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SHOR-POSNER, G,  A P AZAR, R FILART, D TEMPEL AND S F LEIBOWITZ Morphine-stimulated feeding 
Analysis of  macronutrlent selection and paraventrtcular nucleus lestons PHARMACOL BIOCHEM BEHAV 24(4) 
931-939, 1986 --The hypothalamlc paraventncular nucleus (PVN) has been found to be sensitive to the feeding st=mulatory 
effects of opiates The present experiments invest=gated the effect of systemic morphine (2 mg/kg) on macronutnent 
selection in freely-feeding and food-restricted rats and assessed the impact of PVN electrolytic and 6-hydroxydopamme 
lesions on the rats' ability to respond to peripheral morphine reject=on In sat=ated rats, ma,ntmned ad hb on pure 
macronutnent d~ets, morphine increased food Intake Th~s effect was assocmted with a preferential increase m protein 
ingestion, carbohydrate consumption, compared with fat and protein intake, was least affected. In food-restricted rats, 
permitted to eat for 6 hr, morphine instead produced a part=cular preference for fat, w~th no significant enhancement of total 
calorie Intake. Whde PVN 6-hydroxydopamme lesions, which depleted PVN catecholamme levels by 70%, failed to alter 
morphme-st=mulated feeding, electrolytic lesions of the PVN slgmficantly attenuated this response, parhculady protein and 
fat ingest=on Tlus suggests that opiate-reduced feeding may, In part, be mediated through the PVN, which ~s known to have 
an ~mportant funct=on m the control of food ingest=on 
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CONSIDERABLE evidence for the involvement of opiates 
m the regulation of feeding has accumulated over the past 
several years. Injection of opiate agonists or pept~des has 
been shown to increase food intake [2, 9, 18, 21, 28, 31, 33, 
38, 47], m contrast to reports of reduced consumption m 
food-deprived rats following the admimstraUon of opmte 
antagomsts [10, l l, 12, 14, 27, 33, 39]. 

Recent investigations have revealed a st~mulatory effect 
of medial hypothalamic injection of opiates on food retake [9, 
19, 21, 31, 45, 48, 51] supportang the concept that specific 
brain opiate systems are involved m feeding behavior. In 
particular, the hypothalamic paraventricular nucleus (PVN) 
has specifically been found to be sensitive to both the 
feeding-stimulatory effects of morphine, as well as other 
opiate agonists, and also to the suppressive effects of opiate 
antagonists [8, 19, 21, 31, 45, 51]. 

The mare objective of the present study was to determine, 
through PVN les~ons, whether th~s nucleus ~s essential for 
morphine-induced feeding. An addmonal objective was to 
examine the effect of peripherally administered morphine on 
diet selection in freely-feeding satiated animals. In prewous 
studies, morphine has been found to modify the selection of 

'Requests for repnnts should be addressed to Dr Ga,I Shor-Posner 

macronutnents ~n food-restricted rats, causing a particular 
enhancement of fat ingestion [29,30]. This evidence has 
suggested that, m addition to regulating total caloric retake, 
the opiates may be revolved m the control of nutrient selec- 
tion. The present study examined th~s question further, m 
both satiated vs. food-deprived ammals and m intact vs 
PVN-lesioned animals The results obtained have been pre- 
sented tn a prehmmary form at the Satellite Symposium of 
the Society for Neurosoence meeting, 1984 [43] 

METHOD 

Antmals 

Adult male Sprague-Dawley rats (n= llM) weighing 350- 
400 g at the start of the experiment, were used They were 
housed mdivtdually and tested in their home cages. The 
animals were kept on a constant light-dark cycle, w~th the 12 
hr hght phase beginning at 0700 hr, followed by a 12 hr dark 
phase 

Diet 

All rats, unless otherwtse md,cated, had food and water 
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avmlable ad lib and were allowed to select their food from 
separate, pure macronutnent d~ets of protein, carbohydrate 
and fat The carbohydrate ration was composed of 37% su- 
crose, 28% dextrin (ICN Pharmaceuticals), 28% cornstarch, 
4% minerals (USP XIV Salt Mixture, 1CN Pharmaceuticals), 
2 97%, vitamins (Vltarmn Diet Fortification Mixture, ICN 
Pharmaceuticals) and 0.03% cystelne (L-Cystelne hydro- 
chloride, ICN Pharmaceuticals) The protein ration was 
composed of casein (National Casein Co ) plus 4% miner- 
als, 2 97% vitamins and 0.03% cystelne The fat component 
consisted of lard (Armour) mixed with 8% minerals, 5 92% 
vitamins and 0.08% cystelne Calculation of caloric density 
was based on caloric coefficients of 3 7 Kcal/g for protein 
and carbohydrate and 7 7 Kcal/g for fat All diets were pro- 
vlded simultaneously in 3 glass food cups that were held 
against the side of the cage by a bolted metal spnng This 
method generally prevented food spillage The placement of 
the food cups w~thln the cage was changed daily to prevent 
poslt~on preference, and fresh diet was provided every other 
day 

