0.9070 normal saline. The serotonergic antagonist doses were 
chosen for their effectiveness upon other forms of intake 
(1,3,34), while the naltrexone doses were chosen for their ef- 
fectiveness upon sucrose (2,30-33,46,58) and MD (4) intake, 

Preliminary Testing 

Rats were initially water deprived for 24 h, and then given 
1 h access to either a 10070 sucrose (Sigma) or a 10070 MD 
(Bio-Serv) solution in a sipper tube (Lab Products, 55 ml, 1 
ml gradations). Three ad lib tests occurred in the presence of  
both the test solution (front of  the cage) and the automatic 
watering system (rear of  the cage), Cumulative intakes were 
assessed at 5 min intervals for up to 1 h. A criterion intake 
(10 ml over 1 h) of  the test solution was necessary for the 
animal to proceed in antagonist testing. Because rats sampled 
water infrequently during testing, only intake of  the test solu- 
tions were evaluated. 

Sucrose Intake Protocol 

A group of 21 naive rats were initially tested for sucrose 
intake 15 rain following vehicle administration. Subgroups of 

rats, matched for baseline sucrose intake, were exposed at 
weekly intervals to the conditions summarized in Table 1. 
Sucrose was introduced 15 rain after serotonergic antagonist 
injections alone. In serotonergic-opioid combinations, the ser- 
otonergic antagonist was administered 15 min prior to the 
opioid antagonist, and the sucrose solution was introduced 
15 rain after the second injection. These injection intervals 
produced positive effects in previous studies of  serotonergic 
and opioid ingestive effects (1,3,34). Intake of the 10070 su- 
crose solution in tap water was assessed cumulatively at 5 rain 
intervals for up to 1 h. 

MD Intake Protocol 

A group of 19 naive rats were initially tested for MD intake 
15 min following vehicle administration. Subgroups of rats, 
matched for their baseline MD intake, were exposed at weekly 
intervals to the conditions summarized in Table 1. Injection 
intervals were identical to that described in the sucrose proto- 
col. Intake of  the 10070 MD solution in tap water was assessed 
cumulatively at 5 min intervals for up to 1 h. 

Statistical A nalyses 

The primary goals of this study were to determine if sero- 
tonergic and opioid antagonists, given alone or together, 
would: a) alter the magnitude of sucrose and MD intake, and 
b) alter the temporal pattern of  intake over a time course. 
These data could be assessed in one of  two ways: a) intakes at 
each of the 12 5-rain intervals could be recorded individually 
and subjected to a split-plot analysis of variance with interval 
as a repeated measure, or b) intakes over the 12 intervals could 

TABLE 2 

SUMMARY OF SEROTONERGIC ANTAGONIST EFFECTS UPON SUCROSE INTAKE 

Time (min) 
Injection 
(mg/kg) 5 I0 15 20 25 30 35 40 45 50 55 60 

Veh 2.4 4.5 6.2 8.5 10.1 11.0 11.8 12.3 13.2 14.8 15.2 16.4 
SEM 0.4 0.6 0.8 0.8 0.9 0.8 0.8 0.8 0.8 0.7 0.7 0.8 

Met-0.5 3.3 8.1" 12 .8"  14 .6"  15 .8"  17 .3"  18 .0"  18.2"  19.2"  20.1' 20.9* 21.4" 
SEM 0.3 0.5 0.7 0.8 1.0 0.9 0.7 0.9 1.0 1.1 1.2 1.2 

Met-2.5 2.8 6.3 9.1 11.1 12.4 13.6 14.3 15.9 17.9 19.1 19 .9"  21.4" 
SEM 0.6 0.8 1.1 1.3 1.4 1.3 1.3 1.3 1.1 0.8 0.5 0.7 

Met-5.0 2.7 5.4 6.8 9.9 11.2 13.0 13.9 14.8 15.3 16.6 17.2 18.1 
SEM 0.7 1.3 1.7 2.0 2.1 2.1 2.2 2.0 2.0 1.9 2.0 2.1 

Rit-0.25 4.7 9.3* 12.1" 12.7 14.3 14.4 15.0 16.1 16.4 17.0 17.6 18.7 
SEM 0.8 0.8 0.8 1.1 1.1 1.1 1.1 1.2 1.3 1.2 1.4 1.3 

