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Abstract

We investigated how repeated treatments with methamphetamine (4-0mgkg~!, i.p.) plus scopol-
amine (0-5mgkg™', i.p.) and methamphetamine alone effected behavioural sensitization and conditioned
response in rats.

Repeated methamphetamine plus scopolamine treatment induced a more progressive and enduring
enhancement of focused stereotyped behaviour than repeated methamphetamine treatment. Stereotyped
behaviour induced by methamphetamine plus scopolamine was reproduced by challenge injections of
methamphetamine plus scopolamine, methamphetamine, and to a lesser extent by scopolamine challenges.

The methamphetamine plus scopolamine-sensitized rats were conditioned to a low frequency tone
(300 Hz, 100 dB) associated with the drug state. They exhibited a conditioned response to pairings of the
tone (conditioned stimulus) and placebo injections. However, they did not respond to the tone alone or the
placebo injections alone.

The methamphetamine-sensitized rats failed to demonstrate any conditioning; only the repeated
methamphetamine plus scopolamine treatment induced sensitization to the drug-associated tone. Pairings
of exteroceptive conditioned stimulus-interoceptive unconditioned stimulus associations may provide an
important source for conditioning to the tone associated with the drug state.

We conclude that behavioural sensitization may operate via a reciprocal balance between the
dopaminergic and cholinergic inhibitory systems, in favour of a dopaminergic dominance. Conditioning
to the drug-associated tone may be mediated via a reciprocal balance between the two transmitter systems.

Repeated administration of amphetamine or methampheta-
mine induces behavioural sensitization (Robinson & Becker
1986). Most of the proposed mechanisms focus on func-
tional changes in dopamine systems (Karler et al 1990).
However, in studying the neural correlate of amphetamine-
induced stereotyped behaviour, stereotyped behaviour has
been found to be mediated via a reciprocal balance between
dopaminergic and inhibitory cholinergic mechanisms
(Arnfred & Randrup 1968; Naylor & Costall 1971; Costall
& Naylor 1972; Kokkinidis & Anisman 1980). In this
regard, anticholinergics, such as scopolamine hydrobromide
(Arnfred & Randrup 1968; Kokkinidis & Anisman 1980),
atropine sulphate (Arnfred & Randrup 1968; Costall &
Naylor 1972) and orphenadrine (Naylor & Costall 1971)
were found to enhance amphetamine-induced stereotyped
behaviour. However, there is a relative paucity of data
concerning the role of the reciprocal balance between the
dopaminergic and inhibitory cholinergic systems in beha-
vioural sensitization. Our preliminary study with rats indi-
cated that repeated methamphetamine (4-0mgkg~!) plus
scopolamine (0-5mgkg™!) treatment induced robust beha-
vioural sensitization to injections of the two drugs (Yui et al
1988; Yui & Miura 1991). The first purpose of the present
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study was to evaluate the influence of the dopaminergic-
cholinergic balance on behavioural sensitization, by asses-
sing how different drugs induce behavioural sensitization.
Repeated amphetamine treatment can cause the recipient
to become conditioned to experimental apparatus asso-
ciated with the drug state (Schiff 1982; Beninger & Hahn
1983). In man, it is suggested that the high relapse rate seen
among patients with a history of amphetamine or metham-
phetamine psychosis, may largely be the result of condition-
ing phenomena or excessive incentive learning associated
with chronic amphetamine or methamphetamine abuse
(Utena 1974; Schiff 1982; Beninger & Hahn 1983). A
previous animal study showed that under the influence of
dopaminergic hyperactivity, the ability of drug-associated
environmental stimuli to elicit a conditioned response was
enhanced (Beninger & Hahn 1983). In this regard, environ-
mental stress can act as a precipitant of methamphetamine
psychosis following the development of methamphetamine-
induced dopaminergic hypersensitivity (Sato et al 1983). In
addition, amphetamine sensitization was reported to be
interchangeable with stress (Antelman et al 1980). Thus,
conditioned response to a tone associated with the drug
state following the development of behavioural sensitization
might provide useful information regarding reactivity to
environmental stimuli. The second purpose of the present
study was to assess the ability of co-administration of
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methamphetamine and scopolamine to augment the effects
of methamphetamine on conditioning, and hence to evalu-
ate the influence of the reciprocal balance between the
dopaminergic and cholinergic systems on drug conditioning.

Materials and Methods

Experiment 1

The first experiment was designed to determine the way in
which a reciprocal balance between dopaminergic and
cholinergic inhibitory systems induces the development of
behavioural sensitization.

