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COOPER, D. O., K. R. (-'ARI~SON AN D J. W. McKEARN EY. ('Omlmri,~on q/'rc~,,iomd CNS li£,aml hinding in two inbred 
ral ~train.~." E[lbct.~ ql'chronic morphine. PHARMACOL BIOCHEM BEHAV 23(3)349-354, 1985.--Male rats of the F-344 
and BUF inbred strains were given free access to a 1ffT~ sucrose solution containing 0.5 mg/ml morphine sulfate (controls 
received sucrose only) as their sole source of fluids. The daily intake of morphine averaged 101 + 13 mg/kg. Alter 18 days on 
this regimen, animals were sacrificed and assayed for :{H-clonidine lalpha-2 adrenergic), aH-dihydroalprenolol (DHA, beta 
I and 2 adrenergic) and aH-spiperone (SPD. 5-HT._, and De) binding in several brain regions. In the absence of morphine 
treatment, BUF rats displayed higher levels of SPI) binding in brainstem, as compared with the F-344 strain. In contrast, 
untreated F-344 rats exhibited higher levels of DHA binding in hypothalamus and SPD binding in striatum than BUF rats. 
Chronic morphine resulted in an increase in clonidine and DHA binding in the brainstem and hippocampus respectively of 
13 U F, but not F-344 rats, suggesting a greater sensitivity of adrenergic function to opiate treatment in the B U F strain. The 
two strains differed qualitatively in the effect of morphine on striatal SPD binding, with BUF rats exhibiting a decrease, and 
F-344 rats an increase. The one consistent change observed in both strains was a quantitatively similar increase in 
hippocampal SPD binding after chronic morphine. The results demonstrate that despite strain-dependent differences in 
binding characteristics, chronic morphine elicits a strain-independent alteration in hippocampal 5-HTe binding. On the basis 
of these preliminary findings, it may be speculated that this particular neurochemical consequence contributes to 
morphine-induced behaviors which are observed independent of rat su'ain. 

Receptor binding Strain differences Chronic morphine 

I N T E R A C T I O N S  of opiate agonists and antagonists  with 
noradrenergic  INA) and serotonergic  (5-HT) mechanisms in 
the central nervous system have been studied extensively ,  
but there are many discrepancies  among published reports 
Ifor reviews see ]5,27]). A similar lack of  consis tency is ap- 
parent in studies at tempting to modify the behavioral  man- 
ifestations of  narcotic action through pharmacologic  manipu- 
lation o f  NA [27] and 5-HT [5] function. Discrepancies  have 
been attributed to differences in ei ther  species/strain or 
pharmacologic /b iochemical  methodology.  

Inbred strains of  rats and mice may exhibit  considerable  
diversi ty in both behavioral  le.g. ,  [4, 16]) and neurochemical  
le.g. ,  [10, 28, 40]) characterist ics.  While these strain differ- 
ences  add complexi ty ,  they have also provided a usefld tool 
for investigation of  correlat ions be tween behavioral  and 
biochemical  parameters  (e.g., 147,49]). In this regard, two 
inbred strains of  mice IDBA and C57) have been shown to 
differ in locomotor  and analgetic responses  to morphine [43]. 
Fur thermore ,  these same mouse strains display differential 
deve lopment  of  tolerance to morphine and d- 
a la-met-enkephal in [14]. These  strain differences in behav- 
ioral response to opiates have been correlated with varia- 
tions in striatal dopamine  metabol ism [6, 9, 43, 51], cyclic 
nucleotide disposition [43] and opiate receptor  density [441. 

Differences between inbred mouse strains in opiate recep- 

tor binding characteris t ics  have been found by several in- 
vest igators  [1,45]. The potential significance of  these varia- 
tions to observed  behavioral  and biochemical  differences tk)l- 
lowing opiate administrat ion has not, however ,  been thor- 
oughly investigated. There are also a number  of  recent 
studies demonstra t ing differences in alpha-2 adrenergic [40] 
and dopaminergic  [I 1,18] binding between inbred rat strains 
tFisher  F-344 and Buffalo BUF) .  Alterat ions in alpha-2 [151 
and beta-adrenergic [15, 30, 31] binding have been reported 
following chronic morphine administrat ion.  Changes in 
serotonergic binding after chronic morphine have also been 
demonstra ted,  however ,  these studies were performed utiliz- 
ing aH-5-HT, a radioligand which is known to preferential ly 
label 5-HT~ sites [39]. To our knowledge,  the present  exper-  
iments are unique in their assessment  of  5-HTe binding fob 
lowing chronic opiate administrat ion.  Fur thermore ,  none of  
the studies examining binding alterations in response to 
opiate t reatment  have evaluated possible strain differences.  