Sllr~,~?ry 

To produce bilateral PVN electrolytic lesions, the rats in 
Experiment 2 were anesthetized w~th pentobarbltal, and the 
lesions were made with stainless steel electrodes (size 00 
insect pins), which were insulated with Epoxylite and bared 
to a 0 5 mm conical tip. With the top of the upper incisor bar 
rinsed 3 1 mm above the rater-aural line, the electrode was 
lowered according to the following stereotax~c coordinates 
0 4 mm posterior to bregma, 0.4 mm lateral to m~dllne, and 
8 7 mm ventral to skull surface. After iowenng the electrode 
into the hypothalamus, the lesion was made using a I mA 
direct anodal current for durations of 10-15 sec and a rectal 
cathode Sham-lesioned rats recewed ~dentlcal treatment ex- 
cept that no current was passed through the lesion electrode 
Daffy measurements of food retake and diet selection were 
recorded dunng the first 2 weeks following surgery Body 
weights were taken twice a week 

An additional group of rats was studied m Experiment 3, 
to determine the effect of neurotoxln-lnduced catecholamlne 
depletion on feeding ehclted by morphine Each rat was 
stereotaxically ~mplanted under pentobarbltal anesthesia, 
and neurochemically specific les~ons were made by using the 
CA neurotoxin, 6-hydroxydopamine hydrobromlde (6- 
OHDA, Sigma Chemical). Immediately before ~njection, the 
drug was dissolved in ice-cold sterile physiological saline, 
containing 0.2-0 4 mg/ml ascorb~c acid. A dose of 8 tzg (free 
base)/i 5 ~.l/s~de was delivered bilaterally into the PVN, 
through a cannula made from 25-gauge hypodermic tubing 
with a w~re insert for the top It was slowly infused over a 4 
mln period at a rate of 0.1 ~1/15 sec To allow for dispersion 
of the 6-OHDA, the Injector was then allowed to remain in 
the brain for 2 minutes before being removed An equal vol- 
ume of the Sallne-ascorblc acid vehicle was injected into rats 
of the control group. The stereotaxlc coordinates used for all 
injections were - 0  2 mm anteraor to bregma, +--0 4 mm lat- 
eral to the midline, and 7.9 mm beneath the surface of the 
skull, with the top of the incisor bar 3.1 mm above the center 
of the interaurai bars. 

Test Pro~ edures 

The effect of morphine on total food intake and diet 
selection was Investigated in the following experiments. A 
relatively low dose (2 mg/kg) of morphine sulfate (Merck) 

was d~ssolved ~n physiological saline ~mmedlately before the 
start of the test and ln.lected lntrapentoneally. ~n a volume of 
0.5 cc The saline vehicle for morphine served as the control 
inject~on and was admlmstered In counterbalanced order 
w~th morphine and on separate days No tolerance to the 
appetlte-stlmulatory effect of morphine was observed in re- 
peated tests with th~s mdd dose, and, unless otherwise 
noted, food intake scores reported ~n the Results section 
represent the average of 2-4 test scores 

EXPERIMENT 1 MORPHINE EFFECTS IN FREELY-FEEDING AND 
FOOD-RESTRICTED RATS 

In this experiment, the effect of morphine on feeding dur- 
Ing the daytime and at the onset of the dark period was 
determined ~n rats maintained ad lib on pure macronutnent 
diets Following a 3 week adaptation period to the diets and 
laboratory conditions, freely-feeding rats were tested e~ther 
at 1200 hr (n=9) or 1800 hr (n=9) Dunng a l-hr pretest 
period, the rats were given fresh food to insure maximal 
satiation At the end of this pretest hour, the animals were 
~n.lected w~th drug or vehicle (2-4 tests) and then im- 
mediately given measured food Food intake and diet selec- 
tion were measured for 2 hr 

To determine the effect of morphine on diet preference in 
food-restricted rats, 2 additional groups of animals were 
adapted to the diets, and then placed on a restricted feeding 
schedule. On this schedule, food was made avadable for 6 hr, 
e~ther dunng the light phase (1230-1830 hr) or the dark phase 
(1900-0100 hr). Following an additional 2-week adaptation 
period to food-restriction, the hght-fed rats (n= 12) at 1230 hr 
and the dark-fed rats (n=9) at 1900 hr were tested once each 
w~th morphine and vehicle and food intake measurements 
taken after the first and sixth hour. 