Animals. Forty-four male Wistar rats, 250-350g, were
housed individually from the 18th day of life and main-
tained on a reverse 12h: 12h dark/light cycle (lights off at
0700 h) with free access to food and water, at a constant
environmental temperature (25°C) and relative humidity of
55%. Testing was conducted during the dark cycle.

Drug treatment regimen. Each of the four experimental
groups received intraperitoneal injections of methampheta-
mine (4-0mgkg~!, Philopon, Dainippon Co., Japan) com-
bined with scopolamine (0-5mgkg~!, Hysco, Kyorin Co.,
Japan), methamphetamine (4-0mgkg~!), scopolamine
(0-5mgkg™"), or control volumes of physiological saline
equivalent to the methamphetamine plus scopolamine
doses for 14 days (chronic administration period). To
determine the potentially different effects of the drugs on
behavioural sensitization and the preserved level of beha-
vioural sensitization, methamphetamine plus scopolamine-
treated rats were divided randomly into three subgroups at 7
days after the cessation of the chronic treatment. Each of the
subgroups, along with the other groups, received five
challenge injections of the same doses of the respective
regimen that had been given during the chronic administra-
tion period, each at 7-day intervals (challenge period).

Behavioural measurement. Rats were placed individually
in respective observation cages made of transparent plastic
with the same dimensions as the holding cage (33 x
24 x 17 cm high). Red opaque barriers were used to prevent
each rat from being influenced by the behaviour of its
neighbours. The rats received a 3-h session of habituation
to the observation cage for three consecutive days. During
the experiment the animals were rated for 5min at 5, 10, 15,
20, 30, 45, 60, and 120 min after injections by two trained
raters, blinded to the treatment groups. The evaluation was
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Fic. 1. Graphic presentation of procedures for conditioning and
testing for drug conditioning.

based on the following five-point rating scale adapted from
the scoring systems of previous reports (Costall & Naylor
1972; Ellinwood & Balster 1974; Sahakian et al 1975; Ujike
et al 1990; Paulson et al 1991): 0, animal is asleep or
stationary; 1, mild, discontinuous sniffing associated with
continuous exploration; 2, burst of sniffing with hyper-
activity; 3, continuous sniffing with very brief locomotor
activity or rearing; 4, continuous sniffing without rearing
and locomotion; S, continuous, focused sniffing inter-
mingled with gnawing and licking at one place.

Data analysis. The cumulative behavioural score over the
120-min period on each test day was calculated as the
average of the eight observations for each rat in each
group. Data were analysed using the non-parametric
Kruskal-Wallis test followed by the Mann-Whitney U-test.
All comparisons were based on two-tailed probabilities.

Dose response. Previous studies revealed that with an increas-
ing dose of amphetamine in the dose range of 3—15mgkg™!
(Ellinwood & Balster 1974; Fray et al 1980), stereotypy was
gradually intermingled with gnawing and licking. It was
reported that with the addition of 3-0mgkg™' scopolamine
to 10-0 mg kg~! amphetamine, intense stereotypy was accom-
panied by licking and biting (Arnfred & Randrup 1968). Our
preliminary dose—effect data indicated that metham-
phetamine in the dose range of 2-:0-10-0mgkg~!, alone
and in combination with 0-5mgkg~! scopolamine, dose-
dependently produced focused stereotypy intermingled
with gnawing and licking.

Experiment 2

Experiment 2 was conducted according to conventional
drug conditioning (Schiff 1982; Beninger & Hahn 1983;
Carey 1991), as follows.

Animals. Thirty-two Wistar rats, 250-350 g, reared in iso-
lation were employed.

Conditioning. Rats were randomly allocated to four groups.
Each of the four groups received 14 training trials consist-
ing of daily intraperitoneal injections of methampheta-
mine (4-0 mg kg~") plus scopolamine (0-5mgkg™'), metham-
phetamine (4-0mgkg™!), scopolamine (0-5mgkg!), or
control volumes of physiological saline equal to the
methamphetamine plus scopolamine doses, as an uncondi-
tioned stimulus. This was paired with a 300 Hz, 100 dB tone
as a conditioned stimulus in each respective observation
cage. The 300-Hz tone was generated by a CR audiogenera-
tor (Model AG202A, TRIO Co., Japan) situated at the left
front of the observation cage. The tone was presented twice
for 30 min, Smin before and 85 min after injections, with an
inter-trial interval of 60min (Fig. 1). At 7 days after the
discontinuation of training trials, all four groups of pre-
treated rats received reconditioning with the same protocol.
To ensure the sustainability of conditioning, retraining was
repeated five times, at 7-day intervals. The 300-Hz tone was
considered to be a sensory exciting stimulus because it elicits a
startle response in drug-free rats. Background noise (40 dB)
generated by an air conditioning system was constant in the
rearing and experimental rooms.
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Table 1. The mean stereotypy ratings on the first day of the chronic administration and each test day during the challenge period.

