
Pharmt~colo~,,y Biochemistry & Behavior, Vol. 17, pp. 419--423. 1982. Printed in the U.S.A. 

Morphine Enhances High-Affinity 
Choline Uptake in Mouse Striatum' 

M A R Y  L O U  V A L L A N O , "  M A R I E  T. S P O E R L E 1 N  A N D  C H R I S T I N A  V A N D E R W E N D E  

Rutgers - -The  State University, Department  o f  Pharrnacolo~,,y 
Busch Campus, P.O. Box 789, Piscatan'ay, NJ 08854 

R e c e i v e d  18 F e b r u a r y  1982 

VALLANO, M. L., M. T. SPOERLEIN AND C. VANDERWENDE. Morphine enhances high-~{lfinity choline uptake in 
mouse striatum. PHARMAC. B1OCHEM. BEHAV. 17(3) 419-423, 1982.--The effects of morphine ( 2 mg/kg-60 mg/kg) on 
cholinergic neuronal activity were examined by the method of high-affinity, Na~-dependent [:~H]choline uptake into synap- 
tosomes isolated from mouse corpus striatum. Acute administration of analgesic doses of morphine (10 mg/kg, 20 mg/kg) 
significantly stimulated choline uptake into synaptosomes in a naloxone-reversible manner. When synaptosomes were 
directly exposed to pharmacologically effective concentrations of morphine (0.1 /xM-10.0 #M) in vitro however, choline 
transport was not signifcantly different from control transport, suggesting that morphine (10 mg/kg, 20 mg/kg) does not 
stimulate choline uptake by a direct effect on the cholinergic nerve terminal. The possibility that acute morphine adminis- 
tration indirectly enhances striatal cholinergic neuronal activity by inhibiting dopaminergic function was supported phar- 
macologically since the dopaminergic agonists, apomorphine ( 10 mg/kg) or amantadine (50 mg/kg), reversed the stimulatory 
effect of morphine on choline uptake. High-affinity choline transport into synaptosomes was not significantly different from 
control uptake in response to a sub-analgesic dose of morphine (2 mg/kg) or in response to 60 mg/kg, a dose that elicited 
hypermotility. These data suggest that analgesic doses of morphine may indirectly enhance cholinergic neuronal activity in 
the mouse corpus striatum. 

Morphine Acetylcholine Dopamine Corpus striatum Mouse Analgesia 

THE complex relationship between the behavioral and neu- 
rochemical effects of opiates on the central nervous system 
remains an area of active investigation. The mammalian cor- 
pus striatum contains a dense network of opiate receptors 
[16,22] and the highest concentrations of methionine and 
leucine enkephalin in the brain [21,31]. Approximately one- 
third of the enkephalinergic neurons in the striatum termi- 
nate presynaptically upon nigrostriatal dopaminergic axons, 
whereas the remaining receptors may lie on intrastriatal 
GABAergic and cholinergic neurons [2, 13, 17]. In order to 
determine the nature of opiate action in the striatum, inves- 
tigators have attempted to characterize narcotic effects upon 
individual neurotransmitter systems. 

In the mouse, relatively large doses of narcotics elicit a 
hypermotility response that is dose-dependent and antago- 
nized by pretreatment with naloxone [5,11]. An increase in 
striatal dopamine release and adenosine 3', 5'-monophosphate 
levels were observed in mice that exhibited the hypermotility 
response [27]. The increase in dopaminergic neuronal 
transmission was accompanied by a decrease in striatal 
acetylcholine release [18]. A wide variety of dopaminergic 
agonists facilitate opiate~induced locomotion, whereas do- 
paminergic antagonists [9,29] and anticholinesterases [20] 
diminish the response. These studies suggest that an increase 
in striatal dopaminergic function and a reduction in 

cholinergic neurotransmission are related to opiate-induced 
hypermotility in the mouse. 

In contrast, the analgesic response that is elicited by 
lower doses of morphine is augmented by pretreatment with 
dopaminergic antagonists and reduced by pretreatment with 
dopaminergic agonists [28]. Since the mechanisms underly- 
ing narcotic-induced analgesia and hypermotility appear to 
be distinct [14], they may involve opposite effects on the 
cholinergic and dopaminergic systems depending upon the 
dosage. 

In this report, the effects of various doses of morphine on 
striatal high-affinity Na+-dependent choline uptake 
(HANDU) have been examined in a strain of mice that has 
been characterized behaviorally with respect to the actions 
of morphine [24, 28, 29, 30]. In addition, the interactions 
between striatal cholinergic and dopaminergic systems have 
been investigated pharmacologically. 