EXPERIMENT 2 MORPHINE EFFECTS IN RATS WITH PVN 
ELECTROLYTIC LESIONS 

Thirteen les~on rats, w~th bilateral damage to the PVN, 
and 11 sham-operated rats were studied in this experiment. 
These rats were g~ven at least 2 weeks of post-operative 
recovery before testing was begun Tests were conducted 
dunng the daytime (1200-1600 hr), following a l-hr satiation 
period with fresh diet At the end of this pre-test hour, the 
rats were given either morphine or saline vehicle (2-4 tests) 
and food Intake measurements taken 3 hr later 

EXPERIMENT 3 MORPHINE EFFECTS IN RATS WITH PVN 6-OHDA 
LESIONS 

Slx-hydroxydopamlne-ln.lected rats, with marked CA 
depletion in the PVN (n=21), and ascorb~c-acld control rats 
(n=20) were tested ~n th~s experiment. Drug testing was 
begun after a 3 week post-operative period. Ammals were 
first satiated on fresh d~et dunng a pre-treatment hour and 
then ~n~lected w~th drug or sahne vehicle (2--4 tests) dunng the 
daytime (1200-1400 hr) Food ~ntake measurements were 
taken 2 hr later 

Htstologtt al A nal.vst.~ 

Animals w~th electrolytic PVN lesions were sacrificed 
under pentobarbltal anesthesia They were perfused through 
the heart with isotonic saline, followed by a buffered solution 
of 10% Formalin The brain was removed, frozen sections 
(50 ~.) were cut, and alternate sections stained with cresyl 
violet The area of totally ablated tissue was determined 
using the Konig and Kllppel atlas [16] as a grade. Only 
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TABLE I 

MORPHINE-ELICITED FEEDING (Kcal) IN FOOD-RESTRICTED RATS 

Total Protetn Fat Carbohydrate 

F~rst Hour 
L~ght-fed Sahne 355 ± 30 48-+ 05 2 1 9 ±  24 88-+ I 1 
6hr(n=12) Morphtne 306-+ 57 56-+ I 3 224 ± 52 26 ± 10 

Dark-fed Sahne 207 ± 26 44 ± 07 134 ± 27 29 ± 06 
6 hr (n=9) Morphine 33 3 ± 3 9* 7 9 ± I 3 25 0 ± 4 3* 0 4 ± 0 0* 

Six Hours 
L~ght-fed Sahne 108 8 ± 5 0 14 9 ± 1 4 65 6 ± 4 I 28.3 ± 3.1 
(n=12) Morphine 809 ± 38 f 119-+ 07 595 ± 33 I10 ± 27" 

Dark-fed Sahne 829 ± 64 233 ± 29 464 ± 54 132 ± 20 
(n=9) Morphine 91 7 ± 3 8 21 5 ± 3 4 66 5 -+ 3 5t 3 7 _+ 0 9f 

Stattst~cal comparisons between morphine and saline scores (means -+ standard error 8qven) re- 
vealed slgmficant d,fferences at *p<O 05. tp<O OI 
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FIG I Compared with sahne basehne, morphine ~njected periph- 
erally, ehctted a dramatic increase m feeding m intact ammals 
(***p<0 001) Analyses of d~fference scores (drug minus sahne) 
indicated that th~s enhancement was assocmted w~th a specific ~n- 
crease ~n protein mgestmon, relaUve to fat and carbohydrate 
(**p<0 01) m rats tested dunng the hght period or at the onset of the 
dark penod 

ammals wtth bilateral lestons confirmed by histology to be 
w~thm the PVN are mclnded m the Results described below 
There were 13 such rats and I1 sham-operated controls 
Ammals with m~splaced lesions (n=7) were ehmmated from 
analys~s. 

Htsto( herin( al Ana/ys~s 

All ammals were confirmed for the extent of thezr 
6-OHDA leszon through fluorescence histochemzstry Hzs- 

tochemtcal procedures to wsuahze brain CA fibers were 
camed out according to the Falck-Hdlarp fluorescence 
technique [6|. Under ether anesthesia, the rats were sac- 
nficed and their brains raptclly removed, frozen m liquid 
propane followed by hqugl nitrogen, and then freeze-dried m 
a vacuum. The freeze-dried brains were exposed to for- 
maldehyde gas and embedded m paraffin, and thln sections 
through the diencephalon and forebram were cu~ to I0 pro. 
Several hypothalarmc areas were scored for depletion of 
fluorescent varicos~ties using a semi-quantitative method 
based on a rating scale of I-5 (I indicating near total lack of 
fluorescence and 5 indicating high normal fluorescence), 
mochfied after Fuxe [7]. Each area was separately rated by 
making side-by-side comparisons between as¢orbic acid and 
6-OHDA rejected rats. Pho~ographs of  the hypothalamt¢ 
paraventncular and dorsomedml nuclei and the lateral 
penformcal hypothalamus were taken for d~rect comparisons 
between les~on and sham-operated animals. All animals tn- 
c luded m the Results described below exhibited marked CA 
depletion m the PVN (fluorescence rating "2"'). Ammals that 
sustained only mimmal depleUon (n=14), were eliminated 
from analys~s 

Stattstt( al Analysts 

Results were evaluated by 2-way analys~s of vanauce 
(ANOVA) Analysts of macronutnent selection was deter- 
mined by taking difference scores (drug rmnus baseline feed- 
rag), and then evaluated using single-factor analysis of van- 
ance for repeated measures, followed by appropriate post- 
hoc tests for md~wdual mean comparisons [52]. h two-taded 
Student's t-test for dependent samples was used to compare 
relative retakes (percentage scores) m freely-feeding intact 
ammals (Experiment I), independent samples were used m 
the comparison of lesmn and control group retakes (Experi- 
ment 2), and for h~stochem~cal ratings between ascortac acid 
and 6-OHDA ammals. 

