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BHAKTHAVATSALAM, P AND S F LEIBOWITZ Morphm~-ehtltedfeedrng Dumal rhythm, crrculatlng ~ortrcoste- 

rone and macronutmnt selec tzon PHARMACOL BIOCHEM BEHAV 24(4)91 I-917, 1986 -The present study exammed 
the feedmg response ehclted by morphme, InJected either mtrapentoneally (IP), or mto the paraventncular nucleus (PVN), 
as a function of churnal cycle and also m adrenalectonuzed rats with or without penpheral corticosterone replacement In 
animals mamtamed on a single &et of chow, mdk and sugar, a diurnal rhythm m both the penpheral and central morphme- 
Induced feechng responses was observed, with a stronger eating effect occumng m the early dark hours compared with the 
responses obtamed m the early light penod Adrenalectomy sigmticantly reduced the feedmg induced by morphine Injected 
IP or mto the PVN, and acute cortlcosterone replacement restored the response Rats mamtamed on a self-selection 
feeding paradigm, with carbohydrate, protem and fat simultaneously avadable, exhibited a sigmlicant increase m total 
calonc intake after morphine injected IP, along with a preferential increase m the consumption of protem and fat Ad- 
renalectomy nearly abolished tlus stimulatory effect of morphme on total intake and altered the &et preference pattern 
These findings underscore the Importance of corticosterone m the feeding response of morphme Injected penpherally or 
specdically mto the PVN The present findings suggest that cortzosterone plays an important role m determining the 
diurnal rhythm of opiate-induced feeding and the function of endogenous oplmds m the regulation of energy balance 

Paraventncular nucleus Morphine cY-Noradrenergic receptors Feeding rhythm CorticoQerone 

THE bram opiate system is well recognized to play a major 
role in the physiological regulation of food and water intake, 
energy balance and body weight [37,41, 501. One important 
anatomical site of this opiate system appears to be the hypo- 
thalamus, specifically the paraventncular, ventromedlal and 
perifomical nuclei, where the opiate peptides and receptor 
systems are dense (see [41,60]). When administered penph- 
erally, or centrally into the medial hypothalamus, morphme 
strongly stimulates food intake m rats [35, 50, 56, 601. This 
feeding response 1s naloxone reversible [50] and stereospe- 
cific [32,57], suggesting that morphme acts directly with the 
endogenous opiate receptors, apparently of the p subtype, to 
elicit this response. With respect to the function of opiates m 
the physiological control of feeding, most studies agree that 
they are basically stimulatory in their action and that they 
may be speclfcally involved in stress-related feeding [21 in 
the sensory and nutrient regulation of feeding [14,34] and 
possibly m the development of obesity [22,46]. 

It 1s well established that opiates and monoammes have a 
variety of modulatory interactions within the central nervous 
system. Norepmephrine (NE), through the mediation of (w2- 
noradrenerglc receptors [ll], 1s recognized to be an lmpor- 
tant hypothalamic factor m the regulation of short-term [25] 
and long-term feeding behavior [27,30] Moreover, there 1s 
considerable neuroanatomlcal and blochemlcal evidence to 
provide support for an interaction between noradrenergc 
and opiate systems m the expression of their functions [17, 

28,38,56]. A possible nature of this interaction m the control 
of feeding 1s that the hypothalamic noradrenergc feeding 
system is a specific mediatory link for the effects of the 
opiates 

Recent reports from this laboratory have shown that the 
a-noradrenergic feeding response exhibits a diurnal rhythm, 
which peaks at the onset of the dark cycle when cu-culatmg 
cortocosterone (CORT) also raises [4]. Other studies have 
demonstrated a close link between CORT, the 
a-noradrenerglc receptor eating response [18], and the a2- 
receptor bmdmg capacity m the PVN. A vanety of studies 
have shown that adrenal steroid hormones are cntical m sev- 
eral pharmacological actions of opiates, such as analgesia 
[36] and hypothermia [16]. Further, adrenal steroids alter the 
potency of opiates [l, 7, 161 and affect the uptake of mor- 
phme mto the CNS cells [15]. Morphme and other opiates 
are also reported to affect the neuronal activity of hypotha- 
lamic centers, e.g , the PVN, which control the secretion of 
cortlcotropm releasing hormone [5, 42, 451 

Taken together, these findings underscore the interaction 
between the adrenal cortlcolds and bram opiate systems m 
ehcltmg their actions. In hght of the evidence that the PVN 
noradrenerglc feeding response 1s CORT dependent and may 
m some manner be related to the opiate feeding system, it 1s 
possible that the opiate feeding response may also be af- 
fected by fluctuating levels of cortlcosterold hormone In the 
present study, therefore, we examined this posslblhty by 
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testmg centrally (PVN) and peripherally InJected morphme 
at dtfferent ttmes of the light-dark cycle and by analyzmg the 
effect of adrenalectomy and CORT replacement m different 
feedmg paradigms The tindmgs of thts study suggest a 
posstble mteractton between the hypothalamtc cu-adrenergic 
and optate feeding systems m relatton to adrenal secretion of 
CORT 

