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ABSTRACT

Chronic amphetamine (AMPH) treatment may cause behavioral sensitization in animals and can be
used as an animal model of psychosis. The aim of the study was to check the behavioral and metabolic
response in this animal model. .

In rats pretreated with normal saline (NS) or AMPH, with or without AMPH challenge, the
[14C]deoxyglucose method was employed to check the metabolic changes in 42 regions. Behavioral testing
was performed in- rats with the same treatment. The results showed that after challenge with AMPH,
glucose utilization was enhanced in most of the regions investigated. However, metabolic enhancement of
the AMPH-pretreated group was lower in the caudate nucleus when compared with that of the NS-pretreated
group though the stereotypy rating was higher in the former. Dissociation between the metabolic enhance-
ment and behavioral response was noted. Furthermore, more significant differences between the two pre-
treated conditions of glucose utilization were found with challenge than without challenge. Further evalua-

tion using procedures which include advanced techniques can be applied in further investigation.
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l. Introduction

Repeated amphetamine (AMPH) tfeatments may
enhance some of the drug’s behavioral effects in
animals; this is known as behavioral sensitization or
reverse tolerance (Segal and Mandell, 1974; Klawans
and Margolin, 1975). This phenomenon has also been
found in humans who repeatedly use AMPH; they
sometimes develop a psychosis with features resem-
bling those of paranoid schizophrenia (Sato et al.,
1992). An understanding of the mechanisms of be-
havioral sensitization may provide insight into the
neurobiological processes responsible for AMPH psy-
chosis and even for schizophrenia.

The neural mechanisms and the loci of the
changes responsible for behavioral sensitization are
still unknown though diverse methods have been
employed and different hypotheses have been exten-

sively reviewed by Robinson and Becker (1986).
With a limit on employable methods, most studies
have focused on some nuclei of the dopaminergic
systems. In rats, locomotion and stereotyped be-
haviors elicited by AMPH are the result of increased
dopaminergic neurotransmission in ‘the mesolimbic
and the nigrostriatal dopaminergic systems, respec-
tively (Asher and Aghajanian, 1974; Costall et al.,
1977; Kelly et al., 1975). Thus, these two pathways
have been most thoroughly examined as possible sites
of action of AMPH. The [“C]deoxyglucose method
(Sokoloff et al., 1977) can be used to measure the
rates of local cerebral glucose utilization (LCGU)
simultaneously in all the anatomical and functional
components of the entire central nervous system. It
has been used to detect functional changes in various
physical and pharmacological states (Sokoloff et al.,
1977). Therefore, the purpose of the present study
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was to employ this method to detect the metabolic
response in rats treated with AMPH chronically with
and without challenge. Furthermore, an attempt was
made to check the relationship between the behavioral
action of AMPH and the metabolic changes in the
sensitized state. This result can elucidate the mech-
anism of the behavioral sensitization.

I1. Materials and Methods
1. Animals

Adult male Sprague-Dawley rats, weighing
300-450 g, were used in this experiment. Animals
were housed in group cages, and maintained under
standard controlled temperatures (22 + 2°C) and a
12-hr light/dark cycle. Food and water were available
ad libitum.

2. Administration of d-AMPH

d-AMPH sulfate (Sigma, St. Louis, MO.) was
dissolved in normal saline. Two groups of rats (n=4
or 5) were pretreated with NS or 5.0 mg/kg of
d-AMPH (i.p.; in a volume of 3.0 ml/kg) once per
day for 14 consecutive days. After 7 days of ab-
stinence, the ['*C]deoxyglucose method was per-
formed 15 min following 5.0 mg/kg d-AMPH challenge
(i.p.). This abstinence period was used because it
has been suggested that sensitization occurs only after
seven days of abstinence (Gawin and Ellinwood,
1988). We detected the metabolic response 15 min
after challenge for this is the time used in previous
studies and may record the maximal effect of AMPH
(Wechsler ef al., 1979; Orzi ef al., 1983). Another
two groups of rats with the same pretreatment ac-
cepted the LCGU test without challenge. To test
whether the above-described AMPH paradigm could
cause behavioral sensitization, two groups of rats
(n=6) pretreated with the same regimens were used
for behavioral testing before and after challenge with
5.0 mg/kg d-AMPH (i.p.).