Chronic administration period

Methamphetamine + scopolamine Methamphetamine Scopolamine Saline
Ist 2-34+0-11 1-58 +0-09 0-38 £0-09 0-09+0-15
Challenge period
Methamphetamine Methamphetamine Scopolamine Methamphetamine Scopolamine Saline
+ scopolamine
1st 4-20+0-21 3-75 £ 0-09204 0-98 £+ 0-09¢ 341 £0-15 0-23+0-08 0-06 + 0-03
2nd 4-29+0-14 4-00 £ 0-114 1-58 4:0-26¢ 3341019 0-08 £0-04 0-03 +£0-02
3rd 4-34+0-13 404 £0-]15¢4 1110+ 0-16¢ 2-97 £0-30 0-08 +0-06 0-03 +0-02
4th 4-39+0-10 3-77+0-134 1-35+0-17¢ 3-56 +£0-13 0-09 + 0-05 0-02+0-02
5th 416 +0-26 3-88 £ 01304 1724018 3334022 0-19 £0-08 0-024+0-02

The results are the mean values +s.e.m. Each value is the average of 68 rats during a 120-min period except for the first injections of
methamphetamine plus scopolamine of the chronic administration period which is the average of 20 rats. *P < 0-01 compared with first
injection of methamphetamine plus scopolamine; ®*P < 0-05,°P < 0-01 compared with rats pretreated with methamphetamine and challenged
with methamphetamine; 9P < 0-01 compared with rats pretreated with methamphetamine plus scopolamine and challenged with

scopolamine; ¢P < 0-01 compared with rats pretreated with scopolamine and challenged with scopolamine.

Post-test for conditioned effects. Residual drug effects such
as amphetamine metabolite (p-hydroxy-noradrenaline), and
unexcreted methamphetamine can effect test results. Since the
amphetamine metabolite is no longer detectable after 6 days
(Browne & Segal 1977), a test for conditioned response was
given 6 days after each weekly retraining period. Physiologi-
cal saline (placebo) was substituted for the respective drugs.
We assessed the effects of pairing the exteroceptive tone cue
and interoceptive drug cue by comparing it with alternative
conditions. We tested the tone with a placebo injection, the
tone alone and the placebo alone at 7-day intervals according
to a Latin-square design. Animals were rated for Smin at 5,
10, 15, 20 and 30min by two trained raters blinded to the
treatment (Fig. 1). Because amphetamine or methampheta-
mine can induce conditioning of stereotypy (Ellinwood 1971;
Robbins 1976), we employed the 0—5 point rating scale used
in experiment 1 to assess the conditioned response.

Results

Behavioural Responses to the Drugs

Repeated treatment with methamphetamine plus scopo-
lamine induced significantly augmented behavioural
responses as compared with repeated methamphetamine
treatment (U =10-00-42-50, Z=1:92-3-58, P < 0-01 or
P < 0:05). As shown in Table 1, challenge response to
methamphetamine in the methamphetamine plus scopola-
mine-pretreated rat was significantly greater than that
exhibited after the first injections of methamphetamine
plus scopolamine (U = 116-00, Z=3-42, P < 0-01). Stereo-
typed behaviour induced by methamphetamine plus
scopolamine was reproduced by challenge injections of
methamphetamine plus scopolamine and methampheta-
mine to about the same degree, and to a lesser extent by
the scopolamine challenges as compared with scopolamine-
pretreated rats (U =0-00-0-50, Z =3-07-3-23, P < 0-01).

Table 2. Mean conditioned response and time course of conditioned response to the tone conditioned stimulus-placebo pairing, placebo alone

and tone alone.