Rit-l.25 3.7 6.4 8.9 11.7 14.3 15.7 17.3" 18 .0"  18.7' 19.9"  20.3* 20.9 
SEM 0.4 0.4 0.6 1.1 0.9 1.3 1.7 1.6 1.7 1.7 1.6 1.4 

Rit-2.50 3.8 6.3 9.3 9.9 11.1 11.6 11.7 11.7 12.3 12.7 13.1 13.4 
SEM 0.6 1.0 1.5 1.5 1.6 1.7 1.7 1.7 1.7 1.7 1.6 1.5 

ICS-0.5 3.6 7.3 10.0 11.3 12.6 13.4 14.1 14.9 15.6 16.9 17.0 17.7 
SEM 0.7 1.0 1.5 1.6 1.4 1.2 0.7 1.0 1.1 1.3 1.3 1.4 

ICS-2.5 1.3 3.7 7.3 9.0 11.6 12.1 13.1 14.4 14.9 15.1 15.1 15.4 
SEM 0.6 1.2 2.1 1.8 2.1 2.2 1.6 1.1 1.3 1.3 1.3 1.4 

ICS-5.0 1.4 2.3 4.0 6.1 6.3 6.7 7.0 7.9 8.6 9.0* 9.1" 10.4" 
SEM 0.7 1.3 1.3 1.7 1.7 1.7 1.6 2.2 2.2 2.3 2.3 2.4 

Veh: vehicle; Ntx: naltrexone; Met: methysergide; Rit: ritanserin; ICS: ICS205930. *Denotes significant 
difference relative to Veh (Dunnett comparison, p < 0.01). 
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be recorded cumulatively with each of the resultant 12 data 
points evaluated in separate analyses of  variance. Although 
the former option is preferable statistically because it controls 
for the occurrence of  Type I errors, it does not reflect the 
temporal pattern of  intake over the time course. Indeed, eval- 
uation of  each form of intake following vehicle treatment 
revealed significant declines over the time course for both 
sucrose, F ( l l ,  220) = 6.60, p < 0.001, and MD, F ( l l ,  198) 
= 58.39, p < 0.001, intakes. These time-dependent patterns 
of  sucrose and MD intakes in vehicle-treated rats render tem- 
poral patterns of  drug effects meaningless. In contrast, analy- 
ses of cumulative intake more clearly reflects any temporal 
changes in the time course. Although these cumulative analy- 
ses evaluate separate values at each time point, a more conser- 
vative criterion for Dunnett comparisons (p < 0.01) was em- 
ployed to assess significant effects, and caveats regarding 
interpretation of  isolated significant effects appear in the dis- 
cussion section. 

RESULTS 

Serotonin Antagonists and Sucrose lntake 

Significant differences in cumulative sucrose intake were 
observed from 10-60 min following vehicle and methysergide 
treatments, F(3, 44)= 3.65-7.56, p < 0.02-0.0003. Sucrose 
intake was significantly stimulated by the methysergide dose 
of 0.5 mg/kg from 10 to 60 min, and to a lesser degree by the 
2.5 mg/kg dose at 55 and 60 min (Table 2). These methyser- 
gide doses significantly increased the overall magnitude of  
sucrose intake by 30%. Significant differences in cumulative 

sucrose intake were observed across the time course following 
vehicle and ritanserin treatments, F(3, 38) = 3.29-7.64, p < 
0.03-0.0004. Sucrose intake was significantly stimulated by 
the ritanserin dose of  1.25 mg/kg from 35 to 55 min and, to a 
lesser degree, by the 0.25 mg/kg dose at 10 and 15 min (Table 
2). The dose range of  ritanserin failed to significantly alter 
the overall magnitude of  sucrose intake (18o70 reduction-25% 
increase). Significant differences in cumulative sucrose intake 
were observed at 10-15 and 25-60 min following vehicle and 
ICS 205930 treatments, F(3, 38) = 2.91-5.67, p < 
0.047-0.003. Sucrose intake was significantly reduced by the 
ICS 205930 dose of  5 mg/kg at 50 to 60 min with a reduction 
in the overall magnitude of the effect of 37% (Table 2). 