Observed  discrepancies  in the literature concerning al- 
terations in o ther  neurochemical  parameters  (i.e., neuro- 
t ransmit ter  levels and turnover)  following morphine treat- 
ment suggest that s t rain-dependent  differences in ligand 
binding may appear  in conjunct ion with long-term morphine 
exposure .  This paper descr ibes  preliminary results which 
indicate that rats of  the F-344 and B U F  inbred strains differ 
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significantly in certain adrenergic and serotonergic binding 
characteristics and in the alterations induced by chronic 
morphine treatment. 

METHOD 

Male F-344 (Charles River) and BUF (Microbiological 
Associates) rats were randomly assigned to control and ex- 
perimental groups (N=5 per group). The animals weighed 
250-300 g at the onset of experimentation and were housed 
individually in a climate controlled room with an 0700 on-  
1900 off light cycle. Subjects in the experimental groups were 
given free access to Purina rat chow and to a 10e~ sucrose 
solution containing 0.5 mg/ml morphine sulfate (Mal- 
linckrodt) as their sole source of fluids. This procedure has 
been shown to induce physical dependence in as little as 5 
days [29]. Control animals were given free access to food and 
1 ~  sucrose vehicle. Subjects were maintained on this regi- 
men for 18 days, during which time no significant differences 
between strains were observed in morphine intake. The av- 
erage daily self-administered dose was 101- + 13 mg/kg. 

On the 19th day all animals were sacrificed by decapita- 
tion and brains were quickly removed and dissected over ice 
into frontal cortex, hippocampus, striatum, hypothalamus 
and brainstem (pons-medulla). Brain regions were frozen in 
aluminum foil on dry ice and kept at -70°C until assay. 
Assays for clonidine [52], DHA [7] and 5-HTJD.., [48] binding 
were carried out according to established protocols with 
minor modification. 

Tissue was homogenized (Brinkmann Polytron, setting 7, 
two 5 second bursts) in ice-cold 50 mM Tris buffer, pH 7.4 
(hereinafter referred to as Tris) at a concentration of 10 mg 
wet weight per ml (resulting in approximately I mg protein 
per assay tube). The homogenate was then centrifuged at 
48,000xg for 10 minutes and the supernatant was discarded. 
The pellet was resuspended in a fresh equal volume of Tris 
and rehomogenized and re-centrifuged as above. The final 
pellet was once again resuspended and rehomogenized for 
assay. 

Binding assays were performed in duplicate in 12x75 mm 
glass culture tubes. Duplicate total binding tubes contained 
0.1 ml radioligand and 0.1 ml Tris. Non-specific binding 
tubes contained 0.1 ml radioligand and 0.1 ml of the appro- 
priate displacing agent. Ligands and displacing agents for 
each type of assay were (1) alpha-2 adrenergic: aH-clonidine 
(S.A. 5.28x 10 ~a dpm/mMol, New England Nuclear, NEN) 
final concentration 3.0 nM displaced by levarterenol 0.5 raM: 
(2) beta-adrenergic: aH-dihydroalprenolol (DHA, S.A. 
1.09x10 TM dpm/mMol, NEN) 1.0 nM displaced by dl- 
propranolol 1.0 p.M; (3) 5-HTJDe: aH-spiperone (SPD, S.A. 
5.28x 10 ~a dpm/mMol, NEN) 0.3 nM displaced by d-LSD 1.0 
gM. 

