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DAMIANOPOULOS, E. N. AND R. J. CAREY. Apomorphine sensitization effects: Evidence for environmentally con-
tingent behavioral reorganization processes. PHARMACOL BIOCHEM BEHAYV 45(3) 655-663, 1993.— Apomorphine-
induced behavioral sensitization was investigated with a Pavlovian conditioning paradigm. Rats were administered apomor-
phine (2.0 mg/kg SC) daily for 7 days either paired or unpaired with a 10-min test environment placement. Initially,
apomorphine induced hypolocomotion, but by treatment day 5, hyperlocomotion developed. Utilizing a videoimage analysis
program which quantitated angular movement, it was determined that the increase in locomotion induced by repeated
apomorphine treatment was due to an increase in rotational locomotion. Critically, rotation per se did not increase, but
rather wide angle rotation toward the periphery of the test environment increased. Furthermore, a directional bias of rotation
developed and stabilized which was unrelated to the animal’s initial asymmetry bias. This emergence of a new locomotion
pattern in conjunction with hyperlocomotion pointed to the need to reconceptualize behavioral sensitization phenomena into
a new framework consistent with a progressive change in behavioral structure. Behavioral reorganization is presented as an
alternative formulation to that of behavioral sensitization, as a drug-environment interactive process which is more compati-
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ble with the behavioral dynamics that emerge with repeated intermittent dopaminergic psychostimulant drug treatment.

Apomorphine Hyperlocomotion

Drug state learning

Behavioral reorganization

Dopamine receptors Sensitization

REPEATED apomorphine stimulation in the intact rat can
result in hypolocomotion or hyperlocomotion relative to non-
drug levels (1,6). Low doses of apomorphine (<0.1 mg/kg
SC), which primarily stimulate dopaminergic autoreceptors,
induce hypolocomotion compared to nondrug locomotion lev-
els, whereas repeated high doses of apomorphine (=0.5 mg/
kg), which stimulate both pre- and postsynaptic dopamine
receptors, induce hyperlocomotion (14,15,18). Interestingly,
both low and high doses of apomorphine induce hypolocomo-
tion initially but hyperlocomotion develops only with high
doses and only after repeated treatments (14,15). The hypolo-
comotion effects induced by low and high doses of apomor-
phine, however, are not behaviorally equivalent. Low-dose
apomorphine hypolocomotion is characterized by indices of
sedation (e.g., yawning), while high-dose apomorphine hypo-
locomotion is characterized by intense sniffing, licking, and
gnawing confined to a restricted spatial area (16). Thus the
initial high-dose apomorphine hypolocomotion is actually
hypermotoric behavior expressed in response forms incompat-
ible with locomotion.

The emergence of hyperlocomotion with repeated high-
dose apomorphine treatment from the initial hypolocomotion
response has been characterized as a behavioral sensitization
phenomenon (14,15). Alternatively, hyperlocomotion induced
by repeated apomorphine administration may represent a
change in the behavioral expression of the drug effect (7,8,26).
That is, the drug-induced motoric stimulation which initially
evokes repetitive movement in a confined space of a given test
environment can, with repeated treatment, engage locomotor
response mechanisms. Indeed, there is some evidence that re-
peated psychomotor drug administration produces qualitative
structural changes in the locomotor pattern (7,8). In an at-
tempt to address this issue, the present study assessed the
effects of repeated apomorphine treatment in rats using a vid-
eoimage analysis system which permitted quantitation not
only of locomotion but also of angular direction of move-
ment. This videoimage system capability allowed detection
of emerging new patterns of locomotion. Additionally, the
repeated drug administration effects were evaluated in the
context of the paired-unpaired drug treatment contrast of a
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Pavlovian conditioning protocol. The use of this drug admin-
istration protocol allowed the differentiation between environ-
mentally contingent drug administration effects from the nu-
merous nonspecific biochemical effects associated with
repeated drug treatment such as altered receptors, drug metab-
olism, and drug-induced stress effects.

METHOD

Animals

Adult 400-500 g Sprague-Dawley male rats were used in
the present study. Upon arrival, the animals were weighed and
housed in individual cages. The cages were in a climate (22
+ 1°C) and light-controlled room with 12L : 12D cycles. The
animals were housed individually in 25 X 17 x 17 cm wire
mesh cages with six cages in a row for a total of 30 cages. The
animals were handled and weighed daily for 7 days subsequent
to their arrival. All treatment protocols were approved by the
Committee for the Humane Use of Animals of SUNY Health
Science Center at Syracuse.

