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KAVALIERS, M , R W RANGELEY, M HIRST AND G C TESKEY Mu- and kappa-opiate agom6ts modulate 
ingestive behaviors in the ~lug, Llmax maxtmus PHARMACOL BIOCHEM BEHAV 24(3) 561-566, 1986-- 
Admmlstratmn of the prototyplcal mu opmte agomst, morphine sulphate, 1-10 mg/kg, produced over three hours a 
stgmficant dose-dependent increase m the ingestive responses of free-feeding slugs, Lirnax max~mus, although lower doses, 
0 10 mg/kg, attenuated feeding The m~xed mu and kappa opmte agomst, ketocyclazocme hydrochlonde, tn the dose range 
I 0-10 mg/kg, also reduced s~gmficant increases m food consumption With both of these opmtes there was a latency of 
about 0 5 hr before imtlatlon of feeding The more specific kappa oploid agomst, U-50.488H, given over the dose range 
0 10--1 0 mg/kg, produced a more potent increase m three hour food consumption by Ltrnax, whereas a dose of 10 mg/kg 
produced a significant increase in ingestive responses for 3-4 hr after a 1-2 hr penod of lnactlvay The prototypic mu opiate 
antagomst, naloxone hydrochlonde (1 0 mg/kg) blocked the feeding effects of morphine and ketocyclazocme and reduced 
the effects of U-50,488H The delta antagonist, ICI 154,129, in a dose of 10 mg/kg, reduced the effects of morphine as well 
as decreasing food retake of free-feeding slugs These results indicate that activation of differential opiate receptors in 
invertebrates has similar effects on feeding behavior as occur m mammals, suggesting early evolutionary development of 
opioid involvement in the control of feeding 

Feeding Mu OplOld Delta oplOId Morphine Naloxone Kappa opioxd ICI 154,129 
U-50,488H Slug Ltrna~ martrnus Evolution 

A substantial body of evidence supports the hypothesis that 
endogenous opmld peptldes participate in the control of 
appetite Several opmte agomsts are known to induce feed- 
ing and it is probable that opiold peptldes are involved m the 
physmlog~cal regulation of mammalian ingestive behaviors 
and food intake [8, 16-20, 24, 30] Recent studies have 
suggested that opmte systems may also partlopate in the 
regulation of ingestive behavmrs of invertebrates Peripheral 
admlmstratlon of the prototyp~c mu opiate agomst, morphine 
sulfate [15] stimulates food intake in the slug, Ltrnax 
martmus [9], in a manner similar to that found m mammals 
[20] In both Ltmax and mammals the morph|ne-mduced 
feeding effects could be blocked by low doses of the 
prototyplc mu opiate antagomst, naloxone hydrochlonde 
[9,20] Naloxone by itself caused a slgmficant decrease in 
feeding of food deprived individuals [1, 2, 9] These 
slmdantles m feeding responses of mammals and slugs 
suggest an early evolution of opiate involvement in the 
medmtlon of mgestwe behavmrs 

As multiple opmld peptides and differing opiold receptors 
have been recognized [15], interest has focused on determln- 