Serotonin Antagonists and MD lntake 

Significant differences in cumulative MD intake were ob- 
served at 5-55 min following vehicle and methysergide treat- 
ments, F(3, 36) = 2.89-5.19, p < 0.049-0.004. MD intake 
was significantly reduced by the methysergide dose of 5 mg/  
kg at 10 to 15 min (Table 3). The dose range of methysergide 
failed to significantly alter the overall magnitude of  MD in- 
take (8-32% reductions). Significant differences in cumulative 
MD intake failed to occur at any interval following vehicle 
and ritanserin treatments (1% reduction-11% increase, Table 
3). Significant differences in cumulative MD intake were 
observed across the time course following vehicle and 
ICS 205930 treatments, /7(3, 24) = 3.14-12.05, p < 0.044- 
0.0001. MD intake was significantly increased by the 0.5 mg/  
kg dose of ICS 205930 and reduced by the 5 mg/kg dose of 
ICS 205930 only at the 5 min intake interval (Table 3), and 

TABLE 3 
SUMMARY OF SEROTONERGIC ANTAGONIST EFFECTS UPON MALTOSE DEXTRIN INTAKE 

Time (min) 
Injection 
(mg/kg) 5 l0 15 20 25 30 35 40 45 50 55 60 

Veh 5.3 9.2 11.4 12.3 12.9 13.5 13.9 14.4 14.5 15.1 15.4 15.8 
SEM 0.5 0.5 0.5 0.4 0.5 0.5 0.6 0.6 0.5 0.6 0.6 0.6 

Met-0.5 5.2 8.8 11.2 12.5 13.5 13.6 13.7 13.9 14.0 14.6 14.6 14.6 
SEM 0.7 0.8 0.9 0.9 1.1 1.2 1.2 1.3 1.3 1.5 1.5 1.5 

Met-2.5 3.9 5.9 7.4 8.8 9.6 9.8 9.9 10.8 ll.1 11.4 11.8 12.2 
SEM 0.9 1.2 1.3 1.4 1.4 1.5 1.5 1.3 1.3 1.2 1.2 1.2 

Met-5.0 2.3 4.9* 6.6* 7.5 8.6 9.1 9.3 9.4 9.7 9.9 10.4 10.8 
SEM 0.6 0.8 1.3 1.3 1.3 1.4 1.5 1.4 1.4 1.5 1.6 1.7 

Rit-0.25 4.8 10.0 12.0 12 .6  13.2 13.4 14.2 15.2 15.4 15.6 15.6 15.6 
SEM 1.0 1.5 1.9 2.2 2.0 2.0 1.9 1.9 1.9 1.8 1.8 1.8 

Rit-l.25 5.8 9.8 12.6 13.8 14.8 15.8 15.9 16.3 16.3 16.3 16.4 16.5 
SEM 0.6 0.7 1.0 1.0 1.2 1.3 1.3 1.2 1.2 1.2 1.3 1.4 

Rit-2.50 6.5 11.5 14.3 15.3 15.9 16.5 17.0 17.0 17.0 17.4 17.4 17.4 
SEM 1.1 1.4 1.5 1.5 1.4 1.4 1.5 1.5 1.5 1.6 1.6 1.6 

ICS-0.5 7.6* 12.0 15.4 16.1 16.4 16.7 17.1 17.1 17.6 18.4 18.7 19.3 
SEM 0.8 0.8 1.4 1.6 1.5 1.5 1.4 1.4 1.4 1.7 2.0 2.1 

ICS-2.5 5.4 9.1 12.9 14.4 15.3 15.7 15.9 15.9 15.9 16.9 17.0 17.6 
SEM 0.8 1.4 ! .7 1.9 1.8 1.7 1.7 1.7 1.7 1.5 1.4 1.6 

ICS-5.0 2.3* 6.0 7.3 8.9 10.1 10.6 10.7 l l . l  11.4 11.6 12.1 12.4 
SEM 0.4 0.9 1.2 1.4 1.2 1.3 1.3 1.6 1.5 1.5 1.3 1.3 

Veh: vehicle; Ntx: naltrexone; Met: methysergide; Rit: ritanserin; ICS: ICS205930. *Denotes 
significant difference relative to Veh (Dunnett comparison, p < 0.01). 
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overall magnitudes of intake failed to differ from vehicle 
(22°70 reduction-22% increase). 