Morphine (PVNI 

9 
l 

Morphme (I p I xx 
I 

MErHOD 

The ammals were one hundred and forty albmo male 
Sprague-Dawley rats (Charles Rover Breeding Laboratory) 
wetghmg 300 g at the begmnmg of the experiment They were 
housed indtvtdually, tested m then home cages, and mam- 
tamed m a 12 12 hr hght.dark cycle, with the hghts on at 7 00 
a m Tests m the dark were carried out under a dtm red 
lighting They had free access to etther tap water or 0 % 
salme (for adrenalectomtzed ammals) and etther a mash duet 
(Groups 1 and 2) or separate sources of each of the 3 mac- 
ronutrtents, carbohydrate, protem and fat (Group 3) 

PM 

Swgrr~ 

Each rat (Group 1) was stereotaxtcally implanted, under 
Nembutal anesthesta (40 mg/kg, IP), with a chronic umlateral 
gutde cannula (stainless steel 23 g tubmg wtth a screw on 
top) The coordmates, which have conststently been found 
to atm the cannula ttp toward the dorsal aspect of the PVN 
[25] were 0 2 mm caudal to bregma, 0 3 mm lateral to mtd- 
line, 8 2 mm verttcal to the skull surface, wtth the mctsor bar 
postttoned 3 1 mm above the mteraural lme The cannula 
was secured on top of the skull wtth stainless steel hooks 
penetrating the bone and fixed with acryhc cement At the 
end of the tests, approxtmately one thtrd of the rats were 
randomly chosen, and their brains were htstologtcally pre- 
pared for confirmatton of the cannula placement (frozen sec- 
ttons were cut at 50 pm and stamed wtth cresyl vtolet) 
Etghty-stx percent of these SubJects had the cannula ttps 
wtthm a 0 3 mm radms of the PVN 

FIG I Effect of PVN mjectlon of morphme and IP morphme on the 
eatmg behavior exhIbIted m the tests conducted durmg early hght 
(a m ) and early dark (p m ) penods Values are meanksem 
*p>O 01, **p>O 001 for compansons between sahne (Sal) scores, or 
between a m and p m drug scores 

Adrenalectomy (ADX) was performed on the rats under 
Metofane anesthesia by means of two dorsal mctstons caudal 
to the costal margin. Each adrenal gland was dtssected out 
carefully and removed m its capsule SHAM adrenalectomy 
mvolved btlateral dorsal mctstons and mampulatton of the 
adrenals Adrenalectomtzed ammals were mamtamed on a 
0 9% saline solutton Completeness of ADX was vet-died at 
the end of the expertment, 5 weeks post-surgery, by dtrect 
assessment of ether stress-Induced serum CORT levels The 
blood samples were obtamed m the late afternoon by means 
of cardtac puncture, and were centrifuged, the serum sepa- 
rated, frozen and later assayed for CORT by radtoimmunas- 
say according to the method of Krey ct al [23] Those 
ammals found to have CORT tttres below 0 1 pg% were 
considered adrenalectomtzed, as compared wtth an average 
of 10 0 pg% of CORT m SHAM ammals 

The ammals m the central uqectton study rested for a 
fortmght followmg cannulatton Durmg thts period, they 
were handled and mock-Injected dally m order to adapt them 
to the test procedure Water and food (37% Purma lab-chow 
mixed wtth 30% Carnation evaporated mdk and 30% sugar) 
were avatlable ad hb. The non-cannulated ammals m the 
self-selectton feedmg paradigm (Group 3) were gtven at least 
2 weeks to adapt to the dtetary condtttons The food for thts 
group was supphed m 3 separate dashes, contammg carbo- 
hydrate (37% sucrose, 28% dextnn and 28% corn starch), 
protem (casem), and fat (lard), each fortdied wtth 4% mmer- 
als and 3% vttamms Calculatton of calortc denstty was based 
on a calortc coefictent of 3 7 kcal/g for carbohydrate and 
protem and 7 7 kcal/g for fat These duets were provtded m 
glass cups, braced wtth a metal bar agamst the side of the 
cage to mmtmtze sptllage On the few occastons where sp~l- 
lage dtd occur, food lost under the cage was collected and 
added to the unconsumed total The placement of food cups 
wtthm the cage was changed dally to prevent posttton prefer- 
ences Fresh food was provtded dally Body wetght and food 
Intake measurements were taken dally m order to determme 
whether the rats were exhtbttmg a normal growth pattern and 
balanced nutnent selectton In all but a few cases, the rats 
were found to gam at least 1 5 g/day and to consume at least 
IO-15% of thetr total food Intake from each of the seperate 
duets offered 

Chrmrt ale 

Morphme sulphate (Merck and Company) and CORT 
(Sigma) were used tn thts study Morphme was dissolved m 
bacterostatic phystologtcal salme Just pnor to mJectton and 
admmtstered in a volume of 1 0 ~1 (25 nmoles, for PVN 
InJectton) or 0 1-O 2 ml (2 5 mg/kg, for IP mJectton) Cot-u- 
costerone was dtssolved m propylene glycol and InJected 
subcutaneously m a volume of 0 l-0.3 ml (2 mg/kg) 