ing which of  the oplold receptors are involved m the control 
of feeding behaviors There is data to mdtcate that opiates 
affecting delta, kappa, mu and sigma opiate receptors can 
influence mammalian feeding [20] The results from a 
number of investigations have suggested that the endoge- 
nous kappa oplold peptlde, dynorphm, and the kappa opiate 
receptor may have specific roles in the control of mammalian 
ingestive responses of food intake [7, 17-20] Evidence has 
also been presented to suggest that under certain circum- 
stances the mu and/or other oplold receptor(s) affected by 
morphine may Inhibit food [20] intake rather than stimulating 
ingestion It has become evident that morphine can act as a 
relatively non-specific oplold agonlst affecting both mu and 
delta receptors [15, 21,22] The relative roles of delta opiolds 
in the determination of feeding are largely unknown [20], 
though there is some evidence to suggest that they stimulate 
food intake in rats [29] The present study was undertaken to 
determine whether kappa opiates influence food intake in 
Ltmax,  as well as to examine in more detad the effects of 
morphine, mu and delta opioid receptors on ingestion in 
these animals As the temporal profiles of the effects of  var- 
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FIG 1 A-C Food intakes over three hours of free-feeding slugs 
rejected intramuscularly with A The mu opiate agonist, morphine 
sulfate (mr and mlo, 1 0 and 10 mg/kg/10 ml, respectively), B The 
mixed kappa-mu opiate agonist, ketocyclazocme hydrochlonde (kl 
and kto, 1 0 and l0 0 mg/kg/10 ml, respectively), and C The kappa 
opiate agonist, U-50,488H (uo01, u0 H), Ullb, 0 01, 0 10, 1 0 and 10 0 
mg/kg/10 ml, respectwely) S represents sahne injected (10 ml/kg) 
and C represents control untreated slugs The latter two are the 
same for panels A-C N= l0 in all cases Vertical lines denote two 
standard errors of the mean 

mus opiates on ingestive behawors in mammals vary wzth 
the type of opiate agonist employed [8, 9, 17, 20, 29, 31,32], 
the time courses ofmu and kappa oploid effects on feeding m 
Lzmax were also examined In this study we describe the 
effects of various doses of the preferential kappa-mu opiate 
against, ketocyclazocme [14,35], the highly selective kappa 
opiate against, U-50,488H (trans-3,4-dlchloro-N-methyl-N[2- 
pyrohdlnyl)cyclohexyl]-benzenecetamide methane-sulfonate) 
[33], the prototypic mu opiate agonist, morphine, the proto- 
typic mu opiate antagonist, naloxone, the specific delta oploid 
antagonist, ICI 154,129 (N,N-BIsallyl-Tyr-Gly-Gly-tO-(CH2S)- 
Phe-Leu-OH) [5,25] on the food intakes of Lzrnax In addition, 
the latenctes and time courses of the ingestwe effects of these 
opiold agonlsts and antagomsts are presented 

M E T H O D  

Slugs (20-25 g) were field collected (Victoria, British 
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FIG 2 Dose dependent relations of the effects of intramuscular 
mjectmns of morphine sulfate (0 10-10 mg/kg/lO ml) on the total 
three hour food intake of free-feeding slugs N= 10 in all cases Ver- 
tical lines denote two standard errors of the mean 

Columbia) and maintained in the laboratory at 22_+1°C 
under a 12 hr light 12 hr dark cycle (light, 25 #W cm 2) 
They were communally housed in a glass aquarium 
(95×51×46 cm) that was provided with a soil substrate 
Animals were kept moist and had contlnous access to water, 
lettuce and other leafy vegetation Forty-eight hours prior to 
testing slugs were placed individually in 10 cm diameter petrl 
dishes to which they were confined by 5 cm high plastic 
mesh sides and a plastic cover A substrate of lettuce was 
placed on the bottom of the petn dishes To ensure full 
hydration of  the slugs a thin film of water was also main- 
tamed in each dish The transparent dishes were placed on 
an elevated platform, thus allowing direct visual determma- 
tzons of the onset ( la tency/of  feeding by the animals 

Determinations were made of the effects at intramuscular 
(IM) injections of the mu opiate agonlst, morphine sulfate 
(0 10, 0 50, 1 0 and 10 rag/10 ml/kg, B D H ,  Canada), the 
mixed kappa-mu opiate agonist, ketocyclazoclne hydro- 
chloride (! 0 and 10 mg/lO ml/kg, Sterhng-Wmthrop, NY) and 
the specific kappa opiate against, U-50,488H (0 01, 0 10, 1 0 
and 10 mg ml/kg, Upjohn, MI), dissolved in sahne, on the 
amounts of pre-welghed lettuce (2 0-3 0 g) ingested by the 
slugs One group of control animals received rejections of 
sahne (10 ml/kg) Unlnjected slugs served as an additional 
control for the experimental procedures Measurements 
were made of the amounts of food consumed by individual 
slugs (n = 10, in all cases) each hour for three hours during the 
light period (0900-1200 hr) Measurements of the food m- 
takes of  the animals treated with U-50,488H were made over 
six hours Determinations were also made of the latenc~es of 
the initiation of concerted (greater than 5 mm) feeding behav- 
mr and food intake in the injected animals At the end of each 
hour slugs were removed from the dLshes and the remaining 
lettuce was blotted dry and weighed Any food adhering to 
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FIG 3 Effects of intramuscular injections of U-50,488H (0 l0 and l0 mg/kg/10 ml) and saline 
(S, 10 ml/kg) on the hourly food intakes of free-feeding slugs over six hours N=5 m all cases 
Vert,cal lines denote two standard errors of the mean 