3. Behavioral Testing

Behavioral testing was performed in motor ac-
tivity cages (Opto Varimex-Minor, Columbus Instru-
ments, OH). The acrylic cage within the monitor
measured approximately 42 c¢cm square and 20 cm
high; through the cage 30 infrared beams were passed
on the horizontal plane, and 15 on each axis. Am-
bulatory movement was recorded as the distance
traveled in centimeters and was calculated from the
interruption of alternate beams. One week after pre-

treatment, the rats were used for behavioral testing.
The animals were placed singly in the activity cages
and allowed 45 min for accommodation. Behaviors
were tested for 15 min in the steady state, and then
all rats were challenged with the same dose of
d-AMPH (5.0 mg/kg, i.p.). Measurement of motor
activity began 15 min after injection and continued
for a period of 15 min. During the testing period,
each rat was also videotaped for rating of stereo-
typed behaviors. Stercotypy was rated by a single
rater who was blind to the pretreatment conditions.
Stereotypy involving sniffing and repetitive head
movement was rated using a 0-5 score adapted from
Ujike er al. (1992): 0: asleep or stationary; 1: active
with normal exploration; 2: increased rate of sniffing
and head movement associated with locomotion and
rearing; 3: discontinuous sniffing and stereotyped
up-down head movement with periodic locomotor
activity; 4: almost continuous and intense stereotyped
sniffing and repetitive head movement, but sometimes
interrupted by brief locomotion; 5: continuous and
intense stereotyped sniffing and repetitive head move-
ment at one location only. All tests were carried out
between 0800 and 1500 hr in an isolated environmental
room.

4. Local Cerebral Glucose Utilization

One week after abstinence from the AMPH pre-
treatment, the 2-deoxyglucose method was performed
on the four groups of rats. The experimental pro-
cedures and analysis of LCGU are described in detail
elsewhere (Tsai et al., 1994). Briefly, femoral arterial
and venous catheters were implanted under halothane
anesthesia. The animals were allowed to recover for
at least 3 hr prior to 2-deoxyglucose injection. For
each rat, 100 uCi/kg of 2—[14C]deoxyglucose (New
England Nuclear; specific activity = 58.0 Ci/mmol)
was injected through the venous catheter. Arterial
blood samples were taken for glucose analysis. At
the end, the animals were sacrificed. Brains were
rapidly removed and frozen in isopentane chilled to
—50°C. Coronal sections of the brain (20 um) were
cut in a cryostat. Sections were autoradiographed
along with a set of calibrated standards on X-ray
films. The 2-deoxyglucose autoradiograms were ana-
lyzed by quantitative densitometry with a computerized-
image processing system. The LCGU was then cal-
culated from the local tissue ['“C]-concentration, the
concentration of C and glucose in arterial plasma
and the operative equation of Sokoloff et al. (1977).
The unit for the rate of LCGU was umol/100 g/min,
which indicates the amount of glucose consumption
in 100 g brain tissue per min.
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S. Statistical Analysis .

Data of LCGU and locomotion are presented
as mean + SEM. Statistical differences in glucose
use were analyzed by the two-tailed Student’s z-test.
Because of the three comparisons of interest among
the four experimental groups, the Bonferroni correc-
tion for the a-level was employed to maintain the
overall a-level at 0.05. Locomotor activity and stereo-
typy rating, with the same pretreated conditions, were
compared with the two-tailed Student’s #-test and a
nonparametric Mann-Whitney U test; measures in
the same animals before and after challenge were
analyzed with the paired #-test and Wilcoxon signed-
ranks test.

lll. Results
1. Behavioral Testing

Table 1 presents the averaged activity and stereo-
typy rating of NS- and AMPH-pretreated rats before
and after AMPH challenge. All the rats showed hy-
peractivity after being placed in activity cages, but
most were asleep or stationary 15 min before AMPH
challenge. There was no significant difference be-
tween the two groups in the steady state. Challenge
with AMPH resulted in stereotyped behaviors in all
rats, but the AMPH-pretreated group showed more
intense repetitive sniffing and head movement at one
location. The stereotypy score but not the locomotor
activity in the AMPH-pretreated group was more
significantly enhanced after than before challenge;
the same was true for the NS-pretreated group.