Drugs

Apomorphine HCI (Sigma) was dissolved in a vehicle solu-
tion containing 0.4 mg of ascorbic acid per ml of distilled
water. Apomorphine was injected subcutaneously (SC) either
in a 2.0 mg/kg or 0.5 mg/kg dosage. All injections were of
equal volume and testing occurred during the light cycle.

Apparatus and Behavioral Measurement

Locomotion and rotation behavior were recorded automat-
ically in a black 60 cm square enclosure with 40 cm side panels.
This test chamber was in a light-controlled room. It was illu-
minated by four overhead dim red lights placed over the four
corners of the test chamber. Ambient white noise (80 dB)
was provided by a cassette tape player and was turned on
immediately prior to placement of the animal in the test cham-
ber and turned off upon removal from the test chamber.
Spontaneous and drug-induced locomotion and rotation be-
havior were recorded with a Video Image Analyzing System
(VIAS) (2). Online analog camera images of the freely moving
animal were digitized and disc stored for later analysis. Com-
puter evaluation of the stored data yielded summaries of loco-
motion in meters traversed during the test period in 5-min
bins as well as frequency counts and direction of partial 1/4,
1/2, 3/4, and complete 1/1 rotations (based on system cate-
gory determinations of 90°, 180°, 270° and 360° rotation) at
each of four categories of diameter size: <20 cm, 20-<30
cm, 30-<55 cm, and =55 cm. In addition to the frequency
counts within each diameter size category, the actual mean
rotation diameters within each category were calculated so
that the percentage of rotation locomotion relative to total
locomotion could be determined.

Design and Procedure

The evaluation of repeated apomorphine administration
on locomotion and rotation behavior was carried out using a
Pavlovian drug conditioning protocol (25). Accordingly, the
test chamber stimuli served as the Pavlovian conditioned stim-
ulus (CS) and apomorphine stimulation through peripheral
injection served as the Pavlovian unconditioned stimulus
(US). Locomotion and pattern of rotation changes to the drug
and conditioning procedure were measured as the uncondi-
tioned (UR) and conditioned (CR) responses. Statistically, the
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design was a 2 X 7 design in which the first dimension was a
between-subject treatment dimension while the second dimen-
sion was a within-subject treatment dimension. This design is
the standard Pavlovian conditioning design which includes
repeated paired and unpaired treatment protocols (25). Eigh-
teen animals each were randomly assigned to the paired and
unpaired treatment groups. However, 2 of the 18 animals as-
signed to the unpaired group did not complete all treatments
of the experiment and the data pertaining to these animals
were not included. Locomotion and rotation pattern results
were analyzed by means of ANOVAs and, following signifi-
cant interaction effects, by specific tests for critical difference
between two means at the p = <0.05 alpha level (30).

In the paired treatment protocol, the animals received an
apomorphine injection (2.0 mg/kg SC) 10 min prior to a 10-
min placement into the test environment while the animals
in the unpaired treatment protocol received the apomorphine
injection (2.0 mg/kg SC) 30 min after removal from the test
environment. On completion of the 10-min placement into the
test environment, the animals were placed back into their
home cage. The paired treatment protocol was designed to
induce conditioning of hyperlocomotion to test environment
cues while the unpaired treatment protocol provided the ap-
propriate control treatment baseline contrast; for example, an
assessment of nonassociative drug-induced sensitization and
test environment habituation effects. These treatments were
administered for 7 consecutive days, one trial per session.

After a 7-day drug withdrawal period, the animals were
given one nondrug test trial of 10-min duration in the test
environment. One day following the nondrug test, paired and
unpaired treatment animals in each drug test group were given
three reacquisition apomorphine trials (days 1-3 treatment),
prior to the drug tests. At this point, the animals in the paired
and unpaired treatment groups were subdivided and matched
separately in each group in terms of the total meters traversed
on day 7 of acquisition and were then assigned in equal num-
bers to two drug test subgroups which differed only in se-
quence of drug testing: 0.5 mg/kg and then 2.0 mg/kg apo-
morphine, or, 2.0 mg/kg and then 0.5 mg/kg apomorphine.
The two drug tests were carried out 7 days after completion
of the reacquisition trials on separate days. All animals in
these tests were given either 0.5 mg/kg or 2.0 mg/kg, depend-
ing on group assignment, 10 min prior to placement into the
test chamber for a 10-min test trial. Thus in these final drug
tests, all animals received the paired drug treatment.