Methamphetamine + scopolamine Methamphetamine Scopolamine Saline

Tone—placebo pairing 1-10 £ 0-28a<fh 0-25+0-09 0-28 £0-05 0:17 £0-06
Time 5min 0-63+ 01622 0-18 £0-06 0-18 +0-06 0-09 +0-04
10 min 0-28 £ 0-06>d 2 0-00 £0-00 003 £0-03 0-03 £ 0-03

15 min 015 £ 0-042<e8 0-03 £0-03 0-03+0-03 0-00 £ 0-00

20 min 0-0540-09 0-00 +0-00 0-00+0-00 0-00 £+ 0-00

30 min 0-03 £ 0-06 0-05+£0-03 0-05+0-03 0-03 £+ 0-03

Placebo 0-60 £0-17 0-38 £0-09 0431016 023 £0-07
Time Smin 0284011 0-33+008 0-18 +0-07 0-15+0-08
10 min 0-20 £0-08 0-10 £0:05 0-13£0-05 0-03 £0-03

15 min 0-10+£0-05 0-03+£0:03 0-13+0-08 0-03 £ 0-03

20 min 0-00 £ 0-00 0-00 £0-00 0-00+ 0-00 0-00 + 0-00

30 min 0-03 £0-03 0-00 £ 0-00 0-03£0-03 0-00 £ 0-00

Tone 023 +£0-08 0-18 £0-07 0-18 £0-05 0-11+£0-04
Time Smin 0-13+0-04 0-05+0-03 0-05+0-03 0-03 £0-03
10 min 0-05+0-03 0-05+0-03 0-05+0-03 0-03 £0-03

15 min 0-03+0-03 0-05+0:03 0-05+0-03 0-00 £+ 0-00

20 min 0-00 £ 0-00 0-00 £0-00 003 +0-03 0-03 +£0-03

30min 0-00 £0-00 0-00 +0-00 0-03+£0:03 0-03 £ 0-03

The results are the mean +s.e.m. Each data point is calculated as the average of eight rats of five test days in the respective treatment
groups. *P < 005, °P < 0-01 compared with methamphetamine-sensitized data; P < 005, ¢P < 0-01 compared with scopolamine-pretreated
rats; P < 0-05, "P < 0-01 compared with saline-pretreated controls. To examine an important source for drug conditioning, conditioned
response to the tone—placebo pairing, the tone alone and placebo alone were compared with each other in the respective treatment groups.
gP < 005, "P < 0-01 compared with conditioned response to tone alone.
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Conditioned activity

The methamphetamine plus scopolamine-sensitized rats
showed significantly augmented behavioural response to
the tone—placebo pairings as compared with the metham-
phetamine-sensitized rats (mean sum, U=7-50, Z=2-61,
P < 0-01; time point values, U =4-00-12-00, Z =2-44-3-27,
P <001 or P<005), the scopolamine-pretreated rats
(mean sum, U ="7-50, Z=2-60, P < 0-01; time point values,
U =6-50-12-00, Z=2-44-2-91, P < 0-01 or P < 0-05), and
the saline-treated controls (mean sum, U=5-50, Z=2-63,
P < 0-01; time point values, U =6-00-8-:00, Z = 2-40-2-86,
P < 001 or P<005). The effects of the tone alone and
placebo alone showed no significant differences among the
four treatment groups. Interestingly, only methamphetamine
plus scopolamine-sensitized rats showed a significant acquisi-
tion of conditioned response to the tone—placebo pairing
compared with the tone alone (mean sum, U=7-00,

Z=265 P<00l, time point values, U=90-120,
Z=228-260, P < 0-05) (Table 2).

Discussion
Numerous previous studies on amphetamine- or

methamphetamine-induced stereotyped behaviour have
been conducted using similar uni-dimensional rating scales
to those used in the present study. Individual types of
response were ranked in order of progression from normal
to the most intense of behavioural acts including gnawing
and licking (Costall & Naylor 1972; Ellinwood & Balster
1974; Karler et al 1990). All rating scales have the inherent
limitation of the stereotypy rating scale, in assuming an
underlying continuum of behavioural response categories;
however, this limitation should not detract from the under-
standing of the behavioural effects of methamphetamine
(Fray et al 1980).

Sensitization effects of methamphetamine plus scopolamine on
stereotyped behaviour

The administration of amphetamine in combination with
anticholinergic agents can inhibit cholinergic systems fol-
lowing the exhaustion of the latent compensatory effects,
resulting in a further enhancement of the effects of dopami-
nergic stimulation (Costall & Naylor 1972). Thus, treatment
with methamphetamine alone would not induce a dopami-
nergic—cholinergic imbalance; therefore, we used metham-
phetamine plus scopolamine-pretreated rats.