The behaviors of the four groups of rats in which
LCGU was measured were also observed through-

Table 1. Locomotor Activity (Distance Traveled: cm) and Stereo-
typy Scores before and after AMPH Challenge Following
14-Day of NS or AMPH Pretreatment

n Mean S.E.M. Group Median S.1.Q.R.*

Before Challenge

NS 6 192 61 0 0
AMPH 6 248 91 0 0
After Challenge

NS 6 2,438 753 3.0 1.0
AMPH 6 1,810 710 5.0%0 0.6

There were no significant differences in locomotion among groups.
*S.I.Q.R.: Semi-interquartile Rarige.

ap < 0.05 for the comparison between NS-pretreated and AMPH-
pretreated animals.

bp < 0.05 for the comparison between non-challenged and chal-
lenged animals.

out the experiment. Partial restraint of the animals
restricted ambulation, but the challenged groups
showed stereotyped head movements which were not
found in the non-challenged groups.

2. Local Cerebral Glucose Utilization

The effects of repeated AMPH treatment in
LCGU were examined in forty-two cerebral structures,
and the results are summarized in Table 2. Glucose
utilization between the two non-challenged groups
demonstrated differences in two regions (somatosen-
sory area II and the medial geniculate nucleus). Sig-
nificant LCGU differences between AMPH-pretreated
groups with and without challenge were found in 11
components, mostly in the thalamus and the extrapy-
ramidal systems (e.g. the anteroventral nucleus and
parafascicular nucleus of thalamus, caudate nucleus,
globus pallidus, and subthalamic nucleus). After
AMPH challenge, the metabolic response was more
pronounced in the NS-pretreated group than in the
AMPH-pretreated group especially in the neocortex
areas, including the nucleus accumbens and the cau-
datoputamen (Fig. 1).

IV. Discussion
1. Behavioral Testing

Before AMPH challenge, the rats were asleep
or stationary most of the time. Also, no struggling
or stereotypy were found in the non-challenged groups
tested for LCGU. This finding is consistent with a
previous report that no activity abnormalities oc-
curred in sensitized rats in the steady state (Segal and
Mandeli, 1974). These behaviors are thought to be
mediated by the mesolimbic and the nigrostriatal
dopaminergic pathways. It is possible that sensiti-
zation does not result in a change in the basal rate of
dopamine utilization but has an exaggerated response
to further challenge (Robinson and Becker, 1986).
Behavioral testing after 5.0 mg/kg d-AMPH challenge
revealed stercotyped behaviors in both groups, but
the AMPH-pretreated rats had the higher stereotypy
rating (Table 1). This result suggested behavioral
sensitization in the AMPH-pretreated group.

The stereotyped behaviors of the AMPH-
pretreated group were more enhanced after AMPH
challenge, but the locomotor activity showed no sig-
nificant difference though the average activity was
ten times greater than that before challenge. The
failure to show a significant difference in locomo-
tion may have come from high individual variability
(Table 1).
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Table 2. Effects of 14-Day Intraperitoneal Administration of NS and AMPH Followed by an Abstinence Period of 7 Days, without or
with Challenge, in Local Cerebral Glucose Utilization of Conscious Rats

