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ABSTRACT The purpose of this study was to compare the effects of amphetamine

exposure on subsequent amphetamine-induced changes in behavior and dopamine (DA)
release in the dorsal and ventral striatum, as a function of time following the discontinu-
ation of repeated amphetamine treatment. Rats were pretreated with either saline or an
escalating-dose amphetamine regimen, and then received a 0.5 mg/kg amphetamine
“challenge” after either 3, 7, or 28 days of withdrawal. Animals tested after 28 days of
withdrawal were hypersensitive (sensitized) to the locomotor-activating effects of am-
phetamine, and relative to control animals showed a significant enhancement in amphet-
amine-stimulated DA release in both the dorsal and ventral striatum, as revealed by in
vivo microdialysis. Animals tested after only 3 or 7 days of withdrawal showed neither
behavioral sensitization nor enhanced amphetamine-stimulated DA release. These re-
sults establish that time-dependent changes in behavioral sensitization to amphetamine
are associated with time-dependent changes in amphetamine-stimulated DA release,
and support the hypothesis that persistent sensitization-related changes in striatal DA

neurotransmission contribute to the expression of behavioral sensitization.

© 1995 Wiley-Liss, Inc.

INTRODUCTION

Many effects of addictive drugs on behavior and cog-
nitive function do not remain constant when drugs are
administered repeatedly. Some drug effects show toler-
ance, that is, they get smaller and smaller with re-
peated drug administration (Jaffe, 1990), whereas
other drug effects get larger and larger, a phenomenon
known as behavioral sensitization (Antelman, 1988;
Kalivas and Stewart, 1991; Post and Contel, 1983; Rob-
inson and Becker, 1986; Segal, 1975). The potential
importance of sensitization in the development of ad-
diction (Robinson and Berridge, 1993), and in stimu-
lant-induced psychosis (Post and Contel, 1983; Robin-
son and Becker, 1986; Segal et al., 1981), has led to
increasing interest in characterizing the nature of per-
sistent drug-induced adaptations in the nervous sys-
tem responsible for behavioral sensitization. Much of
this research has focused on mesotelencephalic dopa-
mine (DA) systems because (1) many addictive drugs
are known to influence dopaminergic activity; (2) the
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specific drug effects that show sensitization (e.g., psy-
chomotor activating and incentive motivational effects)
are known to be mediated in large part by mesotelen-
cephalic DA systems; (3) the activation of DA systems is
known to be necessary for the induction and expression
of psychomotor stimulant sensitization; and (4) the lo-
cal activation of DA systems is sufficient to produce
sensitization (Kalivas and Stewart, 1991; Robinson,
1991; Robinson and Berridge, 1993; White and Wolf,
1991).

This report concerns specifically the neural basis of
amphetamine sensitization. A number of neural corre-
lates of amphetamine sensitization have been reported,
but probably the most consistent and persistent sensiti-
zation-related adaptation in DA neurotransmission is
an enhancement in amphetamine-stimulated striatal
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DA “release™ (Kalivas and Stewart, 1991; Robinson,
1991; Robinson and Berridge, 1993; White and Wolf,
1991). A sensitization-related enhancement in amphet-
amine-stimulated DA release has been reported in
studies using in vitro preparations of caudate or nu-
cleus accumbens tissue fragments (Castafnieda et al.,
1988; Kolta et al., 1985, 1989; Robinson and Becker,
1982; Robinson et al., 1982; Wilcox et al., 1986; Yamada
et al., 1988), and in studies utilizing in vivo intracere-
bral microdialysis (Kazahaya et al., 1989; Patrick et al.,
1991; Robinson, 1991; Robinson et al., 1988; Vezina,
1993; Wolf et al., 1993). There have been, however,
negative experiments as well, in which behavioral sen-
sitization was not associated with an enhancement in
amphetamine-stimulated DA release (Kolta et al.,
1985; Segal and Kuczenski, 1992; Wolf et al., 1993).