The expenments were conducted on 3 separate groups 
one wtth PVN cannulas and mamtamed on mash diet (Group 
1) and two wtth no cannulas, mamtamed etther on a mash 
duet (Group 2) or pure macronutrtents (Group 3) At the be- 
gmnmg of every testmg was a I-hr sattatton pertod, dunng 
whtch freshly prepared food was supphed to the animals 
Followmg thts, the basehne feedmg responses to morphme 
versus salme mJecttons were first obtained prtor to ADX or 
SHAM surgery, and then stmtlar tests were repeated after 



CORTICOSTERONE AND PVN MORPHINE FEEDING RHYTHM 913 

Morphine (PVN 1 Morphine (I p ) 

0 Pre-Surgery 

W Post-Surgery 

I!- ** 
SHAM ADX SHAM ADX 

FIG 2 Effect of adrenalectomy (ADX) or sham surgery (SHAM) on 
the feedmg responses to morphme InJected mto the PVN or IP, m 
the tests conducted durmg the early dark period Values are 
meanksem **p>O 001 for compansons between pre- and post- 
surgery scores 

surgery These tests were conducted m the evenmg (5 to 9 
p.m.), with the exception of the morning tests (8 to 11 p m.) 
performed for Group 1. Dunng the evenmg tests, after the 
satiation period, the drug mJectlons were given at the tad-end 
of light penod Just prior to 7.00 p m., when the lights go off 
Effect of morphine on food intake was studied for 2 hr, from 
7.00 to 9 00 p.m 

In all the 3 groups of animals, ADX or SHAM surgery 
was performed after 2 weeks of baseline testing. Only those 
animals which showed strong feeding responses after the 
drug treatment (b7.5 g for PVN morphine injection; >2.5 g 
of mash intake after IP morphine and >7.0 kcal of mac- 
ronutnent diet intake after IP morphine) were selected for 
surgery. In order to compare directly the responses of ADX 
and SHAM animals, both groups were tested simultaneously 
under precisely the same condltlons. Post-surgery testings 
were started the next day after surgery and conducted for 
about 4 weeks m the same manner as described for pre- 
surgery testings. After this, tests were conducted to confirm 
whether the effect of ADX could be reliably normalized by 
CORT replacement. The ADX animals were subcutaneously 
injected with vehicle or corticosterone (2 mg/kg) according 
to a Latin Square sequence. 30 mm pnor to morphme This 
dose of CORT has been found m our earlier studies [48] to be 
particularly effective m restonng the attenuated responses m 
ADX animals The SHAM animals were inJected with a 
correspondmg volume of vehicle (propylene glycol) pnor to 
drug mJectlons The response to morphme after CORT 
treatment was compared against the response to vehicle m- 
Jectlon of the same animals 

Expenment 1 examined the feeding responses to mor- 
phine, Injected mto the PVN (Group 1) or IP (Group 2) as a 
function of testing time, i.e., in the morning and in the eve- 
ning. In Experiment 2, the effect of ADX and SHAM surgery 
on the diurnal feeding responses of morphine inJected into 
the PVN or IP was analyzed (Group 1 and 2). Expenment 3 
analyzed the effect of IP inJected morphine on the intake 
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FIG 3 The effect of sahne and morphme, Injected IP, on the self- 
selectlon pattern of the three different macronutnents, protem, 
carbohydrate (Carb ) and fat m Sham and Adx ammals The values 
are kcal-csem The numbers on the top of each bar represent the 
percent of one diet eaten relative to the total chet eaten for the Sham 
and Adx groups separately 

patterns of carbohydrate, protein and fat, maintained m a 
self-selection paradigm, prior to and after ADX or SHAM 
surgery (Group 3). In Expenment 4, feeding responses to 
morphine (Group 1 and 2) were tested after CORT replace- 
ment, in order to determine the effectiveness of the restora- 
tion 

Saline or morphine was injected m a Latin Square design, 
either mtrapentoneally (2 5 mg/kg) or directly into the PVN 
(25 nmoles in 1 ~1) In other studies, it has been found that, 
with dally inJections of morphine either into the PVN or IP, 
the increase m food intake induced by this opiate does not 
exhibit any tachyphylaxls Therefore, the tests were con- 
ducted 3-4 times per week. 

The results were statistically evaluated by analysis of 
variance, wtth Student’s t-test for individual mean compari- 
sons 

RESULTS 

Feeding Responses to Morphme as a Function of 
Diurnal Cycle 

In intact ammals (N=36), inJection of morphine, either IP 
(2 5 mg/kg) or mto the PVN (25 nmoles), significantly m- 
creased food intake @<O 001) m both the morning and eve- 
nmg tests. This increase was measured agamst the low saline 
baseline scores, of 2.2-3.7 g, observed for these two differ- 
ent test penods (Fig 1). Direct comparisons between the 
drug scores of light and dark tests showed that, with PVN as 
well as IP mJectlons, morphine produced a slgmficantly 
larger feeding response with evening tests than in the morn- 
mg (p<O 01 for PVN, p<O.OOl for IP). Whereas the dlffer- 
ences m the salme scores for the two test penods was only 
1 2 g (PVN) and 0.7 g (IP), with drug injections this dlffer- 
ence was increased to 3 7 g and 3.0 g, respectively. 