Non-challenge Challenge
NS(5) AMPH(5) NS(4) AMPH(5)
Neocortex
Ant. Cingulate Cortex 116 +3 113+5 136+ 5 119+1°
Auditory Cortex 154+77 171+8 205+ 10 17142
Frontal Cortex 100+3 112+2°2 106+7 104+4
Med. Prefrontal Cortex 112+2 113+3 116+9 1085
Motor Cortex 112x4 115+3 13914 113£3°
Olfactory Cortex 140+ 10 12816 160+21 125+7
Post. Cingulate Cortex 118+7 116 £5 176 +9 133462
Somatosensory Area I 138+4 140+ 6 200+ 6 17127 %0
Somatosensory Area II 129+3 15772 182+12 164 +4
Sensory-motor System
Inf. Colliculus 127+6 150+13 188 +19 172+10
Lat Geniculate Nu. 102+5 100+4 141+16 12745 °
Med. Geniculate Nu. 117+4 135+4° ’ 148 +8 137+6
Sup. Colliculus 98+5 9+5 111£9 105+5
Limbic and Related Areas
Ant. Pretectal Nu. 1005 115+6 15311 144+8°
Arcuate Nu. Hypothalamus 60x1 56+3 56+6 53+4
Basomedial Amygdala Nu. 70+3 73+3 75+6 67+4
Bed Nu. Stria Terminalis 66+4 60+3 56+5 59+4
Interpeduncular Nu. 1303 140+4 144+ 8 130£9
Lat. Habenular Nu. 107+5 114+3 907 94+3°
Lat. Septal Nu. 72+2 71+£3 75+£5 70+5
Mammillary Body 133+7 139+6 189+9 161+9
Med. Habenular Nu. 90+4 80+3 686 75+4
Med. Preoptic Nu. 7416 54+2* 565 57+3
Med. Septal Nu. 73+4 79+3 94+9 80+6
Nu. Accumbens 91+1 91+2 112+4 99+3?
Nu. Diagonal Band of Broca
Horizontal Limb 97+3 984 15547 12245 >0
Vertical Limb 89+4 79+3 101+7 88+5
Ventral Tegmental Areas 81t4 82+4 85+7 84+7
Ventromedial Hypothalamus 68+1 6413 676 63+5
Thalamus
Anteroventral Nu. 129+8 121+5 187+8 158£6 *°
Centromedial Nu. 97+5 99+3 118+ 12 11946
Parafascicular Nu. 100+7 109+5 14213 131£2°
Paratenial Nu. 105+5 105+ 4 13711 11+3?
Reunion Nu. 96+ 8 98+3 115+12 107+6
Ventrobasal Nu. 108 +3 10946 163£11 139+5°
Ventromedial Nu. 128 +7 13248 196 £20 169+6°
Extrapyramidal Systems
Caudatoputamen 11542 114+4 172£8 14142 >0
Globus Pallidus 712 7243 9247 88+3°
Sub. Nigra Pars Compacta 88+3 893 106 =7 109+6°
Sub. Nigra Pars Reticulata 6713 70+4 113+38 108+8°
Subthalamic Nu. 92+4 104+4 174+ 12 154+5°
Red Nu. 97+3 98+3 117+ 11 1106

Values are means + SEM of the local cerebral glucose utilization values (umol/100 g/min); number of rats is indicated in parenthesis.
2p < 0.05 for the comparison between NS-pretreated and AMPH-pretreated animals.
bp < 0.05 for the comparison between non-challenged and challenged animals.



Metabolic and Behavioral Response in Rats

Ch%ll 5
NAc 98 umol/ 18Bg/nin
CPU : 169 umol/ 188g/min
Instutute of Anatony
Hing Medical
SRS T

Sng/kx" Challenge, AHPE3
HDB : {15 umol/ 1BBx/min
Institute of Anctomy
Hational Yang-Hing HMedi

RS &

on LCGU in the caudatoputamen (CPU). (A) NS pre-
treatment with AMPH challenge. (B) AMPH pretreatment
with AMPH challenge.

2. Local Cerebral Glucose Utilization

Resuits of the 2-deoxyglucose study demon-
strated that during the steady state there were meta-
bolic changes in a limited number of regions. One
auditory (medial geniculate nucleus) and one sensory
(somatosensory II}) component had metabolic en-
hancement in rats pretreated with AMPH. The reason
for the increment is unclear and may have been caused
by outside stimuli during experiment. Control of
environmental conditions may be necessary for further
studies.

After challenge with 5.0 mg/kg AMPH, the
AMPH-pretreated group produced an increase in local
cerebral glucose utilization in a number of components
of the extrapyramidal motor system as well as in
some nuclei of the thalamus when compared with its
non-challenged counterpart. Decrease in glucose utili-
zation after AMPH administration was found in the
lateral habenular nucleus. These findings are com-
patible with previous reports using acute AMPH
administration (Wechsler et al., 1979; Orzi ef al.,
1983; Porrino et al., 1984) and chronic AMPH ad-