METHOD 

Male Carworth CF-1 albino mice (20-30 g) were utilized 
in the experiments. The animals were maintained in a 12 hr 
dark/light cycle and were used for experimentation between 
9:00-10:00 a.m. Temperature remained constant at 24°C. 
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Purina laboratory chow and water were available ad lib. 
Amantadine HCI and dl-,8-3,4-dihydroxyphenylalanine 

(dl-Dopa) were purchased from Sigma. Apomorphine HCI, 
atropine SO4 and morphine SO., were obtained from Merck. 
[all]choline, protosol and aquasol were purchased from New 
England Nuclear. In addition, the following compounds 
were donated by the manufacturers: haloperidol (McNeil 
labs): naloxone HCI (Endo labs). All other compounds ,aere 
reagent grade and were obtained from commercial sources. 

Test compounds or vehicle were administered by the in- 
traperitoneal mode in a volume ranging betwen 0.2-0.3 ml. 
Doses of basic compounds refer to the salts. Animals were 
sacrificed 40 rain after morphine injection, when peak brain 
concentrations are obtained [ 151. 

In a separate set of experiments, the direct effect of roof 
phine on choline uptake into synaptosomes was examined by 
adding morphine or vehicle directly to the sample tube prior 
to incubation with 0.26/,M choline (0.4 ~Ci [;~H]choline). 

The measurement of high-affinity Na +-dependent 
pH]choline uptake into striatal synaptosomes was used as a 
qualitative index of cholinergic neuronal activity iH riro [231. 
Choline uptake into striatal synaptosomes was linear over 
the incubation times and choline concentrations utilized in 
the experiments. Moreover, when mitochondria and synap- 
tosomes were separated by high-speed centrifugation of the 
P,_, homogenate over a discontinuous sucrose density gra- 
dient [6], HANDU occurred exclusively in the synaptosomal 
fraction with a negligible contribution by mitochondria (tin- 
published observations). Subsequent to decapitation, both 
striata from each brain were rapidly excised, homogenized in 
2.0 ml of 0.32 M sucrose and centrifuged at 1000 × g for 10 
min. The supernatant was transferred to a clean tube and 
centrifuged at 17000 × g for 15 min in order to obtain a crude 
synaptosomal pellet (Whittaker's Pe pellet). The P2 pellet 
was gently resuspended in 1.5 ml of 0.32 M sucrose. All 
preparative procedures were performed fit 4°C. Choline up- 
take was initiated by adding 100 p,I of synaptosomal 
homogenate to 900/,1 of a modified Krebs-Ringer buffer (pH 
7.4, prewarmed to 31°C) containing 0.26 #M choline (0.4 #Ci 
Jail]choline). Triplicate samples were incubated for 3 min at 
31°C in buffer containing sodium (126.0 mM NaCI; 4.8 mM 
KCI; 1.3 mM CaCIz; 15.8 mM NaHPO~; 1.4 mM MgCle; and 
2.0 mg/ml dextrose) or buffer containing no sodium (NaC1 
and Na~HPO~ were replaced by 252.0 mM sucrose and 15.8 
mM Tris-phosphate). The uptake reaction was terminated by 
transferring the samples to an ice-bath followed by centrifu- 
gation at 6000 × g for 20 min. The synaptosomal pellets 
containing laH]choline were surface washed with 2 I-ml 
aliquots of 0.9r/~ NaCI and solubilized in I ml of protosol. 
The solubilized mixture was placed into a scintillation vial 
and each sample tube was rinsed with 2 5-ml aliquots of 
aquasol scintillation cocktail prior to addition of the aquasol 
to vials. Each sample was neutralized with 0.5 ml of 20c,~ 
acetic acid and the radioactivity was counted by liquid scin- 
tillation spectrometry at 40eJ efficiency. Protein was deter- 
mined spectrophotometrically as described by [3]. Na +- 
dependent uptake was calculated as the difference between 
total uptake into synaptosomes that were incubated in Na + 
buffer, and non-specific low-affinity uptake which persists in 
the Na+-free buffer. The low-affinity choline transport into 
striatal synaptosomes represented = 209~ of the total choline 
transport. The data, pmol choline/3 min/mg protein, are ex- 
pressed as percentages compared to 100c2~ control uptake. 
Statistical analysis of paired samples was performed using 
the Wilcoxon two-tailed signed rank lest. 
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FIG. I. Effectsol  +pharmacological agents on HANI)U into s/riatal 
synaptosomes.  'p =0.03. dI-Dopa and haloperidol werc administered 
IP 60 rain prior to sacrifice. Atropine was administered IP 30 rain 
prior to sacrifice. The data represent Mean-S.E.M. of at least 4 
separate determinations (n for control group n lk)r experimental 
group). 