Efferc t of ADX on the Feeding Responses to Morphrne 

In the present study, the effects of ADX on the feeding 
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FIG 4 The effect of cortlcosterone (CORT) or vehxle (Veh) mjec- 
tlon on the feedmg response ehclted by morphme InJected mto the 
PVN or IP, m adrenalectomlzed (ADX) and sham operated (SHAM) 
ammals Values are meanksem **p>O 001 for compansons be- 
tween Veh scores of SHAM and AD% The stars represent the com- 
pansons made between vehicle and SORT scores p>O 05 for PVN, 
p>O 001 for IP groups 

Induced by central (PVN) and IP mjectton of morphme were 
examined The tests were conducted only m the evenmg. 
Results of this study (Rg 2) showed that the morphme- 
elicited feedmg responses m SHAM ammals (N=l3) re- 
mamed relattvely stable durmg pre- and post-surgery testmgs 
and were stgmficantly greater (+5.7 to 5.8 g) than theu- re- 
spective saline basehne values (p<O 001). This contrasts 
wtth the PVN and IP Injected ADX groups, whtch were stg- 
mficantly attenuated (p<O 001) when compared wtth thetr 
respecttve pre-ADX values or with the values of the SHAM 
groups 

Effepc t of ADX on Morphme-lnduc ed Increase in 
Mut ronutrwnt Selec twn 

The present experiment analyzed the effect of morphme 
on the self-selection pattern of the three different macronu- 
tnents, m SHAM (N =6) and ADX ammals (N =8) The tests 
were conducted only m the evening. Figure 3 shows, for the 
sahne and morphme tests, the basehne pattern of nutnent 
selection m kcal, as well as m percent scores, 1 e , percent- 
age of one diet eaten relattve to the total duet eaten After the 
injection of morphme (2.5 mg/kg, IP), m contrast to sahne 
mjections, the total calonc intake was increased more than 
two fold (from 7.4 to 15.7 kcal, p<O 001) Morphme sigmti- 
cantly Increased the eating of all the three nutrients 
(p<O 001). although a preferential Increase m consumption 
of protein diet (+ 164%, p<O.OOl) and fat (+283%, p<O 001) 
was seen Morphine had some sttmulatory effect on carbo- 
hydrate intake (+50%), but this effect was stgmficantly 
smaller (p<O.OOl) compared to protein and fat Intake In 
terms of the scores for percentage of total diet, morphine 
Increased the proportton of protein from 37 8 to 47 l%, fat 
from 8 1 to 14.7% and decreased the percentage of carbo- 
hydrate from 54 1 to 38 2% 

Whereas the sahne baseline scores m ADX and SHAM 
did not differ stgnificantly for any of the diets, ADX caused a 
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profound attenuation of the stimulatory effect of morphme 
on total diet consumption (from 15 7 to 7 9 kcal. pco OOI ) 
This represents a near total abohtton of morphme’s action on 
diet Intake, with no rehable Increase m the consumption of 
any of the 3 macronutrient diets relative to the salme 
baseline scores 

Morphrnc Fwdrng Rrsponsc After CORT Replan enlrnt 111 
ADX RatA 

In the present study, we tested the effect of CORT re- 
placement on the feedmg response to morphine, m order to 
test the effectiveness of restoration Ftgure 4 shows the re- 
sults obtamed m the ADX (N=18) and SHAM (N=33) 
animals The pre-surgery scores of both the ADX and 
SHAM were similar to each other, as well as to the SHAM 
post-surgery scores, and therefore are not represented m this 
figure In the post-surgery tests, propylene glycol treatment 
dtd not stgmficantly alter the food Intake compared to the 
responses wtthout this vehicle treatment In the ADX 
animals, morphme-Induced feeding, obtained with etther IP 
or PVN drug admmtstration, was sigmficantly reduced (40 to 
62%. p<O 001 relattve to the pre-surgery or SHAM feedmg 
scores) and was almost completely restored by a smgle m- 
jection of CORT. as opposed to the vehicle mjection 

DISCUSSION 

The mam purpose of this study was to analyze the 
periodictty m the feedmg response of rats to centrally and 
penpherally injected morphme, and secondly, to understand 
the role of adrenal corticosteroids m modulating the feedmg 
response to morphme When injected mtrahypothalamically 
mto the PVN or mtrapentoneally, morphme produced a sig- 
m&cant feedmg response m both the mornmg and evenmg 
tests The magnitude of the feedmg responses was sigmfi- 
cantly greater with the tests m the dark compared to that m 
the hght Morphme-induced feedmg, wtth mash diet as well 
as with specific macronutnents, was attenuated by ADX and 
rapidly and rehable restored after a smgle mjection of CORT 
These findmgs emphasize the dependency of morphme- 
ehctted feedmg on cuculatmg CORT These tindmgs are m 
lme with our earher reports which demonstrated a stmtlar 
penodicity to the feedmg of cw-noradrenergic drugs Injected 
mto the PVN or IP, demonstratmg the permissive role of 
CORT m ehcitmg the cr-noradrenergic feedmg response 
14,481 