the slugs was removed and corrected for m the hourly de- 1.50 
termmatmns of food intake 

Determmat,ons were also made of the effects of the mu 
opiate antagomst, naloxone hydrochlorlde (Endo Labora- 1.25 
torles, N J) and the delta oploid antagonist, ICI 154,129 (Im- 
perial Chemical Industries, England) pre-treatments on the ~" t~ 
ingestive effects of the agomsts Individual slugs (n=10, m ~.1 O12 
all cases) received IM injections of either naloxone hydro- l= 
chloride (1 0 mg/10 ml/kg), ICI 154,129 (10 mg/10 ml/kg) m 

• 0 7 5  saline, or sahne control (10 ml/kg) before receiving morphine ~, 
sulfate (i0 mg/10 ml/kg, ketocyclazocine hydrochlorlde m 
(10 mg/10 ml/kg), or U-50,488H (0 10 and 10 mg/ml/kg) An ¢ 
addmonal 5 animals received either sahne and naloxone, ~0.50  
sahne and ICI 154,129, or either sahne solutions of naloxone o 
hydrochlorlde (0 10, 1 0 and 10 rag/10 ml/kg), or 1CI 154,129 o 
(10, 20 and 30 mg/10 ml/kg) alone Determinations were 0 2 5  

made of the latencms to lmtmtlon of feeding All data were 
analyzed by two-way analysis of variance 

RESULTS 

Opiate Agomst, Antagomst and Food Intake 

Mu opiate agonists Administration of morphine sulfate 
resulted in a significant (p<001,  for l 0  mg/kg), dose- 
dependent increase m the ingestive responses of slugs (Figs 
lA, 2) The lowest dose, 0 l0 mg/kg of morphine sulfate, 
caused a slgmficant (/9 <0 05) decrease m food consumpt,on, 
as well as significantly (p<0 05) decreasing the latency to the 
onset of feeding when compared to sahne treated ammals 
(Figs 2, 5) Maximal ingestive effects of morphine (l 0 and 
10 mg/kg) occurred within 1-2 hr of admlmstratlon, with 
there being a decline in food consumption in the thzrd hour to 
basal levels 

Mixed kappa-mu opiate agonists Admtmstration of 
ketocyclazocme also resulted in a significant (p<0 01, for 
l 0 mg/kg) dose-dependent increase in the food consumption 
of slugs (Fig lB) The ketocyclazocine treated slugs showed 
maximal ingestive responses within 1-2 hr after injection 
Food intake in slugs treated with 1 0 mg/kg of ketocy- 
clazocine hydrochlonde was significantly (p<0 05) greater 
than that in slugs injected with an eqmvalent dose of mor- 
phine There were no differences in effect at the 10 0 mg/kg 
dosage Control determinations showed that the use of dif- 
ferent portions and sources of lettuce had no apparent effects 
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FIG 4 Effects of intramuscular injections of naloxone hydrochlo- 
ride (Nx, l 0 mg/kg/10 ml), ICI 154,129 (ICI, l0 mg/kg/10 ml) on the 
food retakes of saline (S, l0 ml/kg) and morphine sulfate (M, l0 
mg/kg/10 ml) treated slugs N= l0 m all cases Vertical lines denote 
two standard errors of the mean 

on ingestive responses Responses were similar to that ob- 
tained with a homogenous carrot puree [9] 