Serotonin-Opioid Antagonists and Sucrose Intake 

Significant differences in cumulative sucrose intake were 
observed following vehicle, naltrexone, and serotonergic an- 
tagonist treatments, F(3, 46) = 3.60-17.00, p < 0.02-0.0001. 
Sucrose intake was significantly reduced the 0.25 mg/kg dose 
of naltrexone only at 60 min, resulting in a 32°70 reduction in 
the overall magnitude of intake. The 1 mg/kg dose of naltrex- 
one significantly reduced sucrose intake from 25 to 60 rain, 
resulting in a 63% reduction in the overall magnitude of intake 
(Table 4). The patterns of naltrexone's inhibition of sucrose 
intake were altered by 5-HT antagonists. Animals treated with 
methysergide (5 mg/kg) and naltrexone exhitited only tran- 
sient (5 min) delays in the pattern of both doses of naltrexone's 
inhibition of sucrose intake (Table 4). Animals treated with 
ritanserin (0.25 mg/kg) and naltrexone (1 mg/kg) failed to 
display any inhibitory effects upon sucrose intake, while ani- 
mals treated with ritanserin (1.25 mg/kg) and naltrexone (1 
mg/kg) exhibited a 20 rain delay (45-60 min) in the pattern 
of naltrexone's inhibition of sucrose intake (Table 4). Less 
pronounced effects were observed for ritanserin's interaction 
with the lower naltrexone dose. Animals treated with ICS 
205930 (5 mg/kg) and naltrexone (0.25 mg/kg) only exhibited 
a transient (10 min) acceleration in the pattern of naltrexone's 
inhibitory effects upon sucrose intake (Table 4). 

Serotonin-Opioid Antagonists and MD Intake 

Significant differences in cumulative MD intake were ob- 
served following vehicle, naltrexone, and serotonergic antago- 
nist treatments, F(2, 24) = 4.27-62.20, p < 0.026-0.0001. 
MD intake was significantly reduced by both naltrexone doses 
from 10 to 60 rain with respective reductions in overall magni- 
tudes of intake of 61°70 and 68070 for the 1 and 2.5 mg/kg 
doses (Table 5). Animals treated with methysergide (5 mg/kg) 
and naltrexone (1 mg/kg) only exhibited a transient (10 min) 
delay in the pattern of naltrexone's inhibitory effects upon 
MD intake (Table 5). Animals treated with either ritanserin 
(0.25 mg/kg) and naltrexone (1 mg/kg) or ritanserin (2.5 mg/ 
kg) and naltrexone (2.5 mg/kg) failed to display any inhibitory 
effects upon MD intake, while animals treated with ritanserin 
(2.5 mg/kg) and naltrexone (1 mg/kg) exhibited a 20 min 
delay (30-60 min) in the pattern of naltrexone's inhibition of 
MD intake (Table 5). Animals treated with ICS 205930 and 
naltrexone failed to alter the pattern of naltrexone's inhibitory 
effects upon MD intake, except for a transient 5 min accelera- 
tion at the highest doses of each antagonist. 

DISCUSSION 

The present study found that low doses of methysergide 
significantly accelerated the pattern of sucrose intake across a 
1 h time course and increased its magnitude by 30o/0. In con- 
trast, high doses of methysergide transiently (10-15 rain) de- 
creased MD intake. Low doses of ritanserin significantly ac- 

TABLE 4 
SUMMARY OF SEROTONERGIC AND OPIOID ANTAGONIST EFFECTS UPON SUCROSE INTAKE 

First Second Time (rain) 
Injection Injection 
(mg/kg) (mg/kg) 5 10 15 20 25 30 35 40 45 50 55 60 

Veh Veh 2.4 4.5 6.2 8.5 10.1 11.0 11.8 12.3 13.2 14.8 15.2 16.4 
SEM 0.4 0.6 0.8 0.8 0.9 0.8 0.8 0.8 0.8 0.7 0.7 0.8 

Veh Ntx-0.25 2.9 5.2 6.9 7.3 8.6 8.9 9.6 10.0 10.0 10.6 11.0 11.2* 
SEM 0.7 1.2 1.2 1.3 1.3 1.2 1.2 1.1 1.1 1.1 1.1 1.1 