ministration (Tsai et al., 1994). Few regions of the
thalamus are innervated by dopaminergic nerve fibers,
and the thalamus has few dopaminergic neurons.
Although AMPH is thought to act primarily at the
dopaminergic synapses, the alterations in metabolism
of the thalamus in this study and the previous report
(McCulloch and Kelly, 1981) are not indicative of the
presence of dopaminergic cell bodies or terminals
intrinsic in that region. The reason is that measure-
ment of LCGU cannot distinguish between the direct
and indirect actions of a drug effect; an entire pathway
may be activated even though the direct action of the
drug is exerted only at the origin of the pathway
(Porrino et al., 1987). Using specific antagonists or
lesion study, it may be possible to differentiate be-
tween the direct and the indirect effects of AMPH.
The general metabolic rate of the AMPH-pretreated
group after AMPH challenge was higher than that of
rats pretreated with 0.5 mg/kg AMPH and challenged
with 1.0 mg/kg AMPH in our previous study (Tsai
et al., 1994). The difference could have been caused
by the variance in the pretreatment dose or the chal-
lenge dose. The later was more likely the reason
because the NS-pretreated groups with different
challenge dose in these two studies also showed a
difference in general metabolism.

The most striking finding was that, after chal-
lenge, the AMPH-pretreated group showed less meta-
bolic response in the caudate nucleus than did the
NS-pretreated group (Fig. 1) while the former showed
behavioral sensitization with a higher stereotypy score
(Table 1). The dissociation between metabolic change
in the behavior-associated region and the behavioral
response is in contrast with a previous report using
acute AMPH treatment which described strong coupl-
ing between behaviors and the glucose utilization of
the retated regions (Porrino ef al., 1984). There were
four possibilities for this finding. First, Segal and
Kuczenski (1992) using in vivo microdialysis showed
a diminished AMPH-induced DA response corre-
sponding to behavioral sensitization produced by
repeated AMPH pretreatment. Other non-DA neuro-
chemical systems and/or mechanisms which may have
contributed to the behavioral sensitization were pro-
posed by the authors, and these could also help to
explain this finding. Second, glucose utilization within
any given brain region is determined by the intrinsic
activity of the neurons of that area, together with the
sum of the activities (excitatory and inhibitory) in
afferent ways (Kelly and McCulloch, 1987). Thus,
the result showing a diminished metabolic response
in the behavior-related region may have come from
less inhibitory input into the region (Robinson and
Becker, 1986). Third, one may argue that the rats
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studied for metabolic changes were partially restrained
instead of free-moving; that may have affected glucose
utilization. This is unlikely, since the stereotyped
movement rated was repetitive head movement and
sniffing, which are not influenced by restraint and also
could be found during the metabolic study. Finally,
another possibility is that seven-day abstinence may
not have been long enough; therefore, the effect of

decreased metabolism during stimulant-withdrawal

may have masked the metabolic response of the be-
havioral sensitization. Further study with a longer
withdrawal interval is necessary to clarify this.

More regions with metabolic differences were
found between the challenged groups than between
the non-challenged groups. Since animals sensitized
by stimulant pretreatment have been used as animal
models of schizophrenia (Robinson and Becker, 1986),
there are some clinical implications from these results.
The limited findings in deoxyglucose PET studies in
the schizophrenic may be just like those found in the
steady state of this study. Further challenge with
stimulants may provoke metabolic changes, especially
when patients are not in the acute stage. There have
been reports demonstrating that acute administration
of stimulants such as AMPH (Wolkin ef a/., 1985)
and apomorphine (Cleghorn et al., 1991) decreased
brain glucose metabolism both in normal and schizo-
phrenic subjects, and these results seemed to be in-
congruent with animal studies (for a review, see Orzi
et al., 1993) and the present results. The differences
may be due to the dose of the stimulants for challenge
and the time for glucose measurement. Furthermore,
heterogeneity among schizophrenics is another prob-
lem which has caused controversial results in PET
studies. It has been suggested that using homogenous
psychotic patients such as amphetamine psychotics
for PET studies may lead to more uniform results
but the time period after drug withdrawal is crucial.

In summary, this study has examined regional
glucose metabolism of sensitized rats with and with-
out AMPH challenge. During the steady state, NS-
and AMPH-pretreated rats showed no difference in
behavioral testing, and limited metabolic differences
were found. After challenge, the NS-pretreated group
had higher metabolic response, which was dissociated
from the behavioral changes. In addition more regional
metabolic differences were found after challenge,
which suggested that stimulant challenge could be
helpful in PET study of psychotics. The choice of
stimulant, dose and time-course need further study.
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