Statistical Analyses

The results of days 1, 3, 5, and 7 were analyzed bya2 x 4
repeated measures ANOVA. Separate ANOVAs were per-
formed for the locomotion, rotation results, and, subse-
quently, for several derived locomotion and rotation mea-
sures. Additionally, 2 x 3 ANOVAs were performed on the
results of the posttreatment nondrug and two apomorphine
drug tests.

RESULTS

Locomotion

Figure 1 shows the locomotor behavior in terms of meters
traversed for the paired and unpaired treatment groups during
days 1, 3, 5, and 7 of the 7-day repeated apomorphine treat-
ment. The locomotion results shown in Fig. 1 were analyzed
with a single ANOVA. The F-tests showed no significant
paired vs. unpaired treatment effects, F(1, 32) = 3.444, p >
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FIG. 1. Means and SEMs of locomotion measured in meters tra-
versed for animals in the paired (» = 18) and unpaired (7 = 16)
treatment groups for days 1, 3, 5, and 7 of apomorphine treatment.
Asterisks (**) indicate post hoc Newman-Keuls specific test compari-
sons following ANOVA for mean locomotion differences between
paired and unpaired treatment groups on days 1, 3, 5, and 7 (p <
0.01). Crosses (+, + +) indicate within-treatment comparisons of
mean locomotion differences for the paired (p < 0.01) and unpaired
(p < 0.05) treatment groups, respectively.

0.05), a significant within treatment effect, F(3, 96) = 12.009,
p < 0.01), and a significant interaction effect of treatment
and days of treatment, F(3, 96) = 31.424, p < 0.01. Specific
post hoc Newman-Keuls test comparisons between paired vs.
unpaired treatment effects on days 1, 3, 5, and 7 showed,
interestingly, that the initial response to apomorphine on day
1 in the paired group was that of locomotion suppression
(p < 0.01). This initial hypolocomotion response, however,
changed over into hyperlocomotion by day 5 (p < 0.01) and
continued to increase up to day 7 (p < 0.01). Nonetheless, 5
of the 18 paired animals continued to respond throughout the
seven sessions with the hypolocomotion response shown on
day 1 (i.e., their locomotion did not increase above the paired
group mean locomotion of day 1). The data of these animals
is included in all the data analyses but is noted in order to
indicate that not all animals develop hyperlocomotion with
repeated apomorphine treatment.

Rotation Behavior

Rotation locomotion. Because locomotion in meters tra-
versed includes both rotational and linear locomotion, the
locomotion behavior was further analyzed in terms of percent
of rotation locomotion relative to the total locomotion exhib-
ited by each animal. Percent of rotation locomotion was de-
fined as the ratio of total distance traversed in terms of rota-
tion at all four rotation diameters relative to the total
locomotion in meters traversed by each animal. The results
are shown in Fig. 2. As can be seen from Fig. 2, percent of
rotation locomotion increased from day 1 to day 7 differen-
tially in the paired and unpaired treatment groups and these
results were analyzed by an ANOVA. The F-tests showed a
significant treatment effect, F(1, 32) = 8.434, p < 0.01, no
significant days of treatment effect but a significant interac-
tion of treatment X days of treatment, F(3, 96) = 4.725,
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p < 0.01. Specific post hoc Newman-Keuls tests showed that
the paired treatment mean percent of rotation locomotion was
higher than that of the unpaired treatment group on days 3
(p < 0.05), 5 (p < 0.01), and 7 (p < 0.01). These results
indicate that the increased locomotion in the paired group
as shown in Fig. 1, was increasingly expressed as rotation
locomotion.