RESUI+ I'S 

I11 order to substantiate the validity of using HANDU as 
an index of cholinergic neuronal activity, three compounds 
whose actions on striatal ACh release have been established 
were examined for their effects on HANDU into striatal syn- 
aptosomes. As shown in Fig. 1, a 31~ increase in choline 
uptake was observed in response to the administration of 
haloperidol (5 mg/kg), a neuroleptic which blocks 
postsynaptic dopamine receptors. Atropine (10 mg/kg), a 
muscarinic cholinergic receptor anatagonist, produced a 57c;- 
increase in choline transport. Only a modest reduction m 
HANDU was observed in response to dI-Dopa (50 mg/kg), a 
dopaminergic agonist. These data indicate that pharmacolog- 
ical agents which enhance slriatal cholinergic neuronal ac- 
tivity also enhance HANDU into mouse striatal synapto- 
somes. 

The effects of morphine (2 mg/kg-60 mg/kg) and naloxone 
( 1 mg/kg) on HANDU into striatal synaptosomes are shown 
in Fig. 2. A significant increase in HANDU was observed in 
mice that had received analgesic doses of morphine (10 
mg/kg, 20 mg/kg). Pretreatment with naloxone reversed the 
stimulatory effect of morphine on high-affinity choline trans- 
port. When the dosage was increased to 60 mg/kg, morphine 
elicited the characteristic hypermotility response, whereas 
HANDU returned to control values. These data suggest that 
analgesic doses of morphine enhance cholinergic neuronal 
activity in the mouse by a mechanism that is specific to an 
opiate receptor. 

The possibility that morphine {10 mg/kg, 20 mg/kg) in- 
creases HANDU into striatal synaptosomes via a direct ac- 
tion on the cholinergic nerve terminal was examined by in- 
cubating synaptosomes in the presence of pharmacologically 
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FIG. 2. Effects of morphine and naloxone on HANDU into striatal 
synaptosomes. 'p =0.05. ~p =0.01. All doses of morphine were ad- 
ministered 1P 40 rain prior to sacrifice. Naloxone was administered 
IP 60 min prior to sacrifice. The data represent Mean_+S.E.M. of 
at least 4 separate determinations (n for control group = n for exper- 
imental group). 

effective concentrations of morphine and measuring high- 
affinity choline transport. Table I demonstrates that 0.1 
gM-10.0 ktM morphine had no effect on HANDU into 
striatal synaptosomes. 

Since it did not exert a direct effect on the cholinergic 
nerve terminal over a wide range of concentrations, the 
possibility that morphine ( 10 mg/kg, 20 mg/kg) indirectly ac- 
tivates the striatal cholinergic system through a mechanism 
involving the dopaminergic system was examined. If mor- 
phine is inhibiting nigrostriatal dopaminergic function, then 
one would observe an increase in cholinergic neuronal activ- 
ity and choline uptake, and dopaminergic agonists should 
reverse this effect. Pharmacological support for this concept 
is presented in Table 2. The dopaminergic agonists, apomor- 
phine (10 mg/kg) or amantadine (50 mg/kg) reversed the 
stimulatory effect of morphine on HANDU at doses that did 
not alter uptake when administered alone. 

DISCUSSION 

A high-affinity Na ' -dependent  choline transport system is 
localized in the membrane of cholinergic nerve terminals. 
This system is intimately associated with the conversion of 
transported choline to acetylcholine and may represent a 
rateqimiting step in ACh synthesis by cholinergic neurons. 
In addition, high-affinity Na+-dependent choline transport 
into synaptosomes is coupled to neuronal activity. Adminis- 
tration of a wide variety of pharmacological agents that re- 
duce ACh release and turnover rate also reduce HANDU 
into synaptosomes, whereas increases in HANDU are ob- 
served in response to the administration of compounds that 
increase ACh release and turnover rate. Thus, HANDU has 
been utilized as a qualitative measure of the activity of 
cholinergic neurons in vivo I I,10] for review, see 123]. 