Kappa opiate agontsts Low doses of U-50,488H, 0 01- 
l 0 mg/kg, caused a significant (p<0.01, for 0 l0 mg/kg) dose- 
dependent enhancement of three hour food intake (Fig IC) 
The total food consumption after treatment with 0 l0 mg/kg of 
U-50,488H was not significantly different from that obtained 
with 10 mg/kg morphine sulphate, while that obtained with 
1 0 mg/kg of U-50,488H was significantly (p<O 01) greater 
Feeding was minimal during the first l - l  5 hr after injection 
of U-50,488H, 0 01-10 mg/kg, but significant (p<0 001, for 
0 10 mg/kg) augmentations of food intake occurred during 
the later period (Figs 1C, 3, 5) for all but the highest dose In 
an extended study, slugs treated with l0 mg/kg U-50,488H 
displayed significantly (p<0 01) enhanced food retake 4-6 hr 
after treatments, with food intake returning to basal levels by 
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hour 7 (Fag 3) The effects of 0 10 mg/kg of U-50,488H on 
ingestive responses were non-significant by hour 4 

Mu opiate antagomsts Naloxone hydrochlorlde, 1 0 
mg/kg, suppressed morphine (Fig 4) and to a lesser extent 
ketocyclazocine stimulated feeding The sahne control 
treatment had no significant effects on either morphine- or 
ketocyclazoclne-lnduced food retake Naloxone also slgmfi- 
cantly (p<0 05) reduced, but did not block, U-50,488H (0 10 
(mg/kg) induced food intake (not shown) This dose of 
naloxone, by itself, had no significant effects on the total or 
hourly food consumption of free-feeding ammals (Fig 4) 

Delta opiate antagomsts ICI 154,129 slgnLficantly (p<0 05, 
for l0 mg/kg) reduced the food intakes of free-feeding slugs and 
slgmficantly (p <0 05) reduced morphine-induced food intake 
(Fig 4) This effect of ICI 154,129 was stgmficantly (p<0 05) 
less than that obtained with naloxone 

Opiate Agonist, Antagonists and Latency to Feeding 

The latencles to initiation of concerted feeding after ad- 
ministration of different dosages of various optoid agonists 
and antagonists are shown in Fig 5 Naloxone hydrochlo- 
ride, 0 10--10 mg/kg, caused a significant (p<0 05, for 1 0 
mg/kg) dose-dependent decrease in the time to the onset of 
feeding when compared to saline treatments ICI 154,129 had 
variable effects on latency, with only the dose of 20 medkg 
causing a significant (p<0 05) decrease in feeding latency 
Morphine also had a significant effect on the lnitmtion of 
feeding Low doses of morphine significantly (p<0 05, for 
0 l0 mg/kg) increased the latency to feed After rejection 
with morphine (10 mg/kg) there was a lag of 30--45 rain during 
which the majority of animals did not feed However, all 
animals once they commenced feeding, lnjested large quan- 
tities of food such that their food intakes dunng the first hour 
of treatment were markedly greater than that of the saline 
controls. This effect is accentuated by the morphine-treated 
animals that showed a relatively short lag to the initiation of 

feeding Ketocyclazoclne hydrochloride, at 1 0 and 10 mg/kg 
(not shown), caused increases in the latency of feeding re- 
sponse that were comparable to those observed after treat- 
ment with morphine The kappa agonist, U-50,488H, caused 
a slgmficant (p<0 01, for 0 01 mg/kg) dose-dependent in- 
crease in the latency to the initiation of feeding The latency 
to feeding observed after U-50,488 was significantly 
(p<0 01, for l 0 mg/kg) greater than that obtained with 
equivalent doses of morphine During this latency period the 
general locomotor behaveor of the slug was considered to 
be reduced This type of marked behavioral inhibition was 
not observed after morphine or ketocyclazocine treatments 