Rotation pattern analysis. The rotation results were further
analyzed to determine the nature of rotation pattern change
suggested by the results shown in Fig. 2. Figure 3 shows the
rotation pattern change in terms of frequency of distribution
according to diameter size level on days 1, 3, 5, and 7. The
rotation responses are presented in combined form to include
all rotations 1/4, 1/2, 3/4, and 1/1 as this parameter did not
reflect differential drug effects. As can be seen from Fig. 3,
the combined rotation frequencies of partial and full rotations
ranging from the smallest to the largest diameter size of rota-
tion: <20 cm, 20-<30 cm, 30-<55 cm, and =55 cm are
approximately equally distributed across diameter size cate-
gory on day 1. This rotation pattern, however, changed on
days 5 and 7 selectively in the paired group. The F-tests of the
ANOVASs of these results for days 1, 3, 5, and 7 showed that
on day 1, apomorphine treatment in the paired group vs. the
unpaired treatment group had an overall suppressive effect on
rotation, as it did on locomotion. This apomorphine suppress-
ive effect was manifested in reduced overall rotation fre-
quency levels across all diameter-size categories, F(1, 32) =
21.929, p < 0.01). On day 3, however, this overall suppres-
sion effect was no longer present but there was a significant
interaction of treatment with diameter size of rotation. Spe-
cific post hoc Newman-Keuls tests showed the interaction ef-
fect to be confined to a reduction of rotation in the smallest,
<20 cm, diameter size in the paired vs. the unpaired group
(p < 0.05). On days 5 and 7, the F-tests again showed no
overall paired vs. unpaired treatment effect but a significant
effect for diameter size and a significant interaction of treat-
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FIG. 2. Means and SEMs for percent of rotation locomotion on days
1-7 of apomorphine treatment. Rotation locomotion distance for
each animal was calculated using the standard circumference formula
for all partial and full rotations at each diameter size category. The
summated rotation distance was divided by the total distance tra-
versed to determine percent values for each animal. Asterisks denote
P < 0.05(*)and p < 0.01 (**) levels of statistical significance.
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FIG. 3. Means and SEMs for total rotation frequency (i.e., sum of 1/4, 1/2, 3/4, and 1/1 rotations
for each animal) as a function of size of rotation diameter ranging from <20 cm, 20~ <30 cm, 30-
<55 cm, to =55 cm. Results show total frequencies on days 1, 3, 5, and 7 of apomorphine treatment
for the paired and unpaired treatment groups. Asterisks denote p < 0.05 (*) and p < 0.01 (**) levels
of statistical significance for post hoc Newman-Keuls specific test comparisons following ANOVA
between treatment means on days 1, 3, 5, and 7. Crosses denote p < 0.01 (+ +) specific within-
treatment comparisons for the paired and unpaired treatment groups, respectively.

ment with rotation diameter size, suggesting that hyperloco-
motion was being mediated by a redistribution of rotation
frequencies toward large diameter rotation. Thus the repeated
apomorphine treatment did not enhance rotational behavior
per se but rather it modified the form of the rotational loco-
motion. Post hoc Newman-Keuls tests for specific effects
showed that, for the paired group, the frequency of rotation
in the highest category of rotation, =55 cm, was higher than
all other diameter size levels within the same group (p <
0.01) and from those of the corresponding unpaired treatment
group at this diameter size (p < 0.01). This same within-
group pattern of results was observed for the specific treat-
ment effect on the next highest category of rotation (i.e., 30-
<55 c¢m) (p < 0.01). Additionally, there was a significant
reduction in rotations at the smallest category size, <20 cm,
(p < 0.05). Altogether, these results show a dynamic shift in
rotation pattern from day 1 to day 7 selectively in the paired
group. This rotation pattern change was expressed as a shift
from an approximately equivalent frequency distribution to a
highly skewed distribution of rotation frequencies weighted
toward rotation at the largest diameter size category, =55 cm.
Clearly, the shift to wide diameter rotations brought about

the increase of rotational locomotion and of total locomotion
as well.

Rotation direction bias analysis. Changes in rotation pat-
tern were further assessed in terms of each animal’s rotation
bias as expressed by the direction of rotation. For example, if
an animal had a counterclockwise directional bias of rotation
on day 1 of testing, did this directional bias remain stable or
even become enhanced with repeated apomorphine treatment
as one might expect from a behavioral sensitization concept
or from an inherent laterality bias? As is evident from Fig. 3,
the major changes in rotation occurred between day 1 and
days 5 and 7. Thus the directional bias of rotation was com-
pared on days 1, 5, and 7. First, the number of clockwise and
counterclockwise rotations were determined separately for
days 1, 5, and 7 across all diameter size categories. Individual
data were summed to form two frequency scores for each
animal: a) total number of clockwise rotations; and b) total
number counterclockwise rotations. A rotation direction bias
ratio was then formed for each animal on days 1, 5, and 7
using the formula: p = no. of counterclockwise rotations/no.
of counterclockwise + no. of clockwise rotations. A score of
p = 0.50 would indicate no rotation directional bias, whereas
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a score above 0.50 would indicate a counterclockwise rotation
bias and, similarly, a score below 0.50 would indicate a clock-
wise rotation bias. Pearson’s r correlations between rotation
bias on day 1 with rotation bias on day 7 were low and did not
differ statistically, 0.31 and 0.21 for the paired and unpaired
groups, respectively. This absence of a statistical correlation
is inconsistent with either a behavioral sensitization or with
an inherent laterality bias prediction. Correlations between
days 5 and 7, the days on which the new rotation patterns had
emerged in the paired treatment group, revealed a striking
difference. The correlations were: 0.83 and —0.09 for the
paired and unpaired groups, respectively, and this difference
was significant (p < 0.01).