We hypothesize that some of the differences between
studies with positive vs. negative outcomes may be re-
lated to the complex time course of sensitization-re-
lated changes in brain and behavior. For example, we
reported previously that rats do not express behavioral
sensitization for up to a week following the discontinu-
ation of an escalating-dose amphetamine regimen, a
regimen that maximizes amphetamine withdrawal
symptoms (Paulson et al., 1991). Indeed, with this par-
adigm behavioral sensitization does not seem to
“emerge” until withdrawal-related changes in behavior
dissipate. This indicates that time following amphet-
amine pretreatment is a critical variable that must be
considered in studying neural correlates of sensitiza-
tion, a point that has been emphasized previously by a
number of researchers (Antelman, 1988; Hirabayashi
and Alam, 1981; Post, 1980). There is, however, little
known about the relationship between time-dependent
changes in behavior associated with the discontinua-
tion of amphetamine treatment and changes in am-
phetamine-stimulated DA release. The two previous
studies on this topic involved the quantification of am-
phetamine-stimulated DA release from striatal (mostly
caudate) tissue in vitro (Kolta et al., 1985) or in vivo
microdialysis in anaesthetized animals (Wolf et al.,
1993), both of which precluded the simultaneous as-
sessment of changes in behavior and DA neurochem-
istry.

The purpose of this study, therefore, was to use the
technique of in vivo microdialysis in behaving animals
to characterize the time course of changes in behavioral
responsiveness to amphetamine following the discon-
tinuation of repeated amphetamine treatment, and its
relationship to the time course of regional changes in
amphetamine-stimulated DA release. The two striatal
regions selected for study were the dorsolateral caudate
nucleus (dorsal striatum) and the nucleus accumbens

'The word release is used here as shorthand for the phrase, “amphetamine-
induced increase in the concentration of DA in dialysate (or superfusate),” and is
not used to imply anything about the specific mechanism by which this occurs.

(ventral striatum) because these represent the two
most anatomically and functionally distinct subdivi-
sions of the striatal complex (Nauta, 1989). We hypoth-
esized that this comparison would maximize the proba-
bility of detecting any regional differences in the effects
of amphetamine sensitization within the striatum, if
any exist.

MATERIALS AND METHODS
Subjects

Adult male Holtzman rats (Harlan Sprague-Dawley,
Indianapolis, IN) weighing 200--250 g at the start of the
experiment were housed individually in wire-hanging
cages in a temperature-controlled animal colony, on a
normal light-dark cycle (14:10 h; lights on at 06:00 h).
The animals had free access to food and water, and
were allowed to acclimatize to the light cycle in the
colony room for at least 2 weeks prior to beginning the
experiment.

Amphetamine pretreatment regimen and groups

Animals were pretreated with either d-amphetamine
sulfate or saline (i.p.) according to the schedule de-
scribed by Robinson and Camp (1987) and Paulson et
al. (1991). Briefly, amphetamine-pretreated rats re-
ceived twice daily injections of amphetamine, approxi-
mately 8 h apart, in their home cage. Injections were
given on weekdays, but not on weekends, to mimic the
pattern of “runs” followed by “crashes” often seen in
amphetamine addicts (Kramer et al., 1967). The dose of
amphetamine was escalated over a 6 week period, from
1 to 10 mg/kg (weight of the salt), as illustrated in
Figure 1 of Paulson et al. (1991). Control animals re-
ceived 1 mlkg of 0.9% saline. Approximately equal
numbers of amphetamine-pretreated and control rats
were prepared for microdialysis testing, which took
place either 3, 7, or 28 days after the discontinuation of
pretreatment with amphetamine or saline. There were,
therefore, three independent groups of amphetamine-
pretreated animals (tested after 3, 7, or 28 days of with-
drawal) and three independent groups of control ani-
mals (tested 3, 7, or 28 days after the last injection of
saline). In addition, approximately half of the animals
in each of these groups received a microdialysis probe in
the ventral striatum (nucleus accumbens), and half re-
ceived a probe in the dorsal striatum (dorsolateral cau-
date nucleus), so in total there were 12 independent
groups of animals tested.

Procedures

All animals were prepared surgically with a chronic
guide cannula using procedures described by Paulson
and Robinson (1994). Animals to be eventually tested
after 3 or 7 days of withdrawal had surgery on the
Saturday of the last drug-free weekend, before the last
week of pretreatment injections (i.e., 9-12 days before
dialysis testing), and then were returned to their home
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Fig. 1. Schematic drawings of coronal sections of the rat brain adapted from the atlas of Paxinos and
Watson (1986), showing the location of the dialysis surface of probes in either the nucleus accumbens
(ventral striatum; a) or dorsolateral caudate nucleus (dorsal striatum; b). Probe locations in control
(saline-pretreated) animals are shown on the left-hand side of each section and those in amphetamine-
pretreated animals on the right-hand side of each section.