It IS well known that the normal feedmg pattern m rats is 
ctrcadtan m nature, with 60-90% of eatmg occunng m the 
dark [3] Several mvestigators have reported that opiate- 
Induced feedmg also exhibits a drurnal rhythm For example, 
when admmtstered mto ammals on ad lib feedmg schedules, 
centrally (PVN) and pertpherally injected optates sttmulated 
feeding m the hght penod [24, 28, 35,49,50], but suppressed 
the feeding m the dark [24, 40, 491 It may be noted that, m 
dark, the basehne eating remams high, suggesting that the 
decrease m food Intake reported by these studtes may be due 
to this Increased feedmg basehne However, even m the hght 
period, when morphme was mjected mto food-depraved rats, 
a suppression of eatmg was recorded [24,49] In the present 
study, when morphme was Injected m satiated ammals, an 
increase m eating was observed both m the hght and dark 
periods, with greater responses dunng dark tests, which find- 
ing IS in agreement with earher reports [ 19,201 The mconsis- 
tency m these results IS due to the differences m the expen- 
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mental procedures used, especmlly wtth regard to the time of 
testing, dose of morphine and the baseline control responses 

A circadian rhythm m opiate activity has been well rec- 
ognized. A diurnal rhythm of /3-endorphm immunoreacttvity 
m hypothalamus has been reported [39,54], in which higher 
levels are observed m the dark compared to generally low 
levels m the hght and lowest levels at the onset of light 
penod Opiate-mediated pain sensitivity responses exhibit a 
sundar diurnal vartablity, namely, stronger m the late after- 
noon as opposed to early mo~ng [8,9, 10,341. This diurnal 
fluctuatton of pant sensitivtty parallels the /3-endorphmergnz 
activity m the hypothalamus. The morphine-elicited feeding 
rhythm as shown m the present study, and the natural feed- 
mg rhythm, are closely in phase with each other, m addition 
to their close correlation with the /3-endorphmergtc rhythm 
and the a-noradrenergtc rhythm m the hypothalamus [611. A 
stmilar diurnal feeding rhythm, with stronger feeding re- 
sponses at mght compared to day, has also been recently 
reported with different doses of morphme inJected pertph- 
erally [ 19,201 These findings strongly suggest the PVN and 
IP morphme-Induced feeding, as well as that of natural feed- 
ing, are interrelated 

The functional mteractton between opiate-induced re- 
sponses and adrenal hormones m rats IS well known. A large 
number of studies have suggested that the adrenal steroids 
are cnttcal m several pharmacologtcal actions of opiates, 
such as catelepsy [59] analgesia [lo, 36,581 and hypothermia 
[IS]. Adrenal steroids are known to specdically alter the me- 
tabolism and consequently change the potency of opiate 
drugs [l, 7, 161 as well as affect thier uptake into bram cells 
[7,15] On the other hand, mo~hlne is reported to met-ease 
hypothalamtc content of CRF [5], the cell bodies of which 
are partrcularly dense within the PVN [55]. Furthermore, 
morphine as well as fl-endorphm are reported to stimulate 
corttcosterotd release m a dose-dependent manner [13] It 
has also been demonstrated that the endogenous optate ac- 
tivity [211, naloxone reversible pam sensitivity [34], and even 
the lethal effects of morphln~ 161 exhtbn a diurnal rhythm, 
which 1s m phase with the natural corttcosterone diurnal 
rhythm The above evidence strongly supports the proposal 
that CORT plays an Important role m the optate-related feed- 
mg and its diurnal rhythm 

There IS overwheimmg evidence to suggest a relationshtp 
of catecholammergic (CA) and opiate systems at anatomtcal, 
biochemical, and behavioral levels. For instance, bram areas 
that contam CA cell bodies and termmal fields also receive a 
marked mnervatton of opiate peptidergic axon terminals, 
wtth actual synapsmg occurrmg between them (see 1431). 
Btochemical studies show that optate agonists and 
antagonists can affect the concentratton of CA m a spectfic 
manner at various parts of the brain ([17, 31, 471 and see 
[43]) These reports mdtcate that opiate and noradrenergic 
feeding responses act vta stmtlar mechamsms, probably via 
the medial hypothalamic sites 

For the present study, the PVN was chosen as the sate of 
mJection, smce this area 1s a sensitive bram site to both the 
feeding-stlmulatory effects of optate agonists and the feeding 

suppressive effects of opiate-an~gonists 128, 35, 56, 601. 
Further, PVN lessons appear to attenuate the feeding- 
stlmulato~ effects of penpherally inlected morphme 1521. 
The findings that the PVN is moderately to densely inner- 
vated by various opiate systems 144,531 provide clear 
anatomical support for the proposed existence of PVN 
opiate receptor sites involved in energy balance. 

The PVN has been shown to be the most sensitive site for 
the feeding stimulatory effects of NE [251 and the 
~-noradrenerglc agonists f33]. The no~drener~c mechanism 
m the PVN has also been shown to play a physiologtcal 
function m the stimulation of feeding 126, 43, 451. A close 
lmk between optate and cr-noradrenergtc feeding at this site 
has been reported by several workers The eating induced by 
,&endorphm mJection into the PVN 1s positively correlated 
m magnitude with the NE Induced eatmg response [281, and 
PVN lesions attenuate the feeding response to pen- 
pherally injected morphme [52] Furthermore, the feeding 
response to PVN inJected opiate agonists is antagonized 
by cY-adrenergtc receptor antagonists [28] Taken together, 
these findings strongly support the hypotheses that opiate 
and noradrenergtc systems at the PVN are closely linked 
wtth regard to the feeding behavior 