Binding assays were begun by addition of 0.8 ml tissue 
suspension to prepared total and non-specific binding tubes 
over ice. After mixing, the tubes were allowed to incubate 
for 30 minutes at 22°C (clonidine and DHA) or for 15 minutes 
at 37°C (SPD). Following incubation, the contents of the 
tubes were poured over Whatman GF/B filters (we-wetted 
with 2 ml Tris) under vacuum. The filters were then washed 
with 5 ml Tris. Incubation tubes were filled with 3 ml Tris 
and emptied once again over the filters. The filters received a 
final 5 ml Tris wash and were placed in 10 ml scintillation 
counting fluor (Ready-solv, Beckman). Filters were allowed 
to resorb in the counting fluid for 48 hours, after which they 
were counted with aH20 standards to assess countereffi- 
ciency (average 32%). Results were expressed as fmol of 
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FIG. 1. :~H-clonidine binding. Upper  panel represents  control levels 
of  clonidine binding expressed  in fmol/mg protein +_ S. E. M. m frontal 
cortex (CX), h ippocampus  (HIPP), pons-medul la  (BST) and hypo- 
tha lamus  (HYPO) of Fisher  tF-344) and Buffalo (BUFI rats given 
free access  to ltF/~ sucrose  only. l .ower panel demons t ra te s  allera- 
t ions in clonidine binding expressed  as percent of  control in rats of 
both strains given free access  to I(Y;k sucrose containing 0.5 mg/ml 
morphine sulfate. 

specific binding (total minus non-specific) +S.E.M. per mg 
protein as assessed by the method of Lowry [35] using a 
bovine serum albumin standard curve. Each binding assay 
was replicated in three separate experiments incorporating 
all four groups. 

While saturation curves to derive information concerning 
the relative contributions of Bmax and Kd would have been 
valuable, the available tissue volumes were sufficient only 
for assessment of all three ligands at one concentration mak- 
ing Scatchard analyses impossible. Experiments are in prog- 
ress to further characterize the nature of significant binding 
alterations which were observed. 

Data for each ligand in each brain region were analyzed 
by two-way analysis of variance (strain x drug). Significant F 
values (p<0.05: d r - l , 16 )  presented in the results were 
further analyzed by the post-hoe Neuman-Keuls test to de~ 
termine which individual comparisons were responsible for 
overall significance. 

RESUI.TS 

The data are presented by ligand, with the effects of roof 



CHRONIC MORPHINE AND LIGAND BINDING 351 

40. 

a~ 5 0  
E 
----- 20. 
0 
E 

~- I0. 

0 

D H A  
CX HIPP BST HYPO 

0 

18o] 
1601 
140' 

120, 

I00. 

80. 

60 

f ~ l  F - 5 4 4  
17"A BUF 

FIG. 2. :~H-dihydroalprenolol binding. Upper panel represents con- 
trol levels of DHA binding expressed as fmol/mg protein_+S.E.M, in 
frontal cortex (CX), hippocampus (HIPP), pons-medulla (BST) and 
hypothalamus of Fisher (F-344) and Buffalo (BUF) rats given free 
access to 10% sucrose only. Lower panel demonstrates alterations in 
DHA binding expressed as percent of control in rats of both strains 
given free access to 10% sucrose containing 0.5 mg/ml morphine 
sulfate. 
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FIG. 3. :)H-spiperone binding. Upper panel represents control levels 
of SPD binding expressed in fmol/mg protein_+S.E.M, in frontal 
cortex (CX), hippocampus (HIPP), pons-medulla (BST) and hypo- 
thalamus (HYPO) of Fisher (F-344) and Buffalo (BUF) rats given 
free access to 10% sucrose only. Lower panel demonstrates altera- 
tions in SPD binding expressed as percent of control in rats of both 
strains given free access to 11~ sucrose containing 0.5 mg/ml mor- 
phine sulfate. 

phine (as percent of control) underneath baseline (control) 
levels of binding in various regions for both rat strains. 

Baseline clonidine binding (Fig. 1, upper panel) was 
higher in hypothalamus (F=4.85) and frontal cortex 
(F= 12.63) of BUF as compared with F-344 rats. Following 
chronic morphine (Fig. 1, lower) binding tended to increase 
in F-344 and decrease in BUF rats. The only effect which 
achieved statistical significance, however, was the substan- 
tial elevation of brainstem clonidine binding observed in the 
BUF strain (80c7c., F=  11.45). 

Baseline DHA binding (Fig. 2, upper) was regionally simi- 
lar in both rat strains except in the hypothalamus, where 
F-344 rats displayed a higher level of binding than BUFs 
(F=9.04). Chronic morphine (Fig. 2, lower) elevated DHA 
binding in the hippocampus of BUF rats (37%, F=5.70). The 
apparent increase in frontal cortex of F-344s (Interaction, 
F=5.58) did not achieve significance in the Neuman-Keuls 
test. 