Met-5.0 Ntx-0.25 2.4 5.6 5.9 7.9 9.0 10.6 11.7 12.3 12.4 12.9 14.0 14.1 
SEM 0.6 1.3 1.7 1.9 2.0 1.6 1.5 1.3 1.1 1.0 1.2 1.3 

Rit-0.25 Ntx-0,25 5.4* 7.4 8.4 8.9 9.1 9.6 10.3 10.7 10.9 12.0 13.0 13.1 
SEM 0.8 0.8 1.0 0.9 0.8 0.7 0.6 0.6 0.6 0.8 1.4 1.4 

Rit-2.50 Ntx-0.25 6.1*t 8.1 8.4 8.7 8.7 8.9 8.9 9.0 9.0 9.0* 9.0* 9.0* 
SEM 0.3 0.5 0.5 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 

ICS-5.0 Ntx-0.25 2.9 4.1 5.4 7.1 8.1 8.4 8.7 9.1 9.3 10.0" 10 .0"  10.3" 
SEM 0.6 0.7 0.9 0.9 1.0 1.2 1.3 1.2 1.1 1.3 1.3 1.5 

Veh Ntx-l.0 0.9 2.8 3.4 3.8 4.3* 4.6* 4.7* 4.7* 4.9* 5.6* 5.6* 6.1' 
SEM 0.5 0.8 1.1 1.2 1.1 1.1 1.2 1.1 1.1 1.2 1.2 1.3 

Met-5.0 Ntx-l.0 3.3 4.4 5.1 5.3 5.6 5.9* 6.0* 6.3* 7.4* 7.9* 8.9* 9.6* 
SEM 0.7 0.6 0.7 0.7 0.8 0.9 0.9 1.0 1.1 1.0 1.0 1.0 

Rit-0.25 Ntx-l.0 7.6"* 9.7"t l l .0t  11.4* 12.1t 13 .1~ 13.1t 13.6t" 13.9t 14.3t 14.3t 14.3* 
SEM 1.3 1.7 2.0 1.8 1.5 1.0 1.0 1.0 1.0 1.2 1.2 1.2 

Rit-2.50 Ntx-l.0 5.4"t 6.4 7.0 7.3 7.7 7.9 7.9 8.1 8.1' 8.1" 8.4* 8.4* 
SEM 0.5 0.4 0.4 0.4 0.5 0.6 0.6 0.6 0.6 0.6 0.7 0.7 

ICS-5.0 Ntx-l.0 3.3 3.7 3.7 4.0 4.7* 4.9* 4.9* 4.9* 5.4* 5.7* 5.9* 7.3* 
SEM 1.2 1.5 1.5 1.5 1.4 1.5 1.5 1.5 1.5 1.6 1.6 1.5 

Veh: vehicle; Ntx: naltrexone; Met: methyscrgide; Rit: ritanserin; ICS: ICS205930. *Denotes significant difference relative to veh/veh 
(Dunnett comparison, p < 0.01). tDenotes significant difference relative to veh/ntx (Dunnett comparison, p < 0.01). 
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T A B L E  5 

SUMMARY OF SEROTONERGIC AND OPIOID ANTAGONIST EFFECTS UPON MD INTAKE 

First Second Time (min) 
Injection Injection 
(mg/kg) (mg/kg) 5 10 15 20 25 30 35 40 45 50 55 60 

Veh Veh 5.3 9.2 11.4 12.3 12.9 13.5 13.9 14.4 14.5 15.1 15.4 15.8 
SEM 0.5 0.5 0.5 0.4 0.5 0.5 0.6 0.6 0.5 0.6 0.6 0.6 

Veh Ntx-l.0 3.2 4.3* 4.6* 4.7* 4.7* 5.0* 5.0* 5.1" 5.4* 5.5* 5.8* 6.1" 
SEM 0.6 0.6 0.6 0.6 0.6 0.5 0.5 0.5 0.6 0.6 0.6 0.7 

Met-0.5 Ntx-l.0 3.6 4.6* 4.7* 5.0* 5.0* 5.0* 5.0* 5.0* 5.3* 5.4* 5.9* 5.9* 
SEM 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.7 0.7 0.9 0.9 