Recent investigations, m which ad hb fed animals are 
permitted to choose then nutrtent intake from three separate 
sources of protein, carbohydrate and fat, have revealed that 
pertpherally Injected morphine exhibtts a selecttve increase 
m protein mgestton, leavmg carbohydrate mgestton etther 
unaffected or even suppressed [52] In food-depnved 
animals, m contrast, morphine preferentially increases fat 
ingestion, the opposite to that observed with naloxone 
[38,52] These findmgs argue for a more specific role of the 
opiate receptors m feeding control, a role that mvolves a 
selective change m appetite for certam nutnents rather than 
Just a change in quantity of food ingested The noradrenergic 
system of the PVN has also been shown to regulate the 
specdicny m nutnent selectton However, m this case, 
carbohydrate mgestion ts selectively stimulated, while fat or 
protein mtake are either unaffected or suppressed [29] 
These Iindmgs may reveal an underlymg difference between 
the opiate and noradrenergtc systems. For instance, firstly, 
the eating stimulatory effects of delta and kappa agonists, m 
contrast to the ,u agonist morphine (as in the present study), 
and NE [27,28], are unaffected by ADX [35,41] Secondly, 
electrolytic PVN lesions, which abolish feeding induced by 
a2-noradrenergtc stimulatton 120,331, leave parttally intact 
the eating response elicited by peripheral morphine mJection 
[52] Finally aZnoradrenergtc and opiate sttmulattons have 
differential effects on duet selectton [51,52]. 

This research was supported by grant MH 22879 and by funds 
from the WhItehail Foundation The authors thank Mr Dov Eldel- 
mann for his excellent techmcal asststance and Dr. Lewis Krey of 
The Rockefeller Umverslty for his Invaluable assistance with the 
corttcosterone radrolmmunoassay 

REFERENCES 

Adler, T K , H W Elhot and R George Some factors affect- 
mg the bIologIca dlsposltlon of small doses of morphme m rats 
J Pharmacnl Exp Thrr 120: 475-487, 1957 
Antelman, S M and N Rowland Endogenous opiates and 
stress-Induced eatmg SC rmc c 214: 1149, 1981 

3 Armstrong, S A chronomet~c approach to the study of feedmg 
behavior Ncurosc I Bwbehav Rev 4: 27-53, 1980 

4 Bhakthavatsakun, P and S F Lelbowltz cuZNoradrenerglc 
feedmg rhythm m paraventncular nucleus. Relation to cort~co- 
sterone Am J Phys~ol 250: R83-R88, 1986 



916 BHAKTHAVATSALAM AND LEIBOWITZ 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

I6 

17 

I8 

I9 

20 

21 

22 

23 

24 

25 

Buckmgham, J C SecretIon of cortlcotropm and Its hypotha- 
iamlc releasmg factor m response to morphme and op&d pep- 
tides Nruroendot rrnolopv 35: 11 l-l 16. 1982 
Campos, A E , M LmJai, E Lopez, J L Flgueroa-Hernandez 
and R Rodnguez Clrcadlan vanatlon m the lethal effects of 
morphme m the mouse Proc We.sf Pharmacol SOC 26: 101-103, 
1983 
Elhot, H W and C Ehson Influence of some adrenal and 
prtmtary hormones on the absorption and bIologIca dlstnbutlon 
of methadone .J Pharmacol Exp Ther 131: 31-37, 1961 
Elsobskl, A , J 0 Dostrovskl and P D Wall Lack of effect of 
naloxone on pam perceptIon m humans Nature 263: 783-784, 
1976 
FrederIckson. R C A , V Burgls and J D Edwards 
Hyperalgesla Induced by naloxone follows dmrnal rhythm m 
responslvlty to pamful stlmuh SC lerz( c 198: 756-758, 1977 
Gerhart, G F and C L Mltchell The effect of adrenalectomy 
on morphine analgesia and tolerance development m rats Eur J 
Pharmacol 18: 37-42, 1972 
Goldman, C K , L Manno and S F Lelbowltz Post-synaptic 
aZnoradrenerglc receptors m the paraventncular nucleus 
mediate feedmg Induced by norepmephnne and clondme Eltr J 
Pharmacol 115: 11-19. 1985 
Goldstem, A , G J Pryor, L S Ohs and F Larsen On the role 
of endogenous oplold peptldes fadure of naloxone to Influence 
shock escape threshold m the rat Lrfi Str 18: 599-604, 1976 
Haracz, J E , A S Bloom, R I H Wang and L F Tseng 
Effect of mtraventncular P-endorphm and morphme on 
hypothalamtc-pltultary adrenal actlvlty and the release of pltm- 
tary P-endorphm Nrurorndocrrnt,logv 33: 170-175. 1981 
Herman, G and D Novm Morphme mhlbltlon of parabrachlal 
taste umts reversed by naloxone Brarn RCJJ Bull 5. 169-173, 
1980 
Holaday, J W , P Y Law, L F Tseng, H H Loh and C H 
LI P-Endorphme Pltultary and adrenal glands modulate Its ac- 
tlon Proc Nat1 Atud SC, USA 74: 4628-4632, 1977 
Holaday. J W , P Y Lee, H H Loh and C H LI Adrenal 
steroids mdlrectly modulate morphme and fi-endorphme ef- 
fects J Pharmacol Ew Ther 208. 176183. 1979 
Jhanwar-Umyal, M , e R Roland and S F Lelbowltz Influ- 
ence of adrenalectomy on al-and a2- noradrenerglc receptors m 
discrete hypothalamic areas Sot Neurost I AbAtr 10: 302, 1984 
Jhanwar-Umyal, M and S F Lelbowltz Impact of clrculatmg 
cortlcosterone on al- and cu2 noradrenerglc receptors m discrete 
brain areas Brarn R~J. m press, 1986 
Kavahers, M and M Hurst The Influence of opiate agomsts on 
day and mght feedmg rhythms m young and old mice Brarn RCS 
326: K&167, 1985 
Kavahers, M , M Hurst and G C Teskey Nocturnal feedmg m 
the mouse-opiate and pmeal Influences L/j? Scr 32: 973-980, 
1985 
Kerdelhue. B , M Karteszl, C Pasquahm, A Remberg. E 
Mezey and M Palkovlts Clrcadlan variations m fi-endorphm 
concentration m pltmtary and m some bram nuclei of the adult 
male rat Bram Res 261: 243-248, 1983 
King, B M , F X Castellanos, A J Kastm, M C Berzas, M 
D Mauk, G A Olson and R D Olson Naloxone-induced 
suppresslon of food intake m normal and hypothalamic obese 
rats Pharmacol Bloc hem Behalf 11. 729-732, 1979 
Krey, L , K H Lu. W Hotchklss, J Plva and E Knob11 
Surgical dlsconnectlon of the medial basal hypothalamus and 
pltultary function m the rhesus monkey II GH and cortlsol 
secretion Endocnnology 96: 1088-1094, 1975 
Kumhara, M , M Kanabayashl and T Ohshlma Opposite ef- 
fects of morphme on feedmg and dnnkmg m rats relative to 
admlmstratlon time Jpn J Pharmut ol 33: 829-835, 1983 
Lelbowltz, S F Paraventncular nucleus A pnmary site 
mediating adrenerglc stlmulatlon of feedmg and d&king 
Pharmacol Bloc hem Brhav 8: 163-175. 1978 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