RESULTS 

Effet t of  Morphine m Freely-Feeding Ammals 

Morphtne (2 mg/kg), injected peripherally into tntact, 
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FIG 2 Effect of peripherally ~njected morphine on nutnent selec- 
tion ~n food-restricted rats A s~gmficant increase (***p<0 01) tn the 
percentage of total calones consumed as fat was demonstrated In 
both hght- and dark-fed an,reals In contrast, the percent of carbo- 
hydrate ~ngested was s~gmficantly reduced (***p<0 01) during both 
time periods 

fully satmted rats, had a s~gmficant st~mulatory effect on 
food consumptton. As shown ~n Ftg. 1, morphine dramat- 
tcally |ncreased feeding during the hght period, F(1,8)=63.8, 
p<0.001, as well as at the onset of  the dark, F(i ,8)=52.37, 
p<0.001 As tndtcated tn Ftg 1, morphtne had a d~fferent~al 
effect on d~et selection, for hght, F(2,16)=5.79, p<0.01" for 
dark onset,  F(3,24)=23.31, p < 0  001. Analyses of  dtfference 
scores (drug mtnus sal|ne feeding) revealed that these stgmfi- 
cant d~et effects were assoc|ated w~th a preferential increase 
~n consumption of  prote~n, relattve to fat and carbohydrate,  
~n the daytime, F(1,16)= 11.2, p<0.01,  and at the begmmng 
of  the dark period, F(I,16)= 16 9, p < 0  01. The consumption 
of  carbohydrate,  compared w~th the tngest~on of  fat and 
protetn, was least affected (p<0 05) tn these tests Represen- 
tatton of these Kcal scores m terms of  the relative retake of 
protetn, fat and carbohydrate,  t . e ,  the percentage of total 
calories consumed of each macronutnent ,  clearly tnd~cates 
the effect of morphine on macronutnent  selectton Whereas 
the percentage of  carbohydrate and fat ingestion was not 
significantly altered following morphine adm|n|stratton, the 
percent protein ~ntake tncreased from 32 6% to 58 4% 
(p<0.05) during the dayttme and from 39 6% to 57 2w,4 
(p<0 10), at the onset of the dark period 

Effect o f  Morphine m Food-Restrwted Rats 

As shown m Table i, for the one and s,x-hr food retake 
measures,  peripherally rejected morphine (2 mg/kg) 
produced only a transient potentmt.on m dark-fed rats, 
F(1,8)=7 9, p < 0  02, and over  the 6-hr feeding period, faded 
to enhance feeding m food-restricted ammals Th~s ~s not 
unexpected m light of  the h~gh sahne basehne feeding scores 
exhibited by these animals. In fact, the hght-fed ammals 
actually showed a s~gmficant decrease m food retake m the 
6-hr measurement,  F(1,11)=30.16, p<0.001 In contrast  to 
the tests w~th freely-feeding satiated rats (F~g 1), protein 
ingestion was not specifically enhanced m food-restr |cted 
rats The major st~mulatory effect of  morphine, as indicated 
in Table 1, appeared to be in terms of fat ingestion Th~s 
effect was particularly apparent mammals  fed in the dark,  at 

one hour, F(1,16)=8.3, p < 0  05, and across the 6-hr feeding 
period, F(1,16)=22 0, p < 0  01 Carbohydrate,  in contrast, 
was dramatically and s,gmficantly decreased by morph.ne 
mject~on during the 6-hr feeding period in both the hght - -  
(F ( l ,22 )=8 .77 ,p<0  05 and dark- - fed  animals, F(I,16)= 11 5, 
p < 0  01 

Representation of  these Kcal scores m terms of the per- 
centage of  total calories consumed of each macronutnent,  
shows more clearly the effect of  morphine on fat mgesuon 
Calculating these scores ("Percent  Total D.et")  as shown m 
F.g 2, we observe a s~gmficant morphine-induced increase 
m percent fat intake ~n both the hght, F(1,22)= 14.9, p<0.01,  
and dark-fed ammals, F(I ,16)=22 4, p < 0  01, in contrast to a 
s~gnficant decrease m percent carbohydrate intake m both 
groups, light, F(1,22)=230, p < 0 0 1 ,  dark, F ( i ,16)=122 ,  
p < 0  01 