Baseline SPD binding (Fig. 3, upper) was twofold higher 
in brainstem of BUF rats as compared with F-344s 
(F= 19.30). In addition, baseline binding of SPD was signifi- 

cantly lower (23%) in the striatum of BUF as compared with 
F-344 rats. Interestingly, chronic morphine (Fig. 3, lower) 
reduced striatal SPD binding in BUF rats by a further 2~b, 
while F-344s displayed a 36% increase in binding (Strain ef- 
fect, F=63.99; Interaction, F=24.45; Neuman-Keulsp<0.05 
for all comparisons). 

A similar effect of morphine was observed in the hypo- 
thalamus, with F-344 rats again displaying an increase (26%) 
and BUF rats a decrease (18%) in SPD binding (Strain Ef- 
fect, F=7.57), however, the individual drug effects failed to 
achieve significance in Neuman-Keuls analysis. The most 
striking morphine-induced alteration was a quantitatively 
similar increase in hippocampal SPD binding observed in 
both F-344 and BUF rats (108% and 112%, respectively, Drug 
effect, F= 12.53). 

DISCUSSION 

Rats of the BUF and F-344 strains differ considerably 
with respect to certain neurochemical parameters. In agree- 
ment with a previous investigation [52], the highest level of 
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clonidine binding was observed in the hypothalamus of both 
BUF and F-344 rats. The results also confirm a prior study 
demonstrating higher levels of clonidine binding in the hypo- 
thalamus of BUF, as compared with F-344 rats [40]. On the 
other hand, our finding of higher clonidine binding in the 
frontal cortex of BUFs as compared with F-344 rats differs 
from two previous studies demonstrating either no difference 
between strains [40] or higher clonidine binding in frontal 
cortex of F-344s [19]. The reasons for these apparent dis- 
crepancies may lie in the use of different ligands (e.g., para- 
amino-clonidine, [40]) or in varying biochemical procedure. 

Given the large number of reports demonstrating altera- 
tions in norepinephrine metabolism following chronic mor- 
phine exposure, changes in adrenergic receptor regulation 
might be expected. We observed an increase in clonidine 
binding in the brainstem, and DHA binding in the hippocam- 
pus of BUF rats. There have been other reports of increases 
in brainstem clonidine binding after chronic morphine [15], 
but decreases have also been reported [50]. There is also a 
lack of consistency concerning alterations in beta-adrenergic 
binding (DHA) after chronic morphine. Some investigators 
report increases in DHA binding in cortex and brainstem of 
dependent rats [34], which is rapidly reversed during 
naloxone precipitated withdrawal [15]; others report no al- 
terations in DHA binding in dependent rats, but increases 
following naloxone administration [30,31] while still others 
have found no alteration in DHA binding in either the de- 
pendent or withdrawn state [37]. These discrepancies may be 
due, in part, to strain differences. Thus, it is possible that 
F-344 rats, which exhibited no significant alteration in either 
clonidine or DHA binding in the dependent state, may be 
subject to changes in binding during withdrawal. Studies di- 
rected at this issue are currently in progress. 

In view of the many discrepancies in the literature, and 
the present demonstration of strain differences in adrenergic 
ligand binding following chronic morphine, it would seem 
that alterations in adrenergic binding sites are not prerequi- 
site for the expression of tolerance and physical dependence. 
Another consideration, however, is the possibility that ad- 
renergic receptor sensitivity as expressed through secondary 
messengers may change in the absence of observable altera- 
tions in radioligand binding. 

The data show that SPD binding in the striatum is in- 
creased in F-344, and decreased in BUF rats after chronic 
morphine. While LSD-displaced SPD binding is considered 
selective for 5-HT~ binding sites in the frontal cortex and 
hippocampus [3,13], a number of studies indicate that this 
ligand system also labels dopamine D2 sites in the striatum 
[12, 38, 41]. It has been estimated that approximately 15-20e/~ 
of the total specific LSD-displaced SPD binding in the 
striatum represents 5-HT., sites [55]. Previous studies have 
shown that the highest density of 5-HT.., sites occurs in the 
frontal cortex [3,33]. The present data, however, shows 
twofold higher levels of SPD binding in the striatum, as com- 
pared with frontal cortex. It is likely, therefore, that our 
assay system was labelling primarily D~ binding sites in the 
striatum. 