Lelbowltz, S F Neurochemlcal systems of the hypothalamus 
control of feedmg and dnnkmg behavior and water-electrolyte 
excretion In HandhooA of the Hypothulum~\ vol 3. edited by 
P J Morgane and J Panksepp New York Marcel1 Dekker. 
1980. p 259 

_ . 

Lelbowltz. S F , H J Hammer and K Chang Hypothalamic 
paraventncular nucleus lesions produce overeatmg and obesity 
m the rat Ph_vsrol Bc,huta 27: 1031-1040, 1981 
Lelbowltz, S F and L Hor Endorphmerglc and 
a-noradrenerglc systems m the paraventncular nucleus Effects 
on eatmg behavior Peptides 3: 421-428, 1982 
Lelbowltz, S F , 0 Brown, J R Tretter and A Kirchgessner 
Norepmephrme, clomdme. and trycychc antidepressants selec- 
tlvely stimulate carbohydrate ingestion through noradrenerglc 
system of the parventncular nucleus Pharmut ol Bwc hem Be- 
huv 23: 541-550. 1985 
Llchtenstem, S . C Manenscu and S F Lelbowltz Chrome 
mfuslon of norepmephrme and clomdme mto the hypothalamic 
paraventrlcular nucleus Brarn Rcc Bull 13: 591-596, 1984 
LoPachm, R M and T R Relgle The effects of several nar- 
cotlc analgesics on brain levels of 3-methoxy 4-hydroxy 
phenylethelene glycol sulphate m the rat J Pharmuc ol Etp Thrr 
207: 151-158, 1978 
Lowy. M T . C Starky and G K W Ylm Stereoselective 
effects of opiate agomsts and antagomsts on mgestlve behavior 
m rats Pharmacol Bloc hem BP/Z(II~ 15: 591-596, 1981 
McCabe, J S , M Debelhs and S F Lelbowltz Clomdme m- 
duced feeding analysis of central sites of action and fibre pro- 
Jectlons medlatmg this response Brarn Res 309. 85-104, 1984 
McGovern, R F and G G Bernston Medlatlon of diurnal fluc- 
tuations m pam sensltlvlty m the rat by food intake patterns 
reversal by naloxone .Sc~cnce 210: 21&212. 1980 
McLean. S and B Hoebel Feeding induced by opiates InJected 
mto the paraventncular hypothalamus Pcptldes 4: 287-292, 
1983 
Maclennen, J A , R C Drugan, R L Hyson. S F Maler, J 
M Iu and J D Barchas Cortlcosterone A cntical factor in an 
oplold form of stress-Induced analgesia S~wnc e 215. 1530- 
1533, 1982 
Mandenoff, A , F Fumeron. M Apfelbaum and D L Mar- 
gules Endogenous opiates and energy balance SC ,c,~( L’ 215: 
1536-1537, 1982 
Marks-Kauffman, R and R B Kanarek Morphme selectively 
influences macronutnent intake m the rat Phurmut ol Bun hem 
Behu~, 12: 427-430, 1981 
Mash, D C , K Sohman and C A Walker Clrcadlan vanatlon 
of beta-endorphm m spectfic areas of the rat bram F& Proc 39: 
605, 1980 
Morley, J E , A S Levme. M Grace and J Kmep An mvestl- 
gatlon on the role of kappa opiate receptor agonists m the mitla- 
tlon of feedmg L$, J(, 31: 2617-2626, 1982 
Morley, J E , A S Levme, G K Yim and M T Lowy Oplold 
modulation of appetite Ncjuroct r Blohehav Ret, 7: 281-305, 
I983 
Muehlethaler, M , B H Gaehwder and J J Drelfuss 
Enkephahn-induced mhlbltlon of hypothalamic paraventncular 
neurons Brarn R(J) 197: 260-268, 1980 
Palmer, M R . A Selger, B J Hoffer and L Olson Modula- 
tory interactions between enkephahn and catecholammes. 
anatomical and physlologrcal substrates Fed Proc 42: 2934- 
2945, 1983 
Pearson. J L , L Brandies. E Slmon and J Hdler 
Radloautography of bmdmg of tntlated dlprenorphme to opiate 
receptors in the rat L/f, Jtr 26: 1047-1052, 1980 
PIttman, Q J , J D Hatton and F E Bloom Morphine and 
oplold peptldes reduce paraventncular neuronal actlvlty 
Studies on the rat hypothalamic slice preparation Proc Nat/ 
4 1 ad SC I USA 77. 5527-553 1. 1980 
Recant. L , N R Voyles, M Luclano and C B Pert Nal- 
trexone reduced weight gam alters P-endorphm and reduces m- 
suhn output from pancreatic islets of genetically obese mice 
Pvptrdc\ 1. 309-313, 1980 