Effe¢t ~ff" Morphine m Rats with PVN Ele~ trolytu Lesums 

Feeding ~s known to be ehc~ted by rejections of morphine 
directly into the PVN [19, 31, 51]. In th~s experiment,  we 
assessed the impact of bdateral PVN electrolyuc lesions on 
feeding induced by peripheral |nject~ons of  morphine (2 
mg/kg) F~gure 3 shows representative bdateral les~ons of 
these animals In all ammals (n-=13), the PVN was found to 
be completely damaged As shown in previous studies [23, 
40, 42], analyses of  24-hr food retake and body weight gain 
dunng the first week following surgery showed that the bdat- 
eral PVN les~ons caused a rehable increase in 24 hr food 
intake (+62% p < 0  01), which led to a s~gmficantly greater 
body weight gain, attributed primarily to an increase in 
carbohydrate  ingestion (+102% p < 0 0 1 )  Th~s effect on 
macronutnent  selection was observed throughout all post- 
operative weeks 

As md~cated in Fig 4, sham-operated animals, just like 
intact rats in Experiment !, exhibited a robust morphine- 
reduced feeding response, F(I ,10)=45 4, p < 0  001 A dtffer- 
entml effect on d~et selection, F(2,20)= 13 8, p < 0  001, was 
s~mllarly assocmted wffh a preferential increase in consump- 
uon of  protein, relative to fat and carbohydrate consump- 
Uon, F(1,20)=27 99, p < 0  01 Moreover,  the percent protein 
~ntake increased from 30.4% to 53 7% (p<0 01) following 
morphine administration, whde the percentage of carbo- 
hydrate and fat was decreased m these ammals Electrolytic 
les~on of  the PVN s~gmficantly attenuated, but d~d not 
abohsh, morphine-Induced feeding, F(1,12)=24 29, p<0.001 
Slmdar to sham ammals, morphine stimulated feeding m le- 
s~on rats was associated w~th a s~gnlficant drug × diet in- 
teraction, F(2,24)=5 1, p < 0  01 In contrast to the protein 
enhancement observed m sham ammals, however, mor- 
phine-stimulated feeding m les~on rats was attributed to an 
increase m the consumption of  both carbohydrate and 
protein compared to s~gmficantly less consumption of fat, 
F(1,24)= I0 0, p < 0  05 Furthermore,  analyses of d~fference 
scores (drug minus saline feeding) between the lesion and 
sham animals revealed s~gmficant d~fferences between the 
groups, F(1,22)=4 77, p < 0  04, as well as their diet interac- 
tions, F(2,44)=3 6, p < 0  04 As shown m F~g 4. control 
animals consumed slgmficantly more Kcal (11 7-- + I 8) follow- 
ing morphine administration than d~d les~on rats (6 9 -  + 1.8 
Kcal), indicating a 41% decrease in responsiveness (p<0 05) 
Simdarly, morphine 's  stlmulatory effect on protein retake 
was s~gmficantly reduced by 48% (p<0 01) in les~on rats, 
relative to sham ammais (3 7-+0 6 vs 7 1 -0  7) in addmon, 
discrete electrolytic les~ons reduced by 91% (p<0 05) the 
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FIG 3 Photomtcrograph of frontal, cresyl vtolet-stamed sectton of the rat brmn showing 
representative bdateral leston m the area of the paraventncular nucleus (PVN) 

EFFECT OF PVN ELECTROLYTIC LESION ON MORPHINE-~NDUCED FEEDING 
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PROTEIN FAT CARBOHYDRATE 

FIG 4. Morphme ehctted a stgmficant ~ncrease tn total food retake 
(***p<0 001) m sham and leston rats (desptte a h~gher basehne feed- 
mg ~'p<0 05) Values above the standard error bar reflect the d~ffer- 
ences between drug and saline retake scores Compared to sham 
ammals, PVN leston rats, demonstrated a smaller enhancement 
(*p<0 05) m total retake that was attributed to smaller protein 
(**p<0.01) and fat ~ngesuon (*p<0 05) 

small st~mulatory effect on fat retake observed tn sattated, 
sham-operated ammals 