Met-5.0 Ntx-l.0 3.6 4.9 5.6 5.9* 6.0* 6.0* 6.1" 6.6* 6.9* 6.9* 6.9* 7.1" 
SEM 0.3 0.5 0.7 0.7 0.6 0.6 0.6 0.5 0.6 0.6 0.6 0.5 

Rit-0.25 Ntx-1.0 6.6 8.4 8.7 9.0 9.3 9.7 9.9 10.0 10.0 10.0 10.6 10.6 
SEM 0.9 0.7 0.8 0.8 0.8 0.6 0.8 0.7 0.7 0.7 0.8 0.8 

Rit-2.50 Ntx-l.0 5.0 7.3 7.9 7.9 7.9 7.9* 8.0* 8.1" 8.3* 8.3* 8.6* 9.1" 
SEM 0.4 1.0 1.2 1.2 1.2 1.2 1.2 1.3 1.3 1.3 1.2 1.2 

ICS-0.5 Ntx-l.0 3.9 5.0 5.7 5.7* 5.7* 5.7* 5.9* 5.9* 5.9* 6.1" 6.1" 6.1" 
SEM 0.7 1.2 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.6 1.6 1.6 

ICS-5.0 Ntx-l.0 3.4 3.9* 4.1" 4.1" 4.1" 4.1" 4.3* 4.7* 5.1" 5.1" 5.3* 5.4* 
SEM 0.8 1.1 1.2 1.2 1.2 1.2 1.2 1.3 1.4 1.4 1.4 1.4 

Veh Ntx-2.5 3.0 3.3* 3.3* 3.6* 3.7* 3.7* 3.9* 4.3* 4.4* 5.0* 5.1" 5.1" 
SEM 0.4 0.4 0.4 0.4 0.5 0.5 0.6 0.7 0.7 0.8 0.8 0.8 

Met-0.5 Ntx-2.5 3.4 3.4* 3.7* 3.9* 4.0* 4.4* 4.4* 4.6* 4.6* 4.9* 5.3* 5.3* 
SEM 1.0 1.0 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.8 1.0 1.0 

Met-5.0 Ntx-2.5 2.1" 2.9* 2.9* 2.9* 3.4* 3.6* 3.9* 4.0* 4.0* 4.1" 4.3* 4.3* 
SEM 0.8 1.0 1.0 1.0 0.9 0.8 1.0 1.1 1.1 1.0 1.1 1.1 

Rit-0.25 Ntx-2.5 3.1 3.3* 3.7* 3.9* 4.1" 4.3* 4.4* 4.4* 4.4* 4.9* 5.3* 5.3* 
SEM 0.4 0.5 0.7 0.8 0.7 0.7 0.8 0.8 0.8 1.0 1.1 1.1 

Rit-2.50 Ntx-2.5 5.0 6.7 7.1 7.7 8.0 8.0 8.0 8.3 8.3 8.3 8.3 8.6 
SEM 0.9 1.2 1.2 1.3 1.4 1.4 1.4 1.5 1.5 1.5 1.5 1.3 

ICS-0.5 Ntx-2.5 3.0 4.3* 4.4* 4.6* 4.6* 4.9* 5.0* 5.0* 5.1" 5.1" 5.1" 5.4* 
SEM 0.6 0.9 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 

ICS-5.0 Ntx-2.5 1.0" 1.0" 1.0" 1.6* 1.6* 1.6" 1.6" 1.6" 1.9' 1.9" 1.9" 1.9" 
SEM 0.5 0.5 0.5 0.8 0.8 0.8 0.8 0.8 1.0 1.0 1.0 1.0 

Veh: vehicle; Ntx: naltrexone; Met: methysergide; Rit: ritanserin; ICS: ICS205930. *Denotes significant difference relative to veh/ 
veh (Dunnett comparison, p < 0.01). 