We found that stereotyped behaviour induced by
methamphetamine plus scopolamine was reproduced to a
similar extent by challenge injections of methamphetamine
plus scopolamine and methamphetamine, and to a lesser
degree by scopolamine challenges. The findings suggest that
behavioural sensitization might operate via the reciprocal
balance between the dopaminergic and inhibitory choliner-
gic systems in favour of a dopaminergic dominance.

Conditioned response of methamphetamine plus scopolamine-
sensitized rats

Previous studies with rats have reported that amphetamine
in the dose range 0-5-5-0 mgkg~' (Herz & Beninger 1987) or
at dose of 2-5mgkg~! (Beninger & Hahn 1983) induced
conditioned locomotor activity in a novel environment.

Amphetamine at doses of 0-8, 2-6 and 47mgkg™' paired
with a tone and placement in a novel observation cage
induced conditioned sniffing, rearing and locomotor activ-
ity (Schiff 1982). In the present study, methamphetamine-
sensitized rats failed to display a conditioned response. Our
previous study showed that rats with repeated methamphe-
tamine plus scopolamine treatment exhibited progressively
augmented reactivity to the 300Hz tone, resulting in a
significant attenuation of their intense stereotypy, as com-
pared with methamphetamine-treated rats (Yui et al 1994).
Therefore, methamphetamine-sensitized rats may fail to
acquire conditioning due to a low sensitivity to the 300 Hz
tone.

1t is important to note that the present results, indicating
the establishment of conditioning to a tone associated with
the methamphetamine plus scopolamine state in the
methamphetamine plus scopolamine-sensitized rats, sug-
gests acquisition of a conditioned response to the pairing
of the exteroceptive tone cue and the interoceptive drug
cues, following the establishment of behavioural sensitiza-
tion. In other words, there existed a link between an
exteroceptive conditioned stimulus and an interoceptive
unconditioned stimulus, which can be formed in the
course of the conditioning trial (MacMahon et al 1981).
Thus, co-administration of methamphetamine and scopola-
mine can augment the effects of methamphetamine on drug
conditioning. In light of the findings of the first experiment
that methamphetamine plus scopolamine induced vigorous
sensitization effects, it is suggested that robust behavioural
sensitization induced by methamphetamine plus scopola-
mine may lead to an enhanced conditioning to the tone—
placebo pairing. As previously proposed (Segal & Mandell
1974), conditioning is difficult to explain as a single process
of a drug’s behavioural effect. Nor can a conditioned
stimulus simply be limited to a tone, as it must include all
stimuli impingeing upon an animal before and after the drug
injection (Schiff 1982).

Administration of scopolamine has been reported to
disrupt classical conditioning (Harvey et al 1983; Salva-
tierra & Berry 1989), or retard the rate of acquisition to a
tone-conditioned stimulus by blocking the unconditioned
and conditioned excitatory properties of tone stimuli
(Harvey et al 1983). Accordingly, it is suggested that
scopolamine can disrupt conditioned response to the extero-
ceptive tone-conditioned stimulus associated with the drug
state by impairing the transfer of experience from the
training session to the test session (Warburton & Groves
1969). However, the present results demonstrate that
although scopolamine and methamphetamine, when adminis-
tered separately, are ineffective in producing a conditioned
response, the addition of scopolamine to methamphetamine
with repeated treatment is effective. Conditioning was
dependent on the co-administration of scopolamine and
methamphetamine.

According to previous studies, the establishment of drug
conditioning to amphetamine-associated environments
involves a dopaminergic action (Schiff 1982; Beninger &
Hahn 1983; Herz & Beninger 1987). Conditioning to a tone
in association with methamphetamine plus scopolamine
treatment supports the possibility that the reciprocal
balance between the dopaminergic and cholinergic systems
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may be involved in drug conditioning in which the effects of
methamphetamine are enhanced by anticholinergics such as
scopolamine.

In conclusion, these findings indicate that behavioural
sensitization may operate via the reciprocal balance between
the dopaminergic and inhibitory cholinergic systems in
favour of a dopaminergic dominance, and that condition-
ing to methamphetamine plus scopolamine paired with a
tone-conditioned stimulus might be mediated via the
reciprocal balance between the two transmitter systems. It
is suggested that methamphetamine plus scopolamine
induced a robust behavioural sensitization to the 300-Hz
tone, which may have led to conditioning by the tone-
placebo pairing. It is of importance to note that exterocep-
tive conditioned stimulus-interoceptive unconditioned
stimulus associations may provide an important source to
explain the conditioning effects of drugs.
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