Effect of Morphine m PVN 6-OHDA-Lesioned Rats 

To evaluate the ~mportance of endogenous hypothalam~c 
norepmephrine tn feeding elictted by peripheral morphtne, 
we examtned the tmpact of PVN 6-OHDA les~ons on mor- 

phine's st~mulatory effect. Histochemical analys~s of the 
ascorb~c-acid and 6-OHDA rats fmled to reveal any change 
in extra-hypothalam~c catecholamme (CA) fluorescence, ob- 
served in the stnatum, stria terminalis, caudate and median 
eminence. Within the hypothalamus, as shown in the pho- 
tormcrographs of Fig. 5, the damage to CA innervation was 
largely confined to the medial aspect of this structure and 
was clearly greatest in the PVN (Figs. 5a, 5b). In this nu- 
cleus, an average rating of 4 1 _+0 1 was obtmned for the 
intact an|mals as compared to 1.9-+0.1 for the 6-OHDA rats 
(~<0.01). Similar damage from the lesion extended into the 
medial preoptic area and the anterior portion of the dor- 
somedial nucleus. However, CA innervation of the m~ddle 
and caudal dorsomedial nucleus (Fig. 5c reflecting average 
group rating of 4.1 +-0.1 for ascorbic acid animals, versus F~g 
5d, reflecting average 6-OHDA group rating of 3.6-+0.1), the 
lateral hypothalamus JUSt lateral to the PVN, the zona m- 
certa and the more caudal perifornical region (Frog 5e, aver- 
age ascorbic-acid group rating of 4.1 -+0.1 versus Fig. 5f, av- 
erage 6-OHDA group rating 4.0+_0.0), appeared essentially 
intact. Biochemical analysis of this 6-OHDA leston [44] has 
shown a sigmficant decrease in NE content within the PVN 
(-70%, p<0.01). 

S~milar to the intact animals in F~g. 1 and the sham rats m 
Fig 4, morphine rejected into the ascorbtc-acid vehicle rats 
(F~g. 6) sigmficantly increased total calonc intake above the 
sahne basehne level, F(I,19)=174.7, p<0.001, and th~s 
robust stimulatory effect was assocmted with an alteration m 
diet selection, F(2,38)=4 28, p < 0  02. Analyses of dtfference 
scores (drug minus saline feeding) revealed th~s alteratton 
was attributed to a preferennal increase in protein consump- 
tton, F(I,38)= l l .3 ,p<0 .01 .  As shown m Ftg. 6, PVN rejec- 
tion of 6-OHDA had no apparent tmpact on th~s pattern of 
food mgesUon Rats with reduced CA mnervauon to the 



936 S H O R - P O S N E R ,  A Z A R .  F I L A R T ,  T E M P E L  A N D  L E I B O W I T Z  

,~, :~..,~. ~ : ~ t , : .  
. i ~  : , ,~_~i: . .~ . .  " . 
,~.~,~'~,-,'t-,~ • 

~.:~, 
~ . ~ ~' 

~ , 

_. ~ ~_~ ~3 

~; . . ~ .  

' ¢'  :2 
o ¢ ~ ,  . ~ 

~.-,~ y ~ ", t " .  
,, ~.:-. ~.,~.:~ 
3 • , . ~ . ' g - .  ~ '  ~ 

. - .  ; , '  ~ . ~ L ~  ~ 
. t " f .  ~ ~ 

. " ~ . ~  ~ 
~ . . ~  . . ~ ~ 

~ ~ ~ ,  

( ~ . "  
~ .. ~ 

d 

~ ~ i : "  ' : 1~ 
• • ~ %.~ . .a, 

~1" ' • . , "  . t .~ , ,~ ,  
tt ~ ~ . '  

<~ - ~ ~ , ,  ~ .-.., , . ~. . , ,  . ,- ~ , . , , . ~ ~ .  : 
- ,  • . .  _ .  

. . _ ~  ,~, ' 2 ~ .  ~ ~. 
_ ~ .  ~ _  '- . ~ ~ ._ ~ . ~  • 

FIG 5 Fluorescence photomicrographs showing catecholamme vancos~t,es in the hylx~thalamus (a) Normal 
CA mnervat~on of  the PVN of a vehicle-injected rat (b) Marked reduct,on m a rat after 6-OHDA was ~njected m 
the PVN Catecholamme mnervatlon remained essentmlly intact m other brain areas such as the caudal dor- 
somedlal nucleus (compare normal (c) and (d) 6-OHDA rat). and the caudal penformcal area as shown m a 
normal (e) and 6-OHDA injected ammal (f) 
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EFFECT 0 ~ PVN 6-OHD '~ LESION ON MORPHIN£-~NDUCED FEEDING 
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FIG 6 Comp~ed wRh ~corb]c-ac=d control ammos, ~OHDA le- 
sion ~ts, w~th a h~hcr baschn¢ ~¢¢d~nB ($p<0 05), dcmonst~tcd a 
s~mdar patt¢~ m nutrient s¢i¢cuon and tot~ ~n~k¢ ~ollowm8 mor- 
phine m3ectmn A robust enhancement of feeding (***p<0 ~ i ) ,  
ass~mtcd primarily ~ t h  ~ncr¢~ed prote~n mgcsuon, r¢latw¢ to 
car~hydmt¢ ~ d  fat (**p<0 01) was observed m ~ t h  groups Val- 
ues a ~ v ¢  the s~nd~d e~or bars reflect the d~Kcrcnce ~tween 
d~g and sahn¢ retake scores 