Our experiments verify the use of HANDU as an index of 
cholinergic neuronal activity in the mouse corpus striatum. 
Parasympatholytics stimulate ACh release and synthesis 
[12,19] and atropine significantly stimulated HANDU into 
striatal synaptosomes. Haloperidol, a dopamine receptor 
antagonist that increases ACh release and synthesis [25,26] 

TABLE 1 

EFFECT OF MORPHINE ON H A N D U  INTO SYNAPTOSOMES 
IN VITRO 

Morphine 
Concentration n* % HANDU + S.E.M 

Saline 3 100.0 
10.0 p,M 3 105.6 _+ 0.8 

1.0/xM 3 101.1 +_ 3.9 
0.1 /~M 3 97.8 _+ 3.9 

*N Number of determinations. 

TABLE 2 

E F F E C T S  O F  D O P A M I N E R G I C  A G O N I S T S  ON M O R P H I N E -  
STIMULATED H A N D U  INTO SYNAPTOSOMES 

Dosage 
Treatment§ n* (mg/kg) % HANDU _+ S.E.M. 

Control 100.0 
Morphine 8 10 114.5 + 5.17 
Morphine 9 20 122.4 _+ 5.65 
Apomorphine 6 10 96.7 _+ 6.7 
Apomorphine+Morphine 5 l0 + l0 101.7 + 10.9 
Apomorphine+Morphine 5 10 + 20 90.8 _+ 5.1 
Amantadine 4 50 105.6 +_ 7.9 
Amantadine+Morphine 4 50 + 20 95.9 _+ 5.4 

*n Number of determinations (n for control group =n for exper- 
imental group). 

+p 0.05. 
#, O.Ol. 
~Morphine was administered IP 40 min prior to sacrifice. 

Apomorphine and amantadine were administered IP 60 min prior to 
sacrifice. 

significantly increased choline transport into striatal synap- 
tosomes. 

There is a vast literature concerned with the effects of 
opiates on dopaminergic (for review, see [8]) and cholinergic 
(for review, see [4]) systems in the brain. However,  variabil- 
ity between strain, drug dosages, modes of administration, 
time of day and other such factors limits the degree to which 
these data can be compared. In the present studies, advan- 
tage was taken of the fact that our laboratory has previously 
accumulated a considerable amount of pharmacological and 
behavioral data with morphine in the CF-1 strain of mice [24, 
28-30]. This permits standardization of many variables and 
provides an improved basis for data interpretation. 

Morphine-induced hypermotility and analgesia in CF-I 
mice can be dissociated from each other depending upon the 
dose administered. In addition, these parameters are differ- 
entially affected by dopaminergic compounds. The hyper- 
motility response to morphine emerges at a relatively large 
dose (60 mg/kg). Pretreatment with dopaminergic agonists 
facilitates the response, whereas pretreatment with dopa- 
minergic antagonists diminishes it [29]. These data are con- 
sistent with reports of increased striatal dopamine release 
and cAMP levels [27] and decreased striatal ACh release [18] 
in mice that exhibit hypermotility. In the present study, 
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H A N D U  into str iatal  s y n a p t o s o m e s  in r e s p o n s e  to 60 mg/kg 
of  m o r p h i n e  was not  s ignif icant ly  di f ferent  f rom cont ro l  val- 
ues.  A poss ib le  exp lana t ion  for  our  fai lure to o b s e r v e  a t-e- 
d u c t i o n  in H A N D U  into s tr ia tal  s y n a p t o s o m e s  in r e s p o n s e  to 
a dose  o f  m o r p h i n e  tha t  elicits hypermot i l i ty  and that  would 
be expec t ed  to dec rea se  chol inerg ic  neu rona l  ac t iv i ty  is tha t  
the  str iatal  high-aff ini ty chol ine  t r anspo r t  sys t em has  the  ca- 
paci ty  to inc rease  chol ine  up take  in r e sponse  to an inc rease  
in chol inerg ic  n e u r o t r a n s m i s s i o n ,  but  has  a l imited capac i ty  
to r educe  H A N D U  in r e s p o n s e  to a dec rea se  in chol inerg ic  
n e u r o t r a n s m i s s i o n .  Suppor t  for the  la t ter  a l t e rna t ive  is pro- 
v ided  by o b s e r v a t i o n s  in our  l abora to ry  that  severa l  agents  
which  are k n o w n  to e n h a n c e  A Ch  re lease  and  t u r n o v e r  rate 
in the s t r i a tum also e n h a n c e  H A N D U  into s tr ia tal  synap to -  
somes .  H o w e v e r ,  we were  unab le  to d e m o n s t r a t e  a signifi- 
can t  r educ t ion  in H A N D U  in r e s p o n s e  to the  admin i s t r a t ion  
of  d l -Dopa.  Similar ly ,  o the r  inves t iga to rs  have  repor ted  in- 
c reased  H A N D U  into rat s t r ia tal  s y n a p t o s o m e s  af ter  the 
admin i s t r a t i on  of  ha loper idol ,  w he r ea s  a p o m o r p h i n e  did not 
reduce  str iatal  H A N D U  despi te  the  fact tha t  it dec r ea se s  
ACh  t u r n o v e r  ra te  in the  rat  s t r ia tum [I]. In con t ras t ,  bo th  
inc reased  and  dec rea sed  chol ine  t r anspor t  into h ippocampa l  
and  ce rebra l  cort ical  s y n a p t o s o m e s  have  been  o b s e r v e d  in 
r e s p o n s e  to a var ie ty  of  pha rmaco log ica l  agents  [1], suggest-  
ing tha t  the  str iatal  chol ine  t r anspo r t  sys tem may be unique  
in its a p p a r e n t  un iphas ic  potent ia l  for  regula t ing chol ine  
avai labi l i ty .  Since str iatal  chol inerg ic  i n t e r neu r ons  are toni- 
cally inh ib i ted  by dopamine rg ic  input  f rom the n igros t r ia ta l  
t ract  [7]. A C h  re lease  and  syn thes i s  are usual ly  suppressed .  
Poss ibly ,  regula t ion of  chol ine  avai labi l i ty  plays an impor-  
tant  role in ACh  syn thes i s  u n d e r  c i r c u m s t a n c e s  whe re  dis- 
inhibi t ion of  chol inergic  n e u r o n s  occu r s  and  a mino r  role 
u n d e r  cond i t ions  of  r educed  chol inerg ic  neurona l  act ivi ty .  