The high correlation in directional bias in the paired group
between day 5 and day 7 suggests that the paired animals
shifted from bidirectional to stable unidirectional rotation lo-
comotion which was independent of the initial idiosyncratic
laterality bias (10). To determine whether rotation direction
bias is an additional dimension of the behavioral reorganiza-
tion of locomotion behavior, another analysis was performed.
Specifically, the absolute or unsigned deviation of the rotation
direction bias score for each animal as described above was
determined separately for days 5 and 7 relative to day 1. In
terms of this difference score, a 0 score would mean that the
directional bias remained the same on day 5 relative to that of
day 1 (or of day 7 relative to day 1). A score of 0.50 would
mean a maximum degree of rotation bias change. Days 5 and
7 were selected as it was at this point that the pattern of
frequency distribution across diameter size category emerged
and stabilized as a distinctive and identifiable frequency pat-
tern. This pattern, which was not present at the the beginning
of drug treatment, qualifies as one instance of an emergent
qualitative change resulting from the apomorphine treatment.
A calculation of the absolute deviations of the rotation direc-
tion bias scores from those exhibited on day 1 for each animal
would, therefore, present another parameter of the emergent
qualitative change in locomotion behavior. The derived scores
of each group were then analyzed by a single ANOVA. The
F-test analysis showed a significant overall paired vs. unpaired
treatment effect, F(1, 28) = 6.471, p < 0.05, with greater
directional asymmetry in the paired relative to the unpaired
treatment group means, 0.28 vs. 0.12, in a maximal range
from 0 to 0.50. An overall within-treatment effect, F(2, 56)
= 3.187, p < 0.05, was also found but no interaction of
treatment X days of treatment, F(2, 56) = 1.144, p > 0.05.
These results, indicate an overall increased asymmetry in the
paired relative to the unpaired treatment group, especially in
the absence of an interaction effect. Moreover, in 5 of the 18
animals of the paired group, there was a pronounced reversal
in the directionality bias relative to day 1. One animal shifted
from predominantly clockwise rotation, 67%, to predomi-
nantly counterclockwise rotation, 99%:; the other four animals
shifted in the opposite direction: 61%, 68%, 75%, and 99%
counterclockwise rotation to 99%, 86%, 99%, and 99%
clockwise rotation, respectively. None of the animals of the
unpaired group exhibited such a degree of change.

Postacquisition Conditioning and Drug Test Results

Locomotion behavior. The locomotion behavior results on
the nondrug conditioning and 0.5 mg/kg and 2.0 mg/kg apo-
morphine tests were analyzed by a single ANOVA. The overall
F-test analysis indicated a significant paired vs. unpaired treat-
ment effect, F(1, 32) = 14.545, p < 0.01, a drug dose within-
treatment effect, F(2, 64) = 6.181, p < 0.01, and a signifi-
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cant interaction effect of paired vs. unpaired treatment with
drugs dose, F(2, 64) = 5.47, p < 0.01. Post hoc Newman-
Keuls specific tests for mean locomotion of the paired (32.32
m) vs. unpaired (26.76) treatment groups indicated that the
difference was not significant (p > 0.05) in the nondrug test
for conditioning. Thus there was no evidence that the hyperlo-
comotion response observed on days 5 and 7 was conditioned
to the exteroceptive test environment cues. However, in both
the 0.5 mg/kg and the 2.0 mg/kg apomorphine tests, hyperlo-
comotion, as indicated by a comparison of the paired vs. un-
paired groups, was observed (p < 0.01).

Rotation locomotion. Percent of rotation locomotion, as
already described, was also analyzed on the nondrug and drug
tests following the 7-day repeated apomorphine treatment.
Figure 4 shows the percent of rotation locomotion on the
nondrug test for conditioning and on the 0.5 mg/kg and 2.0
mg/kg apomorphine drug tests. An ANOVA was performed
on these results. The F-tests showed a significant treatment
effect, F(1, 32) = 9.175, p < 0.01, no within-treatment ef-
fect but a significant interaction effect, F(2, 64) = 3.524,
p < 0.05. Specific post hoc Newman-Keuls test results
showed that mean percent of rotation locomotion was not
statistically different in the paired vs. unpaired treatment
groups on the nondrug test but that it was higher in the paired
group in both the 0.5 mg/kg (p < 0.05) and in the 2.0 mg/kg
apomorphine tests (p < 0.01).