The fact that striatal SPD binding was significantly higher 
(23%) in F-344, as opposed to BUF rats, further indicates 
that these are Dz sites, since a previous study has shown a 
2(f/~ greater density of D, sites in the striatum of F-344 as 
compared with BUF rats [19]. If the alterations in striata] 
SPD binding following chronic morphine do reflect changes 
in De binding, the strain difference seen here may be relevant 
to studies on development of dopaminergic supersensitivity 

after chronic morphine treatment. While enhanced behav- 
ioral responses to dopamine agonists following chronic 
opiate treatment are well documented, parallel increases in 
striatal dopamine binding are not consistently present [8]. 
Furthermore, both increases [20,32] and decreases 125,26] in 
dopaminergic function have been observed alter chronic 
morphine treatment. These discrepancies may also be due. 
in part. to the strains of rats employed for study. Once again. 
however, alterations in secondary messengers in the absence 
of observable changes in ligand binding are a possibility. 

The literature concerning opiate relationships with 
serotonergic function is more consistent than that for norep- 
inephrine [17, 21, 22, 23, 53]. The present study demon- 
strates that 5-HT., binding sites are increased in the hip- 
pocampus of both F-344 and BUF rats after chronic mot-- 
phine. This alteration is particularly significant in light of 
recent studies demonstrating that ++wet dog shakes" associ- 
ated with morphine withdrawal are serotonergically 
mediated [21 through 5-HT.e mechanisms [55]. Furthermore, 
the hippocampus has been shown to be an important brain 
region in terms of immunofluorescent localization of 
methadone distribution [421 and induction of withdrawal be- 
haviors [24,54]. Finally, recent evidence indicates that the 
administration of drugs which enhance serotonergic function 
results in decreased morphine intake in dependent rats dur- 
ing choice tests [57[. Thus, it could be speculated that a role 
exists for serotonergic mechanisms in opiate action. 

The results of these experiments are preliminary in the 
sense that saturation analyses will be required to determine 
the relative contributions of Bmax and Kd to observed bind- 
ing alterations. Tissue volume limitations prevented assay of 
all three ligands at more than one concentration, however, 
each ligand was assessed at a concentration near the appar- 
ent Kd for the binding site being examined [7, 48,521. Exper- 
iments are in progress to further characterize the nature of 
binding sites which were found to be significantly altered by 
morphine treatment. Behavioral and biochemical studies are 
also in progress to determine the validity of a potential rela- 
tionship between serotonergic function and morphine with- 
drawal syndrome. 

In conclusion, we have shown that BUF and F-344 rats 
differ with respect to both baseline and morphine-induced 
alterations in radioligand binding. Despite these strain differ- 
ences, a consistent increase in hippocampal 5-HT._, binding 
was observed alter chronic morphine consumption. These 
results emphasize the value of the strain difference model as 
it may be employed to clarify discrepancies in the literature. 
Of even greater significance is its power in identifying 
strain-independent neurochemical alterations in response to 
drugs such as morphine, which elicit strain-independent be- 
haviors such as tolerance and physical dependence. 

ACKNOWLEDGEMENTS 

This was a collaborative study supported in part by USPHS 
grants MH-18421 and DA-01015 (J.W.M. and D.O.C.I and in part by 
USPHS grant DA-02226 (K.R.C.). The assistance of Elizabeth 
Anderson in preparation of the figures is gratefully acknowledged. 
Animals used in this study were maintained and used in accordance 
with recommendations in the Guide for the Care and Use of l+abora- 
tory Animals, prepared by the ILAR, NRC IDHEW publication 
NIH-78-23, 1978) and guidelines of the Animal Care Advisory 
Committee of the University of Massachusetts Medical School. 



C H R O N I C  M O R P H I N E  A N D  L I G A N D  B I N D I N G  353 

R E F E R E N C E S  

1. Baran, D. A., L. Schuster, B. E. Eleftheriou and D. W. Bailey. 
Opiate receptors in mice: genetic differences. L(/b Sci 17: 633- 
637, 1975. 

2. Bedard, P. and C. J. Pycock. Wet dog shakes behavior in the 
rat: a possible quantitative model of a central 5-hydroxytryptamine 
activity. Neuropharmacology 16: 663-670, 1977. 

3. Blackshear, M. A.. L. R. Steranka and E. Sanders-Bush. Mul- 
tiple serotonin receptors: regional distribution and effect of 
raphe lesions. Eur J Phtlrmttcol 76: 325-334, 1981. 

4. Blizard, D, A. The maudsley reactive and non-reactive strains: 
a North American perspective. Behav Genet 11: 46%489, 1981. 