cages. Animals to be tested after 28 days of withdrawal
had surgery 12 days prior to their dialysis test session.
A 26-gauge stainless steel guide cannula was placed
unilaterally on the dural surface above either the dorso-
lateral caudate nucleus (0.5 mm anterior to bregma and
3.5 mm lateral to the saggital suture) or the nucleus
accumbens (1.8 mm anterior, 1.2 mm lateral); half the
animals had a cannula placed above the left hemi-
sphere and the other half had it placed above the right
hemisphere (Paxinos and Watson, 1986). In addition,
an L-shaped length of stainless steel tubing was placed
just above the skull surface near the back of the head,
and approximately 5 mm of this extended vertically (to

be used later for attachment of a tether). The entire
assembly was fixed in place with skull screws and den-
tal acrylic.

Six to 10 days after surgery each animal was placed
in a habituation chamber located in the testing room.
This chamber was identical to that described by Paul-
son and Robinson (1994), except it also had a semicircu-
lar opening located on one wall, which provided access
to an 18 cm diameter stainless steel running wheel.
Food and water were freely available. Each animal was
left in a habituation chamber for 24 h, and the light-
dark cycle was the same as in the animal colony. After
the habituation period, each animal was lightly anes-
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thetized with ether, and a dialysis probe (see below)
was quickly lowered via the guide cannula and secured
in place with cyanoacrylic adhesive. The animal was
then placed into a test chamber identical in design to
the habituation chamber. The animal was attached to a
dual-channel liquid swivel (Instech) via a flexible steel
tether made from model airplane control cable, which
was fixed to the length of tubing protruding from the
dental acrylic “cap” on the animal’s head. The perfusion
medium (128.3 mM NaCl, 1.35 mM CaCl,, 2.6 mM KCl,
2.0 mM MgCl,, 0.2 mM ascorbic acid, pH 7.3) was
pumped into the probe at a rate of 1.5 pl/min via the
side channel on the swivel and exited via the central
channel of the swivel, where it passed through a 56 cm
length of flexible fused silica capillary tubing. The ani-
mal was left undisturbed in the test chamber overnight,
and no samples were collected.

The following morning timed samples of dialysate
were collected into minivials and flow rate was checked
by measuring their volumes. At least three of these
dialysate samples were manually injected onto a high
performance liquid chromatography (HPLC) system. In
addition, sample containing the perfusion solution
only, and three standards prepared in the perfusion
medium, containing known concentrations of DA, dihy-
droxyphenylacetic acid (DOPAC), homovanillic acid
(HVA), and 5-hydroxyindoleacetic acid (5-HIAA), were
manually injected. The output from the probe (fused
silica tubing) was then attached to a computer-con-
trolled HPLC injection valve for “on-line” dialysis sam-
pling (Wages et al., 1986), using procedures described
previously (Paulson and Robinson, 1994).

Animals were then sampled over successive 20 min
intervals for the next 22 h, during which time the ani-
mal was left undisturbed. The next morning the flow
rate was checked again, as described above, and then
the outlet from the probe reconnected to the automated
injection value, and automated sample collection and
injection were continued for 1 h (“baseline”). The ani-
mals then received an i.p. injection of 0.9% saline and
three additional samples were collected. All animals
then received an i.p. challenge injection of 0.5 mg/kg of
d-amphetamine sulfate (weight of the salt), and auto-
mated sample collection and analysis continued for an-
other 3 h. The animals were then removed from the
chamber, and the exit line from the probe was discon-
nected from the HPLC injection valve. The dialysate
flow rate was rechecked manually by again measuring
the volume of timed samples, and additional standards
were injected manually at this time. Dialysate was as-
sayed for DA, DOPAC, HVA, and 5-HIAA using HPLC
and electrochemical detection (Paulson and Robinson,
1994).

Probe design

The microdialysis probes were a modified version of
the concentric-style probes described by Robinson and

Camp (1991). The major difference between the probes
described by Robinson and Camp (1991) and those used
here was that the stainless steel shaft of these probes
only extended to the cortical surface. Only the hollow
fiber dialysis tubing extended into the brain. The prox-
imal surface of this membrane was coated with cy-
anoacrylic to prevent diffusion, and only the distal sur-
face, located in the target structure, was uncoated. For
both caudate and accumbens probes, the exposed por-
tion of the membrane was 2.0 mm long. Prior to use all
probes were tested in vitro at 37°C to determine their
ability to recover known concentrations of DA, DOPAC,
HVA, and 5-HIAA.