PVN exhibited a comparable morphine-stimulated increase 
in total diet, F(1,20)=58.13, p<0.O01. A s~gmficant drug x 
diet interaction, F(2,40)=3 22, p < 0  05, revealed in these 
ammals, a slmdar, preferential increase ~n protein consump- 
tion, F(1,40)=5.32, p<0.01 

DISCUSSION 

The results of  th~s study indicate that a low dose of mor- 
phine (2 mg/kg), peripherally rejected into freely-feeding 
fully sattated animals, produces a large and rehable increase 
m feeding behavior, confirming the findings of previous 
studies [2, 12, 37]. Higher doses of morphine (>5 mg/kg) 
have been shown to be less effective and may actually de- 
crease food intake, possibly due to sedatton [5, 32, 35, 37]. In 
food-restricted ammals, we faded to observe this st~mulatory 
effect of morphine, which ~s in agreement with previous re- 
ports m food-resmcted [28,29] and food-deprived animals 
[32,37]. While this fmlure of response may reflect some 
depnvat~on-mduced alteration in endogenous neurocheml- 
cals, which in turn may affect sensitivity to optates, a more 
parslmomous explanation ~s that ~t s~mply reflects the differ- 
ence in baselines, where lower basehne feeding reveals the 
effect more readily than the higher baseline conditions 

Regarding the stimulatory effect of morphine on diet pref- 
erence, we have found morphine to have spectfic effects on 
the animals'  macronutnent selection. Peripherally injected 
morphine preferentially increases protein consumption m 
satiated rats This is, to date, the only study to our knowl- 
edge in which a low dose of morphine that sttmulates feeding 
has been tested m freely-feeding rats maintained on a self- 
selection paradigm. The robust protein enhancement we ob- 
served in these satiated rats is clearly different from the pat- 
tern of nutrient selection observed in food-restricted rats. In 
dark-fed restricted ammals, we observed an enhancement of 
fat intake (Kcal), and in both dark- and hght-fed restricted 
groups, an increase in percent fat intake (% of total calories 
consumed as fat) was revealed. This modification ~n nutrient 

selectton shown by our restricted rats confirms earlier f'md- 
ings of  Marks-Kaufman [29] and Marks-Kaufman and 
Kanarek [30], demonstrating a morphine-induced enhance- 
ment of fat consumption, with no significant increase ~n total 
intake, under sirmlar conditions. In a recent study with 
chronic mjecUon of very high doses of morphine (20 and 40 
mg/kg) ~n freely-feeding animals, neRher an increase in total 
food intake nor any preferential enhancement of protein 
selection was observed [34]. Instead, the percentage of calo- 
ries consumed as fat was mcreased. These contrasung re- 
suits may be due to at least three factors: differences m drug 
dose, chromc versus acute treatment,  and differences m 
basehne feeding condR~ons In the Ottawam and Riley study 
[34], animals ate very little prote~n (2.5%) in contrast to the 
freely-feeding rats ~n the present study, who consumed ap- 
proximately 35% of thetr basehne ~ntake as protein. 
Moreover, the high dose used m the Ottaviam and Riley 
study may have produced a taste aversion to protein (Riley, 
personal commumcation) With a low dose of  acute mot- . 
phine, the potentmUon of protein is clearly demonstrated m 
ammals under freely-feeding condRions This is qmte differ- 
ent from the effect of morphine on carbohydrate selection, 
which is least affected m all feeding condiUons and, m some 
cases, may actually be suppressed, as demonstrated m the 
present study and in previous reports using restricted feeding 
schedules or htgh doses of the drug [29,30]. 

The s~gmficant effect of  morphine on food consumption 
may be of central orig~n. Recent studies have revealed a 
sttmulatory effect of  opiate drugs on feeding when adminis- 
tered directly ~nto the medial hypothalamus [9, 19, 21, 31,45, 
47, 51] In parUcular, the PVN has specifically been found to 
be sensRtv¢ to local rejection of morphine [19, 31, 51], as 
well as to other opiate agomsts [21, 31, 41, 45], ~mplicatmg 
th~s nucleus m opiate control of feeding behavior. In support 
ofth~s suggesUon ~s the finding that electrolyttc PVN lesions 
~n the present study s~gmficantly attenuated morphine- 
~nduced feeding. This attenuation m total food intake 
amounted to approximately a 40% reduction in morphine 's  
overall effectiveness. In particular, discrete electrolytic le- 
sions greatly reduced morphine-potentiated prote~n mgesuon 
( -48%)  and m addition, failed to ehmt any increase in fat 
consumption. This is of particular ~nterest in hght of  recent 
findings from this laboratory that have revealed an opiate- 
stimulatory effect on macronutrient selection after central 
drug administration In these studies, satiated rats injected 
wRh opiate agomsts directly into the PVN, exhibit a robust 
stimulat~on of protein and fat consumption (Leibow~tz and 
Daniel, unpubhshed data). 