CORTICOSTERONE AND PVN MORPHINE FEEDING RHYTHM 917 

47. 

48 

49. 

50 

51. 

52 

53 

54 

Roffman, M., T Reigle, P Orsulak and J. J. Schddklaut. The 55. Swanson, L W., P. E. Saw&e&o, J. bvier and W W Vale 
effect of acute and chrome morphme admmtstration on the Grgruusation of ovine corticotropm releasmg factor un- 
levels of 3-methoxy Chydroxy phenyl glycol sulfate m rat bram munoreactive cells and fibres in the rat bram. An unmunochem- 
Res Commun Chem Path01 Pharmacol IO: 403417, 1975 ~cal study. Neuroendocnnology 36: 165-186, 1983. 
Roland, C. R , P Bhakthavatsalam and S F. Le~bow~tz In- 56 Tepperman. F. S., M. Host and C. W Gowdey. A probable role 
teracuon between corticosterone, aZnoradrenergtc system of for norepmephrme m feedmg after hypothalamic iqectum of 
the paraventncular nucleus m relation to feedmg behavior Neu- morphme. Pharmacol Btochem Behav 15: 555-558, 1981 
roendocrino/oPv 42: 296-305. 1986 57. Thomhdl. H A . M. Hrrst and C. L. Gowdev Cbannes m core 
Sanger, D J “and P S. McCarthy. Increased food and water 
intake produced m the rats by opiate receptor agonists Psycho- 
pharmacology 374: 217-220, 1980. 58 
Sanger, D J and P S McCarthy Differential effects of mor- 
phine on food and water intake m food deprived and freely 59 
feeding rats Psychopharmacology 72: 102106, 1981 
Shor-Posner, G , J A Gnnker, C. Marmescu and S F 
Letbowttz. Role of hypothalamic norepmephnne m control of 
meal patterns Physrol Behav 35: 209-214. 1985 60 
Shor-Posner, G , A. Azar and S. F Leibowttz. Electrolytic le- 
sions and feeding behavior Relation to food restncttons, drugs 
and corttcosterone. Sot Neuroscl Abstr 10: 302, 1984. 
Simon, J and J M Hdler The opiate receptors Anna Rev 
Pharmacol Tox~ol IS: 371-394, 1978 
Smmntov, R , D Zang and S Yehuda Regulation of pmtnary 
endorphms under steroid treatment and durmg day-m&t cycle 
In Neural Peptrdes and Neuronal Communrc~atrc~ns. &ted by 
E Costa and M Trabuchhi New York Raven Dress. 1980. vv 
247-256 

61 

temperature and. feedmg m rats by levorphanol, de&rphan. 
Can J Physrol Pharmacol57: 1028-1032, 1979. 
Wet, J. Morphine analgesta, tolerance and physical dependence 
in the adrenalectomrxed rat. Br J Pharmacol47: #3-699,1973. 
Winter, C A and L Flatekar Effect ofcotttsone, desoxycor- 
ticosterone and adrenocorttcotropme upon the responses of 
animals to analgestc drugs. J Pharmacol Exp Ther 103: 93-105, 
1951 
Woods, J S and S. F. Leibowttz Hypothahumc sues senstttve 
to morphme and naloxone: Effects on feedmg behavior. Phar- 
macol Btochem Behav 23: 431-438, 1985. 
Zucker, T., B Russak and R. G. King. Neural bases for ctrca- 
dum rhythms m rodent behavior In. Advances III Psychobrol- 
ogy, ~013, edited by A. H. Reisen and R. F. Thompson New 
York* Wiley, 1976, pp 35-74. 