Behavior

On the test day motor activity was quantified auto-
matically over 5 min intervals by a device equipped
with four photocells, located 90° apart, which was
mounted on the liquid swivel, and was similar in design
to that described by McFarlane et al. (1992). Essen-
tially, this device divides the area of the test chamber
diagonally into four equal quadrants and registers
movements from one quadrant to another. These
“counts” correlate very highly with “crossovers” (loco-
motion) from one side of the cage to the other, as deter-
mined by visually scoring videotapes (r = 0.95; Paulson
and Robinson, 1994). In addition, revolutions of the
running wheel were recorded.

Histology

At the end of each experiment the animal was given
an overdose of sodium pentobarbital and perfused
through the heart with 0.9% saline, followed by 10%
formalin. The brain was removed and stored in 10%
formalin until it was sectioned using a frozen tech-
nique, stained with cresyl violet, and examined to de-
termine the exact location of the dialysis probe.

Data analysis

Dialysate values expressed in pg/pl of dialysate are
corrected for probe recovery. There were no significant
group differences in probe recovery. For all probes the
average (= SEM) recovery values were as follows: cau-
date probes, DA, 13.12 = 0.49%; DOPAC, 13.67 =
0.56%; HVA, 13.42 = 0.54%; 5-HIAA, 12.96 * 0.63%;
accumbens probes, 12.64 + 0.52%, 12.79 += 0.61%,
13.04 + 0.51%, 13.21 = 0.46%, respectively. The group
means for motor activity and the dialysate concentra-
tions of neurochemicals were analyzed using paramet-
ric statistics, including analyses of variance and Fish-
er’s least significant difference (LSD) tests for follow-up
pairwise comparisons (Statview®, Abacus Concepts,
Inc.). The results of all statistical analyses are pre-
sented in the figure captions to make the text easier to
read. All statements regarding group differences made
in the results section are supported by the outcome of
the relevant statistical tests.
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Fig. 2. The mean (= S.E.M.) number of 90° movements per 5 min
interval in control animals (0, open circles; N = 42) and animals tested
after 3 days (T, open squares; N = 20), 7 days (A, open triangles;
N = 18), or 28 days ( #, closed diamonds; N = 20) of withdrawal from
escalating-dose amphetamine treatment. The first eight intervals rep-
resent basal activity. The animals received an injection of saline at the
time indicated by the first arrow and then were left undisturbed for 12
intervals (1 h), at which time they received an injection of 0.5 mg/kg of
amphetamine (second arrow). There were significant group differ-
ences in the response to amphetamine (two-way ANOVA with re-

RESULTS
Criteria for inclusion

There were two criteria for inclusion of data in this
experiment: (1) chromatographic-—basal peaks had to
be at least three times greater than background noise;
and (2) histological-—the probe had to be located in ei-
ther the dorsolateral caudate nucleus or the nucleus
accumbens. In addition, data from some animals was
lost due to equipment malfunction (e.g., fluid leaks,
power loss, etc.).

Probe placements

Figure 1 illustrates the location of the dialysis sur-
face of probes located in either the dorsolateral caudate
nucleus (dorsal striatum) or the nucleus accumbens
(ventral striatum) of animals used in this study.

Behavior

The animals showed only low and highly variable
levels of activity in the running wheel, confining nearly
all their activity to the main portion of the test cham-
ber, and therefore, only the latter data (90° movements)
are reported here. In addition, there were no differ-
ences between animals with probes in the nucleus ac-
cumbens vs. caudate nucleus, and therefore, these
groups were pooled for analysis and presentation of the
behavioral data.

Figure 2 shows the effects of a challenge injection of

peated measures on one factor, effect of treatment group, F = 5.47,
P < 0.002; effect of time, F = 74.8, P < 0.0001; group by time interac-
tion, F = 2.11, P < 0.0001). Subsequent factorial one-way ANOVAs
(followed by Fisher’s PLSD tests if significant) at each point in time
after amphetamine administration revealed that the group tested af-
ter 28 days of withdrawal differed from the other three groups at the
times indicated by asterisks. The control, 3 day, and 7 day withdrawal
groups did not differ from one another at any point in time. * 28 days
differs from control, 3 day, and 7 day groups, P < 0.05, 1 28 days
differs from control and 3 day groups.