celerated the pa t t e rn  o f  sucrose in take  wi thou t  signif icantly 
affect ing overal l  in take  magni tude .  In contras t ,  r i tanser in  
failed to al ter  M D  intake.  High  doses o f  ICS 205930 signifi- 
cant ly reduced the  overal l  magn i tude  o f  sucrose in take  by 
37070 wi thou t  al ter ing its t empora l  pa t te rn .  ICS 205930 t ran-  
siently (5 min)  reduced M D  intake.  Serotonergic  an tagonis t  
effects appea red  behaviora l ly  specific because they each al- 
tered one fo rm of  in take  wi thou t  af fec t ing a second fo rm of  
in take  delivered in the same m a n n e r  over  the  same t ime 
course.  Nal t rexone  p roduced  signif icant  dose-dependent  re- 
duct ions  in b o t h  sucrose and  M D  in take  with inh ib i t ion  ap- 
pear ing af te r  25 and  10 min ,  respectively. These  delayed ef- 
fects are similar to  tha t  observed previously (2,4,30-33),  and  
suggests tha t  opioid  an tagonis t s  decrease pa la tab le  in take  by 
interfer ing with the ma in t a inance  ra ther  t han  the  in i t ia t ion o f  
intake.  W h e n  an imals  were coadmin is te red  r i tanser in ,  nal trex- 
one 's  inh ib i to ry  effects u p o n  sucrose and  M D  intakes were 
ei ther delayed or  even el iminated.  W h e n  an imals  were coad-  
minis tered ei ther  methysergide  or  ICS 205930, na l t rexone 's  

inh ib i to ry  effects upon  sucrose and  M D  intakes  were mini- 
mally affected.  These da ta  are discussed in terms of: a) 5 -HT 
an tagonis t  effects upon  ca rbohydra te  intake,  and  b) func- 
t ional  in teract ions  between 5-HT and  opioid  antagonis ts  upon  
ca rbohydra t e  intake.  

5-HT Antagonists and Carbohydrate Intake 

Serotonergic  drugs appear  to  affect  food in take  t h rough  
a n u m b e r  o f  mechanisms.  The sero tonin  reup take  inhib i tor  
f luoxetine increases in take  latency, decreases meal  size and  
feeding rate,  and  produces  a more  rapid  satiety sequence f rom 
eating to sleeping (9,35,59). The sero tonin  an tagonis t ,  meter-  
goline, b locked f luoxetine 's  increased latency to feed, yet po- 
tent ia ted the  reduct ion in overall  food  intake.  However ,  me- 
tergoline blocks fenf luramine- induced  reduct ions  in feeding 
rate  and  numbers  of  meals in food-depr ived rats  (8). The  dif- 
ferential  pa t t e rn  of  serotonergic drugs upon  dif ferent  pa rame-  
ters of  feeding was observed in the  present  s tudy as well. 
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Methysergide's stimulation of  the pattern and magnitude of 
sucrose intake may be acting through the 5-HT2mc receptor 
subtype because : a) ritanserin accelerated the pattern of su- 
crose intake, and b) both 5-HT3 and 5-HTIA (15,42) receptor 
subtype drugs failed to affect sucrose intake. In contrast, sero- 
tonergic antagonists produced small and transient changes in 
MD intake. Thus, the particular time interval to assess intake 
magnitude and the analysis of intake patterns emerge as criti- 
cal variables in evaluating serotonergic drug effects. 

That 5-HT and 5-HT2A/c antagonists stimulate sucrose but 
not MD intake has implications for proposed 5-HT mediation 
of macronutrient intake. Wurtman and co-workers (21,60- 
62) found that agents that enhance 5-HT transmission reduce 
carbohydrate consumption, while 5-HTIA agonists stimulate 
carbohydrate intake (38-40). Indeed, increased carbohydrate 
consumption noted during the first meal of the dark cycle is 
selectively reduced by serotonin administration into the hypo- 
thalamic paraventricular nucleus (36). Further, when rats were 
provided with a high-protein and a high-carbohydrate diet, 
medial hypothalamic administration of  either serotonin or dl- 
norfenfluramine significantly and selectively reduced carbohy- 
drate intake (54). The specificity of  sertonergic modulation of 
carbohydrate intake has been questioned. Chronic administra- 
tion of  fenfluramine reduced intake and body weights of rats 
exposed to either a high-carbohydrate or a high-fat diet, and 
it was not more potent in reducing the carbohydrate- 
supplemented diet (7). Further, if the animals were provided a 
choice of protein, carbohydrate, and fat, fenfluramine re- 
duced both carbohydrate and fat intake (54). 5-HT agonists 
also reduce fat intake in food-deprived rats (26,44). Finally, 
because learning of texture cues and sensory characteristics 
of  different macronutrients may be a determinant of 5-HT 
modulation, it was found that fenfluramine failed to alter the 
selection of  protein-paired or carbohydrate-paired odors in 
rats (18). A simple model of 5-HT-induced modulation of 
carbohydrate intake would suggest that both general 5-HT 
and selective antagonists would potently increase both sucrose 
and MD intake. That methysergide and ritanserin increase 
sucrose, but not MD intake, argues for the importance of the 
type of  ingested carbohydrate, and suggests that the 5-HT 
system may modulate ingestion of more complex carbohy- 
drates in a different way than simple carbohydrates. 