Rotation pattern analysis. Figure 5 shows the nondrug and
0.5 mg/kg and 2.0 mg/kg drug test results on rotation pattern
following the 7-day drug withdrawal. In the nondrug condi-
tioning test, the rotation patterns for the paired treatment
group reverted back to those of day 1 and were similar to
those of the unpaired group. However, the drug test results
for the paired group, for both drug dose levels, showed a
reinstatement of the distinctive rotation patterns observed on
days 5 and 7 of acquisition. The F-tests of the ANOVAs of

5 P UP

5 1.00, == O

=

O

3

' %k *

- 0.754

<

—

S Il

’——

2

5 0.50

=

o

=

3

o 0.251

el

=z

@]

=

= 0.00 - 5

8 SAL .5mg/Kg 2.0 mg/Kg
DRUG TESTS

FIG. 4. Means and SEMs for percent of rotation locomotion for the
0.5 and 2.0 mg/kg apomorphine tests following days 1-7 apomor-
phine treatment. Rotation locomotion distance for each animal was
calculated using the standard circumference formula for all partial
and full rotations at each diameter size category. The summated rota-
tion distance was divided by the total distance traversed to determine
percent values for each animal. Asterisks denote p < 0.05 (*) and
P < 0.01 (**) levels of statistical significance.
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FIG. 5. Means and SEMs for total rotation frequency (i.e., sum of 1/4, 1/2, 3/4, and 1/1 rotations for each animal) as a function of
size of rotation diameter ranging from <20 c¢m, 20-<30 cm, 30-<55 cm, to =55 cm. Results show total rotation frequencies on
posttreatment nondrug and drug tests for animals in the paired and unpaired groups. Asterisks (**) indicate post hoc Newman-Keuls
specific test comparisons following ANOVA for mean rotation rate differences between paired and unpaired treatment groups (p <
0.01). Crosses (+ +) indicate specific within-treatment comparisons of mean rotation rate differences for the paired group (p < 0.01).

these results which were carried out separately for each of the
three postacquisition tests indicated that in the nondrug test,
there was no significant paired vs. unpaired treatment effect,
no diameter-size effect in terms of frequency of rotation, and
no significant interaction of treatment with rotation diameter.
These findings indicate the absence of conditioning of the
drug-induced skewed rotation pattern to the test chamber cues
on the nondrug conditioning test trial. In the apomorphine
drug state condition (0.5 mg/kg and 2.0 mg/kg), however,
the paired animals selectively exhibited the acquired rotation
pattern of behavior shown on days 5 and 7. The F-test results
for each drug test revealed a paired vs. unpaired treatment
effect, F(1, 32) = 3.097, p < 0.01, and F(1, 32) = 8.223,
p < 0.01, for the 0.5 and 2.0 mg/kg apomorphine tests, re-
spectively. A within-treatment effect, expressed in diameter
size differences in rotation frequency, was also observed, F(3,
96) = 13.112, p < 0.01, and F(3,96) = 9.200, p < 0.01, for
the 0.5 and 2.0 mg/kg apomorphine tests, respectively. An
interaction of treatment and diameter size was observed as
well, F(3, 96) = 15.983, p < 0.01, and F(3, 96) = 7.964,
p < 0.01 for the 0.5 and 2.0 mg/kg apomorphine tests, re-
spectively. Post hoc Newman-Keuls tests for specific effects
showed that in each drug test the rotation frequencies at the
largest size category of rotation, =355 ¢m, were higher in the
paired group vs. the unpaired group (p < 0.01), and were
also higher in the paired group within-treatment comparisons
as well. (p < 0.01). These drug test results indicate that the
skewed rotation pattern in the paired treatment group had
been retained after the 7-day drug withdrawal period.

Session Duration Interval and the Emergence of
Hyperlocomotion and Behavioral Reorganization of
Locomotion

While the preceding analyses indicated a substantial change
in the behavioral expression of apomorphine-induced effects
over the course of repeated drug treatment, it is also possible
that these changes could reflect a within-session shift in the
drug effect. That is, with repeated treatment, the observed

changes on days 5 and 7 might have been detected on day 1
with a longer session duration interval. An additional set of
six animals were administered 2.0 mg/kg according to the
paired treatment protocol as described earlier. These animals
were observed for an extended session interval of 30 min.
Mean locomotion (m) in the first, second, and third 10-min
segment of the 30-min session showed a consistent decline in
locomotion as the percent decrease in locomotion was 5% and
8% for the second and and third 10-min segments relative to
the first 10 min segment. Percent of locomotion expressed as
rotation locomotion also declined from the first 10 min to the
last 10 min of the session. Similar analysis of frequency of
rotation at each diameter size showed an overall decline in the
second and third 10-min segments relative to the first 10-min
segment but no redistribution of the frequency pattern for
different diameter size categories. Thus the within-session
changes were distinct on all measures from the between-
session changes.

