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VALLANO. M. L.. M. T. SPOERLEIN AND C. VANDERWENDE. Morphine enhances high-affinity choline uptake in
mouse striatum. PHARMAC. BIOCHEM. 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 uM—10.0 uM) 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 HCl and di-8-3.4-dihydroxyphenylalanine
(dl-Dopa) were purchased from Sigma. Apomorphine HCI.
atropine SO, and morphine SO, were obtained from Merck.
[*H]choline, protosol and aquasol were purchased from New
England Nuclear. In addition. the following compounds
were donated by the manufacturers: haloperidol (McNeil
labs); naloxone HC1 (Endo labs). All other compounds were
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 min after morphine injection, when peak brain
concentrations are obtained [15].

In a separate set of experiments. the direct effect of mor-
phine on choline uptake into synaptosomes was examined by
adding morphine or vehicle directly to the sample tube prior
to incubation with 0.26 uM choline (0.4 nCi [*H]choline).

The measurement of high-affinity Na*-dependent
[*H]choline uptake into striatal synaptosomes was used as a
qualitative index of cholinergic neuronal activity in vivo [23].
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 (un-
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 x g for 10
min. The supernatant was transferred to a clean tube and
centrifuged at 17000 x g for 15 min in order to obtain a crude
synaptosomal pellet (Whittaker’s P, pellet). The P, pellet
was gently resuspended in 1.5 ml of 0.32 M sucrose. All
preparative procedures were performed at 4°C. Choline up-
take was initiated by adding 100 ul of synaptosomal
homogenate to 900 ul of a modified Krebs-Ringer buffer (pH
7.4, prewarmed to 31°C) containing 0.26 uM choline (0.4 uCi
[*H]choline). Triplicate samples were incubated for 3 min at
31°C in buffer containing sodium (126.0 mM NaCl; 4.8 mM
KCl; 1.3 mM CaCl,: 15.8 mM NaHPO,; 1.4 mM MgCl,; and
2.0 mg/ml dextrose) or buffer containing no sodium (NaCl
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 x g for 20 min. The synaptosomal pellets
containing [*H]choline were surface washed with 2 1-ml
aliquots of 0.9 NaCl and solubilized in 1 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 20%
acetic acid and the radioactivity was counted by liquid scin-
tillation spectrometry at 409 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 1009% control uptake.
Statistical analysis of paired samples was performed using
the Wilcoxon two-tailed signed rank test.
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FIG. 1. Effects of pharmacological agents on HANDU into striatal
synaptosomes. 'p=0.03. dI-Dopa and haloperidol were administered
IP 60 min prior to sacrifice. Atropine was administered [P 30 min
prior to sacrifice. The data represent Mean S .E.M. of at least 4
separate determinations (n for control group = n for experimental
group).

RESULTS

In 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 5777
increase in choline transport. Only a modest reduction in
HANDU was observed in response to dl-Dopa (50 mg/kg). a
dopaminergic agonist. These data indicate that pharmacolog-
ical agents which enhance striatal 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. ®»=0.01. All doses of morphine were ad-
ministered IP 40 min prior to sacrifice. Naloxone was administered
[P 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 | demonstrates that 0.1
#M-10.0 uM 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
rate-limiting 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 [1,10] for review, see [23].

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]
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TABLE 1
EFFECT OF MORPHINE ON HANDU INTO SYNAPTOSOMES
IN VITRO
Morphine
Concentration n* % HANDU = S.E.M
Saline 3 100.0
10.0 uM 3 105.6 + 0.8
1.0 uM 3 101.1 = 3.9
0.1 uM 3 97.8 + 3.9

*N =Number of determinations.

TABLE 2

EFFECTS OF DOPAMINERGIC AGONISTS ON MORPHINE-
STIMULATED HANDU INTO SYNAPTOSOMES

Dosage

Treatment$ n* (mg/kg) % HANDU = S.E.M.
Control — - 100.0

Morphine 8 10 1145 = 5.7
Morphine 9 20 1224 = 5.6%
Apomorphine 6 10 96.7 £ 6.7
Apomorphine + Morphine S 10 + 10 101.7 + 10.9
Apomorphine+Morphine 5 10+ 20 90.8 = 5.1
Amantadine 4 50 1056 = 7.9
Amantadine + Morphine 4 50+ 20 959 + 5.4

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

tp = 0.05.

ip =0.01.

§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-1
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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HANDU into striatal synaptosomes in response to 60 mg/kg
of morphine was not significantly different from control val-
ues. A possible explanation for our failure to observe a re-
duction in HANDU into striatal synaptosomes in response to
a dose of morphine that elicits hypermotility and that would
be expected to decrease cholinergic neuronal activity is that
the striatal high-affinity choline transport system has the ca-
pacity to increase choline uptake in response to an increase
in cholinergic neurotransmission, but has a limited capacity
to reduce HANDU in response to a decrease in cholinergic
neurotransmission. Support for the latter alternative is pro-
vided by observations in our laboratory that several agents
which are known to enhance ACh release and turnover rate
in the striatum also enhance HANDU into striatal synapto-
somes. However, we were unable to demonstrate a signifi-
cant reduction in HANDU in response to the administration
of dl-Dopa. Similarly, other investigators have reported in-
creased HANDU into rat striatal synaptosomes after the
administration of haloperidol, whereas apomorphine did not
reduce striatal HANDU despite the fact that it decreases
ACh turnover rate in the rat striatum [1]. In contrast, both
increased and decreased choline transport into hippocampal
and cerebral cortical synaptosomes have been observed in
response to a variety of pharmacological agents [1]. suggest-
ing that the striatal choline transport system may be unique
in its apparent uniphasic potential for regulating choline
availability. Since striatal cholinergic interneurons are toni-
cally inhibited by dopaminergic input from the nigrostriatal
tract [7]. ACh release and synthesis are usually suppressed.
Possibly, regulation of choline availability plays an impor-
tant role in ACh synthesis under circumstances where dis-
inhibition of cholinergic neurons occurs and a minor role
under conditions of reduced cholinergic neuronal activity.
In contrast to the relatively large dose of morphine that is
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required to elicit hypermotility. the ED 50 for morphine-
induced analgesia in the CF-1 strain of mice is approximately
9 mg/kg [24]. Pretreatment with dopaminergic agonists in-
hibits morphine analgesia, whereas pretreatment with do-
paminergic antagonists augments this response [28]. The
possibility that analgesic doses of morphine indirectly
enhance striatal cholinergic neuronal activity was supported
in the present study. Administration of morphine (10 mg/kg,
20 mg/kg) significantly stimulated HANDU into striatal syn-
aptosomes in a naloxone-reversible manner. The observed
increase in choline transport was not due to a direct effect of
morphine on the cholinergic nerve terminal as demonstrated
in the in vitro experiments. Pretreatment with dopaminergic
agonists reduced the stimulatory effect of morphine on
HANDU into striatal synaptosomes. Thus. morphine ac-
tivates the striatal cholinergic system at analgesic doses and
both analgesia and HANDU are modulated by dopaminergic
compounds. Possibly, low doses of morphine inhibit dopa-
minergic neurotransmission, resulting in disinhibition of
striatal cholinergic interneurons and an increase in striatal
cholinergic neurotransmission.

A thorough analysis of the acute effects of opiates in the
corpus striatum must take into account the multiple lo-
calizations of opiate receptors in this region. Clearly. the
preferential activation or tnhibiion of a specific neuro-
transmitter system will be dictated by the effective concen-
tration of narcotic in the striatum and in nuclei that modulate
striatal neurotransmitter activity.
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