5. Brase, D. A. Roles of serotonin and gaba in opioid effects. Adv 
Biochem Psychopharmacol 20: 409-428, 1979. 

6. Brase, D. A., H. H. Lob and E. L. Way. Comparison of the 
effects of morphine on locomotor activity, analgesia and pri- 
mary and protracted physical dependence in six mouse strains. 
,I Pharmacol L:vp ]her 201: 368-374, 1977. 

7. Bylund, D. B. and S. H. Snyder. Beta-adrenergic receptor bind- 
ing in membrane preparations from mammalian brain. Mol 
P/larmacol 12: 568-580, 1976. 

8. Carlson, K. R. and T. F. Seeger. Interaction of opiates with 
dopamine receptors: Receptor binding and behavioral assays. 
PJlttrmtl('o[ Biochem Behav 16:1 I% 124, 1982. 

9. Castellano, C. and A. Oliverio. Genetic analysis of morphine 
induced running and analgesia in the mouse. P.~ychophar- 
macoh~gia 41: 197-200, 1975. 

10. Cooper, D. O. and J. M. Stolk. Differences between inbred rat 
strains in the alteration of adrenal catecholamine synthesizing 
enzyme activities after immobilization stress. Neltroscience 4: 
1163-1172, 1979. 

11. Costall, B., A. M. Domeney and R. J. Naylor, Behavioral and 
biochemical consequences of persistent overstimulation of 
mesolimbic dopamine systems in the rat. NeltrophormacoloL, y 
21: 327-335, 1982. 

12, Creese, l., D. R. Burr and S. H. Snyder. The dopamine recep- 
tor: differential binding of d-LSD and related agents to agonist 
and antagonist states. Lift, Sci 17: 1715-1720, 1975. 

13. Creese, 1. and S. H. Snyder. aH-spiroperidol labels serotonin 
receptors in rat cerebral cortex and hippocampus. Eto" J Phar- 
macol 49: 201-202. 1978. 

14. Frigeni. V.. F. Bruno, A, Carenzi and G. Racagni. Difference in 
the development of tolerance to morphine and d- 
ala-met-enkephalin in C-57/BL6J and DBA/2J mice. Lff~ ~ Sci 28: 
72%736, 1981. 

15. Hamburg, M. and J. F. Tallman. Chronic morphine administra- 
tion increases the apparent number of alpha-2 adrenergic recep- 
tors in rat brain. Nature 291: 493-495, 1981. 

16. Harrington. G. M. The Hat strain of rats: origins and charac- 
teristics. Behav Genet 11: 445-468, 1981. 

17. Harvey, J. A. and K. J. Simansky. The role of serotonin in 
modulation of nociceptive reflexes. In: Serotemin." ('ttrrettt A~'- 
peers ~ff'Net/rochemist O' and Function. edibed by B. Haber, S. 
Gabay, M. R. lssidores and S. G. A. Alivasatos. New York: 
Plenum Press, 1977, pp. 125-151. 

18. Helmeste, D. M. Spontaneous and apomorphine induced loco- 
motor changes parallel dopamine receptor differences in two rat 
strains. Pharma~'ol Biochem Beha v 19:153-155, 1983. 

19. Helmeste, D. M,, P. Seeman and D. V. Coscina. Relation be- 
tween brain catecholamine receptors and dopaminergic 
stereotypy in rat strains. Eur J Pharmacol 69: 465-470, 1981. 

20. Hera, A., J. Blasig and R. Papeschi. Role of catecholaminergic 
mechanisms in the expression of morphine abstinence syn- 
drome in rats. Psychop/larmacologia 39: 121-143, 1974. 

21. Ho, I. K., H. H. Loh and E. L. Way. Influence of 5,6 dihy- 
droxytryptamine on morphine tolerance and dependence. Eur,l 
Pharmacol 21: 331-336, 1973. 

22. Ho, 1. K., H. H. Loh and E. L. Way. Influence of I-tryptophan 
on morphine analgesia, tolerance and physical dependence. J 
Pharmacol Exp Hler 193: 35-43, 1975. 

23. Ho, 1. K., S. E. Lu, S. Stolman, H. H. Loh and E. L. Way. 
Influence of p-chlorophenylalanine on morphine tolerance and 
physical dependence and regional brain serotonin turnover 
studies in morphine tolerant mice. J Pharmacol Exp Ther 182: 
155-165, 1972. 

24. lsaacson, R. L. and T. H. Lanthorn. Hippocampal involvement 
in the pharmacologic induction of withdrawal-like behaviors. 
Fed Proc 40: 1508--1512, 1981. 