DISCUSSION

The emergence of hyperlocomotion in the animals that re-
ceived apomorphine paired with test chamber placement is
consistent with previous findings of apomorphine-induced be-
havioral sensitization effects on locomotion (14,15). Impor-
tantly, the present study showed, upon analysis of rotation
patterns, that a new pattern of behavior developed concur-
rently with hyperlocomotion. Overall, there was an increase
in percent of rotation locomotion relative to the total locomo-
tion and a change in rotation pattern from an equal distribu-
tion of small, medium, and large diameter rotations to a pre-
dominance of large diameter rotations. Importantly, however,
rotation per se did not increase; rather, the pattern changed.
Because the shift toward large diameter rotations entails
greater locomotion, this change in rotation behavior undoubt-
edly contributed to the development of hyperlocomotion. Not
only did the increase in percent of rotation locomotion and
the shift to large diameter rotations develop exclusively in the
paired group of animals, but these changes were retained after
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a 7-day drug withdrawal period. Additionally, the rotation
directionality bias also changed with repeated treatment. Im-
portantly, the directional bias was not significantly correlated
with the initial rotation bias and in 5 of the 18 animals direc-
tional bias reversed. Furthermore, this acquired change in di-
rection of rotation stabilized and was retained following drug
withdrawal. Because drug-induced rotational direction bias in
intact animals has been used to infer intrinsic hemispheric bias
asymmetry in rodents (10), the observed shift and stabilization
of rotation directionality with repeated drug treatment calls
into question extant interpretations of laterality bias as being
due to an intrinsic hemispheric dopaminergic imbalance. In-
stead, the present results point to the structural features of
the test environment interacting with adventitious learning
mechanisms during the drug state as determinants of locomo-
tion directionality bias.

Critically, the present results cannot be understood by in-
voking pharmacological mechanisms such as the mechanism
of sensitization-tolerance. For example, if one conceptualizes
the emergence of hyperlocomotion as being reflective of a
shift to the left in the dose-response curve due to an increase
in sensitivity to apomorphine, then, a higher dose than that
used in the present study should induce hyperlocomotion on
initial exposure to the drug. Mattingly et al. (14,15), however,
observed that hypolocomotion occurs initially even at dose
levels as high as 5 mg/kg. Another possibility is that the hyper-
locomotion response might have occurred on day 1 but at a
postinjection time later than the 10-min period used in the
present study. Seemingly, sensitization to apomorphine might
have advanced the drug response temporally so that this tem-
porally delayed drug effect would become manifested only
with repeated drug treatment. The present study results, how-
ever, showed a progressive hypolocomotion effect without a
differential change in rotation pattern in the 30-min extended
observation interval for one set of animals. Additionally, nei-
ther hyperlocomotion nor a shift in rotation pattern were ob-
served in the posttreatment drug test in the animals of the
unpaired group that had the identical drug treatment but un-
paired to test chamber placement. Furthermore, except for
the 10-min exposure to the test chamber, both paired and
unpaired treatment animals experienced the apomorphine
drug state in similar home cages. Thus if one were to argue
that the home cage environment suppressed the occurrence of
the temporally delayed apomorphine-induced hyperlocomo-
tion effect in the unpaired treatment group, this response
would have been equally suppressed in the paired group. Alto-
gether, these considerations point to the necessity of develop-
ing a new approach toward understanding the behavioral sen-
sitization effects of repeated psychostimulant drug treatment.

It is well established that the behavioral effects of high
doses of apomorphine (=0.5 mg/kg) are mediated by striatal
and mesolimbic dopaminergic postsynaptic D1/D2 receptors
(3,9,11-13,17,20-22,24,27,28). In evaluating high-dose dopa-
minergic drug effects, however, it is necessary to consider the
sensory gating effects (23) that apomorphine imposes upon an
animal’s response to the test environment. For example, a
large dose level of apomorphine, such as that used in the
present study, initially induces an intense sniffing and licking
behavior oriented exclusively to the stimuli with which the
animal is in immediate contact. Consequently, there is reduced
locomotion due to the animals being less attentive than non-
drug animals to the distal cues of the test environment that
elicit locomotor exploratory behavior (16). Thus for the ani-
mals of the paired treatment group, which are in the test envi-
ronment during the apomorphine drug state, the proximal
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cues are prepotent and appear to occlude distal spatial aspects
of the test environment. As a result, the apomorphine-paired
animals achieve movement throughout the test environment
through small shifts in spatial location guided by successive
piecemeal sampling of circumscribed areas of proximal stim-
uli. At the end of this dynamic process, the test environment
chamber walls provide both a limit of the locomotor response
as well as a maximum level of proximal stimuli by providing
simultaneous contact with horizontal and vertical surfaces.
The convergence of surfaces for maximal proximal stimulus
contact provides an explanation for the emergence of unifor-
mity of locomotor pattern induced by apomorphine in the
different animals following repeated treatment.