An alternative proposal is that the intakes of  sucrose and 
MD are related to palatability which is supported by the sta- 
ble, ad lib intake noted in nondeprived rats. Sclafani (61) has 
proposed the existence of two distinct taste systems, sugar- 
sensitive and starch-sensitive. The selective facilitatory effects 
of  5-HT antagonists upon sucrose intake suggest that 5-HT 
may act to inhibit the sugar-sensitive system, yet fail to gener- 
ally alter the starch-sensitive system. The relative sweetness of 
sucrose relative to MD is difficult to ascertain in animal mod- 
els, but the threshold for MD and other complex carbohy- 
drates to elicit a preference in rats are significantly lower than 
that for sucrose and other simple carbohydrates (45,50-53). It 

must be noted that only one concentration (10%) of  sucrose 
and MD was employed in the present study, and any definitive 
explanations of  the role of  5-HT antagonists upon sweetness 
preference must await an analysis of  sucrose and MD intake 
at different concentrations. 

5-HT-Opioid Effects Upon Carbohydrate Intake 

Naltrexone's inhibition of both sucrose and MD intake 
through interference with the maintainance rather than the 
initiation of  sucrose and MD intake supports previous find- 
ings (2,4,30-33,46,58). Opioid mediation of sucrose intake 
occurs through kappa and mu2 receptors, while opioid media- 
tion of MD intake occurs through mu 2 receptors (2,4). The 
interaction between 5-HT receptor antagonists and naltrexone 
appears to be markedly different for sucrose and MD intake 
as compared to hyperphagia following either food depriva- 
tion, 2DG, or insulin. First, the 5-HT3 antagonist ICS 205930 
significantly enhanced the hypophagic effects of  general opi- 
old antagonists in food-deprived rats or in rats treated with 
either 2DG or insulin (1,3,34). In contrast, ICS 205930 failed 
to alter naltrexone's inhibition of sucrose or MD intake. Sec- 
ond, the 5-HT2mc antagonist, ritanserin significantly en- 
hanced the hypophagic effects of  naltrexone in insulin-treated 
rats (34), yet ritanserin cotreatment either delayed or elimi- 
nated naltrexone's inhibition of both sucrose and MD intake. 
Third, whereas methysergide generally failed to alter opioid 
antagonist inhibition of  deprivation-induced and glucoprivic 
intake (1,3,34), methysergide coadministration transiently de- 
layed naltrexone's inhibition of both sucrose and MD intake. 
It should be noted that such nonspecific effects as sedation of 
hypoactivity cannot account for the differential patterns of 
these 5-HT antagonist effects. Thus, whereas cotreatment of 
5-HT3 antagonists acts to enhance opioid antagonist inhibition 
of those forms of intake related to challenge situations, co- 
treatment of 5-HT2A/c antagonists acts to delay or eliminate 
opioid antagonist inhibition of two forms of intake related to 
palatable or taste qualities. It is imperative to note that be- 
cause this was a systemic pharmacological study, one cannot 
ascertain as to whether the 5-HT antagonists acted to alter the 
opioid system, whether the opioid antagonist acted to alter 
the 5-HT system, or whether each class of drugs altered the 
pharmacokinetics or pharmacodynamics of the other class. In 
any case, it is clear that these functional interactions between 
5-HT and opioid antagonists exert differential effects upon 
challenge and palatable intake situations. 
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