25. lwamoto, E. T. and E. L. Way. Dopaminergic and cholinergic 
interactions in naloxone induced circling in morphine dependent 
rats with nigral lesions. Eur J Pharrnacol 38: 3%54, 1976. 

26. lwamoto, E. T., H. H. Loh and E. L. Way. Circling behavior 
after narcotic drugs and during naloxone precipitated abstinence 
in rats with unilateral nigral lesions. J Phar,  lacol Exp Ther 197: 
503-516, 1976. 

27. lwamoto, E. T. and E. L. Way. Opiate actions and catechola- 
mines. Adv Biochem Psychopharmacol 20: 357-407, 1979. 

28. Kessler, S.. R. D. Ciaranello, J. G. M. Shire and J, D. Barchas. 
Genetic variation in activity of enzymes involved in synthesis of 
catecholamines. Proc Natl Acad Sci USA 69: 2448-2450, 1972. 

29. Khavari, K. A. and M. E. Risner. Opiate dependence produced 
by ad libitum drinking of morphine in water, saline and sucrose 
vehicles. P.~'ychopharmacolo~,,ia 30: 291-302, 1973. 

30. Kuriyama, K., M. Muramatsu, M. Aiso and E. Ueno. Altera- 
tion in beta-adrenergic receptor binding in brain, long and heart 
during morphine and alcohol dependence and withdrawal. 
Nelo'opharmacoloL, y 20: 65%666, 1981. 

31, Kuriyama, K., M. Muramatsu, S. Okhuma, J. Tamura and Z. 
Ping-Ping. Differential effects of morphine withdrawal on cere- 
bral beta-I and beta-2 adrenergic receptors. J Neurosci Re~ 6: 
749-755, 1981. 

32. Lal, H. and S. K. Puri. In: Drug Addiction." Experimental 
Pharmacoloa, y. vol 1, edited by J. M. Singh, L. Miller and H. 
Lal. Mount Kisco, N.Y.: Futura Publishing Co., 1972, pp. 301- 
310. 

33. Leysen, J. E., R. Geerts, W. Gommeren, N. Verwimp and P. 
Van Gompel. Regional distribution of serotonin-2 receptor bind- 
ing sites in the brain and effects of neuronal lesions. Arch hit 
Pharmacodyn 256: 301-305, 1982. 

34. Llorens, C., M. P. Martres, M. Baudry and J. C. Schwartz. 
Hypersensitivity to noradrenaline in cortex alter chronic mor- 
phine: relevance to tolerance and dependence. Natttre 274: 
603-605, 1978. 

35. Lowry, O., N. Rosebrough, A. Farr and J. Randall. Protein 
measurement with the folin reagent. J Biol Chem 193: 265-275, 
1951. 

36. Mennini, T., E. Poggesi, S. Cotecchia, A. De Blasi and R. 
Samanin. Changes in serotonin, but not catecholamine receptor 
binding in the brain of morphine dependent rats. Mol Pharmacol 
20: 237-239, 1981. 

37. Minneman, K, P. and S. G. Holtzman. Morphine dependence 
and withdrawal without alterations in cerebral beta-adrenergic 
receptor density. Biochem Pharmacol 33:2331-2333, 1984. 

38. Pedigo, N. W., T. D. Reisine, J. Z. Fields and H. I. Yamamura. 
:'H-spiroperidol binding to receptor sites in both the corpus 
striatum and frontal cortex of rat brain. Ettr ,l Pharmacol 50: 
451-453, 1978. 

39. Peroutka, S. J, and S, H. Snyder. Multiple serotonin receptors: 
differential binding of [:~H]-5-hydroxytryptamine, [:~Hl-lysergic 
acid diethylamide and [:~Hl-spiroperidol, Mol Pharmaco/ 16: 
687-699. 1979. 

40. Perry, B. D., J. M. Stolk, G. Vantini, R. B. Guchhait and D. C. 
U'Prichard. Strain differences in rat brain epinephrine synthesis 
and alpha-adrenergic receptor number: apparent in vivo regula- 
tion of alpha-adrenergic receptors by epinephrine. Science 221: 
1297-1299, 1983. 

41. Persson, S. A. LSD and related drugs as DA antagonists: recep- 
tor mediated effects on the synthesis and turnover of DA. L~/b 
Sci 23: 523-526, 1978. 