Importantly, interoceptive drug cues (4,5,19) are a constant
and integral part of the complex stimulus context in which
movement responses occur. These stimuli could account for
the development of directionally stable locomotion patterns
with repeated apomorphine treatment because the repeated
association of drug stimuli with stereotypic locomotor pat-
terns could lead to an S-R (stimulus-response) contiguity
association and enable the drug stimuli to attain an increas-
ingly determinant role in the occurrence of the behavioral
expression of the drug effect (4,5). This S-R linkage through
Pavlovian conditioning mechanisms would, in this manner,
entail an association of a complex compound stimulus (S)
which includes the interoceptive drug cue and proximal cues
of the test environment with the animal’s locomotor behav-
ior (R).

Within the framework outlined above, the development of
hyperlocomotion is interpreted as a behavioral reorganization
process occurring in the drug state. However, the specific
form of behavioral reorganization process depends upon be-
havioral contingencies tied to a specific environment. Thus,
hyperlocomotion is not a necessary outcome in this schema.
If the animal remains in place sniffing and licking, it may
never come to chain locomotor movement to different sets
of proximal stimuli and thereby establish contact with larger
spatial areas of the test environment. This was confirmed by
the fact that five animals of the paired group remained
throughout the experiment at the initial hypolocomotion stage
and did not show the behavioral reorganization expressed in
changes of rotation pattern and acquired directionality of
movement. Upon first exposure to the test environment during
the drug state in the two postacquisition drug tests, the un-
paired animals also showed hypolocomotion without behav-
ioral restructuring similar to that of the animals of the paired
group on day 1. At this point, the unpaired animals had al-
ready had 10 days of drug treatment and 10 days of nondrug
exposure to the test environment, but they lacked the associa-
tion of the drug state to the test environment stimuli. Simi-
larly, rotation around the perimeter of the test chamber is not
likely to develop if there is no vertical surface at the periphery
(e.g., in an elevated flat surface without walls). At the same
time, if the environment is a restricted spatial arena incompat-
ible with locomotion, then other behaviors that maximize con-
tact with proximal stimuli will increase with repeated treat-
ment (e.g., rearing and climbing). Thus, the behavioral
expression of the pharmacological effect of a psychostimulant
drug entails a factor of plasticity that is contingent upon the
environment and the animal’s response to it.

Altogether, the present analysis and results call into ques-
tion the use of the concept of behavioral sensitization to de-
scribe the enhanced locomotor effects of repeated psychostim-
ulant drug treatment. While behavioral sensitization as a
pharmacological concept has a precise operational meaning —
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a shift to the left of the dose-response curve — it is nonetheless,
too simplistic. Psychostimulant drugs engage attentional as
well as conditioning and memory mechanisms. With repeated
drug treatment, the drug effect becomes entwined in these
complex integrative neural mechanisms to induce structural
reorganization of behavior. Thus it becomes necessary to de-
velop formulations of drug action that are commensurate with
this complex interactive process. Rather than a shift in the
dose-response function of a target response, repeated psycho-
stimulant drug effects need to be reconceptualized into pro-
cesses that entail a dynamic outcome of environmental contin-
gencies with learning and behavioral plasticity mechanisms.
Repeated psychostimulant drug treatments do not merely re-
sult in an increase of a specific target response, as suggested
by the concept of behavioral sensitization; rather, they set the
occasion for the initiation of a structural reorganization of
behavior. The behavioral expression of the drug effect devel-
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ops out of the drug impact upon sensorimotor integration
processes in a specific test environment. In this context, learn-
ing and memory mechanisms interact with the drug state and
the environmentally contingent behavioral patterns to consoli-
date and preserve such behavioral repertoires which, with rep-
etition, can develop into stereotyped patterns. The concept
of behavioral reorganization that is offered as an alternative
descriptive concept presents a more comprehensive description
of the behavioral dynamics initiated by repeated psychostimu-
lant drug treatment compared to the extant widely espoused
behavioral sensitization concept.
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