Thus, the PVN appears to play a role in mediating th~s 
op~ate-ehoted feeding response However,  the partial at- 
tenuation indicates further, that other brain areas, in addition 
to the PVN, may also be involved. One possible brain site 
may be the dorsomediai nucleus, where electrolytic les~ons 
attenuate anorexta induced by peripheral naloxone [3] In 
conflict with this are data demonstrating that naloxone has 
no effect on feeding when rejected directly into this nucleus 
[51]. Another possibility is the ventromedial hypothalamus, 
reported to be responsive to morphine stlmulaUon [47,48] 
Further studies of this nucleus, however,  suggest that its 
apparent sensRivRy to morphtne may result from drug diffu- 
sion to the PVN, a considerably more sensitive sRe [51]. A 
third possibility ~s the perifornical lateral hypothalamus, 
which also appears to be very sensitive to morphine sumula- 
tlon [51]. Th~s is of interest m view of the finding that cate- 
cholamtne stimulation ~n this area has a preferential effect on 
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protein mtake [22]. which may be related to morph ine ' s  
s t lmulatory influence on prote~n ingestion Morphine  at 
higher  doses  potent ia tes  the tu rnover  of  norep inephnne  and 
dopamlne  in the perifornical  hypothalamus [13] 

The  diminished morphine- induced feeding response  ob- 
se rved  in animals w~th electrolyt ic  PVN lesions, may reflect 
damage  to N E  pathways  that funct ion tn feeding regulation 
Considerable  ev idence  p rowdes  support  for an ~nteraction 
be tween  noradrenerglc  and opiate sys tems m the potentia-  
tion o f  food intake. For  example ,  both opiate and a-  
2-noradrenergtc st imulation are effect ive w~th~n the same 
brain area.  namely  the PVN [20. 21. 31. 51]. their  eating 
s t lmula tory  effect  is b locked  by antagonis ts  o f  o~-2-nor- 
adrenerg tc  r ecep to r  sites 121. 31. 48]. and per ipheral  re- 
j ec t ion  o f  morphine  enhances  N E  tu rnover  m the PVN [13] 
Never the les s .  we found no change in respons iveness  to 
morphine  m animals that rece ived  direct 6 -OHDA lesions 
These  lesions s~gmficantly reduced PVN N E  by 70%. 
suggesting that endogenous  N E  may not be crucial  to this 
feeding effect  H o w e v e r .  untd a comple te  lesion is produced.  
it is possible that the remaining 30% of  endogenous  NE  in 
6 -OHDA animals may have been sufficient to mediate  the 
morphine  feeding response  

It is clear  from this work  and others  [29.30.  34]. that in 
addition to increasing food intake, the opiate system has a 
specific effect on macronu tnen t  select ion The noradrener-  
g~c system of  the PVN has also been implicated in the mod- 
ulation of  appeti te  regulation, producing a specific,  albeit  
different, effect on nutrient select ion In contrast  to the 
morphine-s t imulated,  protein ingestion exhibited in this 
study, noradrenergic  stimulation has been shown to increase 
the se lecuon of  carbohydra te  [25.49]. while actually inhibit- 
~ng consumption of  protein Recent  findings suggest that both 
these systems may become act ivated dunng  the early dark 

hours,  when food-seeking behavior  and ingestion are most 
pronounced In the rat At this critical t~me. a sharp ~ncrease 
in a-2 receptor  sites within the PVN is revealed [24]. as well 
as an increased sensitivity to a-noradrenerglc  receptor  
stimulation [4] Stmdarly.  a circadian variat ion m brain 
oplold levels has been reported [15.50]. and morphine-  
elicited feeding, like noradrenerg~c feeding, is strongest at 
the start of  the dark period [4] The involvement  of  an 
oplate-noradrenerglc  a s sooa t lon  during this critical period is 
further implicated by the finding that both NE  and morphine 
feeding are critically dependent  upon circulating cort lcoste-  
rone [4. 26. 35] and that blood levels  of  this glucocort lcold 
peak just  at the onset  o f  the dark period [17] Prehmlnary 
behavioral  studies indicate that freely-feeding rats mare- 
tamed on a self-selection paradigm exhibit  specific patterns 
in nutrient select ion dunng the early part of  the night [46] In 
the first few hours of  the dark period,  rats are observed  to 
consume meals composed  primarily of  carbohydrate ,  fol- 
lowed by a shift towards protein The possibility exists that 
this pattern of  macronutnent  meals may in part be deter- 
mined by a change in hypothalamlc neurochemls t ry ,  with a 
noradrenerglc act ivat ion fol lowed by opiate act ivation It is 
important  to note that the complex  regulation of  nutrient 
select ion may include additional neurochemlcal  mech-  
anisms,  such as a serotonln-nutnent  feedback system [ 1.53]. 
as well as the involvement  of  brain reward processes  that 
function in feeding behavior  
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