D I S C U S S I O N  

Evidence obtained from behavioral biochemical, elec- 
trophyslologlcal and pharmacological investigations of the 
effects of opiates, their agonists and antagonists, in mol- 
luscs, suggests the existence of regulatory oplold systems 
that resemble those found in mammals [7, 12, 13, 14, 26-28] 
The present results provide further evidence of this similar- 
ity, demonstrating that mu and kappa opiate agonlsts known 
to stimulate feeding behavior in mammals can stimulate food 
intake in free-feeding Llmar As shown previously using a 
carrot food source [9], administration of the preferential mu 
opiate agonlst, morphine, resulted ,n significant dose- 
dependent (1 0-10 mg/kg) increases in the food consumptson 
of free-feeding slugs Furthermore, the time courses of re- 
sponse, with 0 5 to 1 hr latencies to initiation of feeding by 
the slugs were analogous to latencies observed after periph- 
eral administration of equivalent doses of morphine to rats 
and mice [8, 20, 30, 32] Surprisingly, however, a lower 
dose of morphine (0 10 mg/kg) had an anorexic effect in 
slugs, decreasing their food intake during the first hour after 
administration Although it is generally considered that mor- 
phine, given peripherally at doses of 1 0-10 mg/kg, stimu- 
lates feeding in mammals [20], there is evidence to indicate 
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that under certmn situations mu oplolds might in fact inhibit 
food consumption [20] The low dose of morphine also 
caused a s~gmficant decrease in the latency of the ruination 
of feeding by the slugs that was similar to that obtained after 
administration of the mu opiate antagonist, naloxone Since 
morphine has been shown to act at both mu and delta oplod 
receptors [15.22]. it is possible that in slugs, the high and low 
doses of morphine are exerting their effects through oplold 
binding sites of different affinities Both high and low affinity 
oploid binding sites have been shown to be present in mol- 
luscan neural tissue [12.28] Results from mammalian studies 
have also suggested the existence of high and low affinity mu 
oplold receptors that may be involved in the medmtlon of 
different behavioral and physiological responses [21.22] The 
ability of both naloxone and the delta antagonist. ICI. 154. 
129. to reduce morphine-induced feedings in slugs further 
supports the proposal that morphine may be exerting its ef- 
fects at different opiate receptors Studies with rats have 
indicated that central administration of enkephalln 
analogues, which act at delta receptors, results in slgmficant 
increases in food intake [29] Whether or not this occurs m 
Ltma r remains to be determined Nonetheless. the signifi- 
cant reduction in the food intake of free-feeding slugs ob- 
tained after admlmstratlon of the speofic delta oplold 
antagonist ICI 154.129 [5]. in conjunction with the 
demonstration of the presence of ieucine- and 
methionlne-enkephahn in molluscan neural tissue [13]. 
rinses the possibility that delta oplOld receptor activation 
is involved in the modulation of feeding m invertebrates 
A comparable inhibition of opioid-induced feeding following 
peripheral administration of ICI 154.129 has also been ob- 
served m mice [31] As the animals in the present experiment 
were well hydrated, it is not known whether water uptake 
accompamed feeding, analogous to the situation in mammals 
[10] There is some evidence, however, to suggest that en- 
dogenous opiates may also have independent stlmulatory ef- 
fects on mammahan drinking [19] It remains to be deter- 
mined whether or not OplOld systems have a role in the con- 
trol of the fluid balance and water intake by L~mar and other 
molluscs 