first saline, and then 1 h later, 0.5 mg/kg of amphet-
amine, on motor activity (90° movements) in the four
groups: control animals and animals tested after either
3, 7, or 28 days of withdrawal from amphetamine.
There was no effect of amphetamine pretreatment on
basal motor activity (the eight 5 min intervals prior to
saline), although this was very low because the animals
appeared to mainly sleep at this time. An injection of
saline produced a brief increase in motor activity, last-
ing only 5-10 min, and there were no significant group
differences. Amphetamine produced a large increase in
motor activity in all groups, lasting for about 90 min,
but there were significant group differences. Animals
given an amphetamine challenge 28 days after the dis-
continuation of amphetamine pretreatment showed a
significantly greater increase in motor activity (sensiti-
zation) than did control animals, or animals tested af-
ter only 3 or 7 days of withdrawal. These latter two
groups did not differ from the control group, or from
each other.

Microdialysis
Figure 3 shows the basal concentrations of DA,
DOPAC, HVA, and 5-HIAA in the nucleus accumbens
and caudate for each of the four groups. There was no
significant effect of amphetamine withdrawal on the
basal concentration of DA in the nucleus accumbens.
There was, however, a significant decrease in basal DA



TIME-DEPENDENT SENSITIZATION 61

Accumbens Caudate Accumbens Caudate
CA ic D
- ~ 800 1 N
T o - -
& ~ & T T 1| | ‘,
2 g 4001 ? |
é 1.0 o : ‘ :
] Q -
[w] |
2 1 200 1 1]
8 1 ‘
0ol NEEEEN RN
1E * 3001 - H
600 T 2 ] 10 ]
= ] H“? < T
> | 2 200 . a
£ 400 L >~ ‘
< =R | s I |
T o200 | || 5100 | i
11 | , i [
o AL 1
0 C 3728 0 C 3728

c3728 C 3728

Fig. 3. The mean (+S.E.M.) basal concentrations of DA (A,B), dihy-
droxyphenylacetic acid (DOPAC; C,D), homovanillic acid (HVA; E,F),
and 5-hydroxyindoleacetic acid (5-HIAA; G,H) in the nucleus accum-
bens (accumbens) and dorsolateral caudate nucleus (caudate) of con-
trol animals (C) and animals tested after 3, 7, or 28 days of with-
drawal. The data were analyzed by one-way ANOVAs, and if
significant, followed by Fisher’s PLSD tests. There was no effect of
amphetamine withdrawal on the basal concentration of DA in the
accumbens (F = 0.62), DOPAC in the accumbens (F = 0.52), DOPAC
in the caudate (F = 0.86), HVA in the caudate (F = 1.29), 5-HIAA in
the accumbens (F = 0.92), or 5-HIAA in the caudate (F = 1.79). There
was a significant effect of amphetamine withdrawal on DA in the
caudate (F = 4.62, P < 0.01) and HVA in the accumbens (F = 4.16,
P = 0.012). The asterisk in panel B indicates that there was a signifi-
cant (P < 0.05) decrease in basal DA in animals tested after 3 days of
withdrawal relative to all other groups (which did not differ from one
another). The asterisk in panel E indicates there was a significant
(P < 0.05) increase in basal HVA in animals tested after 28 days of
withdrawal, relative to all other groups (which did not differ from one
another). Group Ns: accumbens control, N = 18-20; caudate control,
N = 15-17; accumbens 3 day, N = 8-11; 7 day, N = 9-10; 28 day,
N = 4-7; caudate 3 day, N = 6-7; 7 day, N = 8; 28 day, N = 9. Group
Ns vary because both DA and metabolite data were not available for
every animal.

in the dorsolateral caudate nucleus of animals tested
after 3 days of withdrawal (but not in animals tested
after 7 or 28 days of withdrawal). The only significant
effect of amphetamine pretreatment on the basal con-
centration of DA metabolites on dialysate was in ani-
mals tested after 28 days of withdrawal. Relative to
controls, the basal concentration of HVA was elevated
significantly in the nucleus accumbens of animals
tested after 28 days of withdrawal. There was no effect
of amphetamine pretreatment on basal 5-HIAA levels.
Figure 4 shows the effects of challenge injections of
saline and amphetamine on the concentration of DA in
dialysate obtained from either the nucleus accumbens
or dorsolateral caudate nucleus. There was no effect of
a saline injection on DA concentrations, and no group
differences. Amphetamine produced a significant in-
crease in the concentration of DA in dialysate in all
groups, but there were also significant group differ-
ences. Amphetamine induced significantly greater DA