354 C O O P E R ,  C A R L S O N  A N D  M c K E A R N E Y  

42. Pertschuk, L. P., D. H. Ford, D. J. Brigati and J. H. Sher. 
lmmunofluorescent localization of methadone in the central 
nervous system of the rat. ln: Tissue Responses  to Addictive 
Drugs, edited by D. H. Clouet and D. H. Ford. New York: 
Spectrum Publications, 1976, pp. 62-79. 

43. Racagni, G., F. Bruno, E. luliano and R. Paoletti. Differential 
sensitivity to morphine induced analgesia and motor activity in 
two inbred strains of mice: behavioral and biochemical correla- 
tions. J Pharmacol  Exp Ther 209:111-116, 1979. 

44. Reggiani, A., F. Battaini, H. Kobayshi, P. F. Spano and M. 
Trabucchi. Genotype sensitivity to morphine: role of different 
opiate receptor populations. Bruin Res 189: 289-294, 1980. 

45. Reith, M. E. A., H. Sershen, C. Vadasz and A. Lajtha. Strain 
differences in opiate receptors in mouse brain. Eur J Pharmucol  
74: 37%380, 1981. 

46. Samanin, R., L. Cervo, C. Rochat, E. Poggesi and T. Mennini. 
Reduction in the number of serotonin receptors in the brainstem 
of morphine dependent rats: relation to blockade of naloxone 
precipitated jumping by serotonin agonists. Lift, Sci 27: 1141- 
1146, 1980. 

47. Schmidt, D. E., D. O. Cooper and R. J. Barrett. Strain specific 
alterations in hippocampal cholinergic function following acute 
footshock. Pharmacol  Biochem Behav 12: 277-280, 1980. 

48. Seeman, P., K. Westman, D. Coscina and J. J. Warsh. Seroto- 
nin receptors in hippocampus and frontal cortex. Eur J Phur- 
macol  66: 179-191, 1980. 

49. Segal, D, S., R. T. Kuczenski and A. J. Mandell, Strain differ- 
ences in behavior and brain tyrosine hydroxylase activity. 
Behav Biol 7: 75-78, 1972. 

50. Smith, C. B., P. J. Hollingsworth, J. J. Geer and H. C. Moiscs. 
Changes in alpha-2 adrenoceptors in various brain regions after 
long term administration of mu and kappa opiate agonists. Lili' 
Sci 33: Suppl I, 369-372, 1983. 

51. Trabucchi, M.. A. Poll, G. C. Tonon and P. F. Spano. lnterac 
tion among enkephalinergic and dopaminergic systems in 
striatum and limbic forebrain. In: Catecholumines:  Basic and 
Clinical Frontiers. edited by E. Usdin, 1. J. Kopin and J. 1). 
Barchas. New York: Pergamon Press, 1979, pp. 1053-1055. 

52. U'Prichard, D. C., W. D. Bechtel, B. M. Rouol and S. H. 
Snyder. Multiple apparent alpha-noradrenergic receptor binding 
sites in rat brain: effect of 6-OH dopamine. Mol Pharmac~d 16: 
47-60, 1979. 

53. Way, E. L. and F. H. Shen. Catecholamines and 5-by 
droxytryptamine. In: Narcotic l)ruk, s: Biochemical  Phar, tacol-  
ogy, edited by D. H. Clouet. New York: Plenum Press, 1973, 
pp. 229-253. 

54. We(, E., H. H. Loh and E. L. Way. Neuroanatomical correlates 
of wet dog shake behavior induced by 5-hydroxytryptophan in 
the rat. Lifb Sci 12: 489-496, 1973. 

55. Whitaker, P. M. and P. Seeman. Selective labelling of serotonin 
receptors by d-:~H-LSD in calf caudate. P r ,  c Nai l  Acad 5,ci 
USA 75: 5783-5787, 1978. 

56. Yap, C. Y. and D. A. Taylor. Involvement of 5-HT._. receptors in 
the wet dog shake behavior induced by 5-hydroxytryptophan m 
the rat. Neurophurmacology  22:801 8(}4, 1983. 

57. Zeuchner, J., L. Ronnback, 1,. Rosengren, A. Wronski and S. 
O. Ogren. Decreased morphine intake by opiate addicted rats 
administered zimelidine, a 5-HT uptake inhibitor. I'.sychol,har 
macolo~,,y (Berlin) 82: 3t/-35, 1984. 