The mixed kappa-mu agonist, ketocyclazoclne [20,35], 
also had a stlmulatory effect on the food intake of L i m a x  
over three hours similar to that reported in mammal [8, 19, 
20] Ketocyclazocine hydrochlorlde at 1 0 mg/kg was signifi- 
cantly more potent than the same dose of morphine sulphate, 
while there were no differences in effect at the 10 0 mg/kg 
doses The duration of feeding response and latency in the 
initiation of feeding were also slmdar to those observed in 
mice [8] These dose-response relationships may anse from 
the mixed mu and kappa agomst actions of ketocyclazoclne 
[15.35] In addmon, low doses (0 01-1 0 mg/kg) of the more 
specific kappa agonlst, U-50,488H [33], had a marked dose- 
dependent stimulatory effect on the feeding of L t m a x  over 
three hours Over this dose range there was also a longer 
1-1 5 hr lag before the initiation of feeding This potent effect 
on feeding is similar to that observed in mice and rats [16,31] 
Higher doses of U-50,488H (5-10 mg/kg) significantly at- 
tenuated feeding during the lmtlal three hour measurement 
periods, while significantly Increasing food intake during the 
next 2-3 hours This attenuation of food intake, which incor- 
porates a prolonged time lag in the lntlatlon of feeding, was 
characterized by immobihty in treated animals In rats and 
mice there are s~mllar 2-4 hr latencies of reduced activity 
before peripherally administered doses of 5 and 10 mg/kg of 
U-50,488H cause significant augmentations of food intake 

[16,31] These feeding effects of U-50,488H suggest that ac- 
tivation of the kappa opioid receptor is involved in the con- 
trol of feeding in L t m a x  

As in mammals [8, 17, 20], the preferential mu opiate 
antagonist, naloxone, blocked the increased ingestive effects 
of morphine and reduced the actions of ketocyclazocme and 
U-50,488H These responses further indicate effects at spe- 
cific opiate receptors In addition, naloxone by itself de- 
creased the food consumption of both 24 hr food deprived 
rodents [2] and slugs [9] Furthermore, administration of 
naloxone also resulted in a significant dose-dependent de- 
crease in the latency of the initiation of feeding, while not 
affecting the total food intake of free-feeding slugs This 
raises the possibihty that different components of the oploid 
system may be involved in the determination of appetitive 
food-seeking behaviors as compared to the mediation of food 
intake Similar decreases in the time to the onset of feeding 
have also been suggested to occur m rats treated with 
naloxone [1 l] In contrast, the delta antagonist, ICI 159,124, 
reduced food intake by free-feeding animals while over a 
higher dose range consistent effects on the latency to initia- 
tion of feeding were not obtained The lack of consistent 
effect may in part arise from partial agonlstlc actions that 
higher doses of delta antagonists are reported to show [3] 
The delta antagonist also reduced food intake in morphine- 
treated animals, while not having any effects on the actions 
of U-50,488H These results may be interpreted as reflecting 
differential effects of various oplold receptors on the initia- 
tion, duration and temporal patterning of feeding Taken to- 
gether, the present results suggest that a complex mu, kappa 
and delta optold mediation of ingestive responses similar to 
that proposed for mammals [20] may also exist in L t m a x  
Moreover, these findings also raise the posslbihty that mu 
and kappa optold involvement in the modulation of feeding 
and possibly other crucial body functions may have a broad 
phylogenetlc continuity 

These findings prowde evidence to suggest that activation 
of kappa, mu and delta oplold receptors is involved in the 
control of the ingestwe responses and feeding behavior of 
Ltma  x There is direct immunohistochemical evidence for 
the presence of enkephahns and fl-endorphin in various 
gangha in Linear [14]  Dynorphln-llke immunoreacttve 
material has been reported in molluscs and other inverte- 
brates [ 12], indicating the existence of a possible endogenous 
hgand for the kappa receptor As mentioned earher, 
enkephahns could serve as llgands for other receptors It has 
been suggested that the control of ingestive behaviors in 
mammals involves an interaction between neuropeptides and 
monoamlnes [20] Both dynorphin and catecholamlnes have 
been shown to be involved in the control of feeding m rats 
[20] There is also substantml evidence for oplold-dopamlne 
interactions [26] in molluscs Additionally. there is evidence 
for dopamine having a role in the initiation and modulation of 
feeding behavior in Ltma,c [34] While the present study has 
not addressed the issue, there is the additional posstbihty of 
opioid-monoamme connections in feeding related activities 
across many species from mvertebrates to mammals 
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