In con t r a s t  to the re la t ively  large dose  of  m o r p h i n e  that  is 

requi red  to elicit hypermot i l i ty ,  the El)  5(i for morph ine -  
induced  ana lges ia  in the CF-1 s t ra in  of  mice is approx ima te l}  
9 mg/kg [24]. P r e t r ea tmen t  with dopaminerg ic  agonis ts  in- 
hibi ts  morph ine  analges ia ,  whe reas  p re t r ea tmen t  with  do- 
paminerg ic  an tagon is t s  augmen t s  this r e sponse  [28]. The 
possibi l i ty  that  analges ic  doses  of  morph ine  indirectl~ 
e n h a n c e  str iatal  chol inergic  neurona l  act ivi ty was suppor ted  
in the p resen t  s tudy.  Admin i s t r a t ion  of  morph ine  (10 m ~ k g ,  
20 mg/kg) s ignif icant ly s t imula ted  H A N D U  into striatal syn- 
a p t o s o m e s  in a na loxone - reve r s ib l e  manner .  The  obse rved  
increase  in chol ine  t ranspor t  was not due to a direct  effecl ol 
morph ine  on the chol inergic  nerve  terminal  as d e m o n s t r a l e d  
in the  in vitro expe r imen t s .  P re t r ea tmen t  with dopaminerg ic  
agonis ts  r educed  the s t imula tory  effect of  morph ine  on 
H A N D U  into str iatal  s y n a p t o s o m e s .  Thus ,  morph ine  ac 
t iva les  the str iatal  chol inergic  sys tem tit analgesic  doses  and 
bo th  ana lges ia  and H A N D U  are modula ted  by dopamincrg ic  
c o m p o u n d s .  Possibly,  low doses  of  morph ine  inhibit  dopa-  
minergic  neu ro t r ansmi s s ion ,  resul t ing in d is inhibi t ion  ol 
str iatal  chol inergic  i n t e rneu rons  and an increase  in str iata/  
chol inergic  neu ro t r ansmis s ion .  

A tho rough  analys is  of  the acute  effects  of  opia tes  in the 
co rpus  s t r ia tum must  lake into accoun t  the mult iple lo 
ca l iza t ions  of  opiate  recep tors  in this region. ( ' lea l ]~ .  the 
preferent ia l  ac t iva t ion  or inhibi t ion of  a specific ncuro-  
t r a n s m i t t e r  sys tem will be d ic ta ted  by the eft2"ctivc concen-  
t ra t ion  of  narco t ic  in the s t r ia lum and in nuclei that  modula lc  
str iatal  n e u r o t r a n s m i t t e r  act ivi ty.  
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