8 — A. Nucleus accumbens

O Control
7 -l O 3Day
A 7 Day
6 | ® 28 Day

Dopamine (pg/ul)

A

Saline 0.5 mg’kg Amphetamine
0 PR T R DUV R NS N
0 40 80 120 160 200 240 280
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Fig. 4. The mean (= S.E.M.) concentration (pg/ul) of DA in 20 min
dialysate samples obtained from the nucleus accumbens or dorsolat-
eral caudate nucleus in control animals (open circles) and animals
tested 3 (open squares), 7 (open triangles), or 28 (closed diamonds)
days after the discontinuation of amphetamine pretreatment. The
first three samples represent the basal concentration of DA, and the
animals were given an injection of saline at the time indicated by the
first arrowhead. After 1 h the animals received an injection of 0.5
mg/kg of amphetamine (where indicated by the second arrowhead)
and an additional nine samples collected. There was a significant
effect of amphetamine withdrawal on the response to an amphetamine
challenge in both the nucleus accumbens and caudate nucleus, as
indicated by two-way ANOVAs with repeated measures on one factor:
Accumbens (A) effect of treatment group, F = 10.4, P < 0.0001, effect
of time, F = 98.7, P < 0.0001, group by time interaction, F = 9.3,
P < 0.0001. Caudate (B) group, F=11.15, P < 0.0001, time,
F = 140.4, P < 0.0001, interaction, F = 5.85, P < 0.0001. Subsequent
one-way ANOVAs (followed by Fisher’s PLSD tests if significant) for
each interval after amphetamine administration revealed that the
group tested after 28 days of withdrawal differed significantly from all
other groups, at all points in time after amphetamine (Ps range from
0.03 to <0.0001), in both structures, but the control, 3 day, and 7 day
groups did not differ from each other at any point in time after am-
phetamine administration. Group Ns: accumbens control, N = 18;
caudate control, N = 15; accumbens 3 day, N = 8; accumbens 7 day,
N = 9; accumbens 28 day, N = 7; caudate 3 day, N = 6; caudate 7 day,
N = 8; caudate 28 day, N = 9.

release in both the nucleus accumbens and caudate nu-
cleus of animals tested after 28 days of withdrawal,
relative to control animals or animals tested after only
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TABLE I. Microdialysis studies of amphetamine-stimulated DA release in amphetamine-sensitized rats

Withdrawal Challenge

Amphetamine treatment (days) (mg/kg) Effect Reference
Escalating, 1 — 10 mg/kg 2/d x 30-60 1.5 ' (Acc & Caw Robinson, 1991

6 weeks, d-AMP
Escalating, 1 — 10 mg/kg 2/d X 6 28 0.5 1 (Acc & Cau) Present study

weeks, d-AMP
Escalating, 1 — 10 mg/kg 2/d x 6 15-21 2.0 t (Ace) Robinson et al., 1988

weeks, d-AMP
5/mg/kg 2/d x 5d, d-AMP 15 0.5 1 (Caw Patrick et al., 1991
2.5 pg x 3 (intra-acc d-AMP) 14 1.0 (i.p.) 1 (Aco) Vezina, 1993
1 mg/kg 1/d x 10d, d-AMP 10-14 0.5 t (Aco) Wolf et al., 1993
4 mg/kg 1/d x 14d, meth-AMP 7 4.0 1 (Cau) Kazahaya et al., 1989
Escalating, 1 — 10 mg/kg 2/d x 6 7 0.5 ==(Acc & Cau) Present study

weeks, d-AMP
2.5-3.0 mg’kg 1/d x 4-6d, d-AMP 2-6 2.5 { (Acc & Can) Segal and Kuczenski, 1992
1 mg/kg 1/d % 10d, d-AMP 3-4 0.5 —=(Acc) Wolf et al., 1993
Escalating, 1 — 10 mg/kg 2/d X 6 3 0.5 ==(Acc & Cau) Present study

weeks, d-AMP

3 or 7 days of withdrawal, and these latter three groups
did not differ from one another.

DISCUSSION

Animals were pretreated with escalating doses
(1 — 10 mg/kg) of d-amphetamine over a 6 week pe-
riod and then withdrawn for 3, 7, or 28 days before the
effects of a 0.5 mg/kg challenge injection of amphet-
amine on behavior and DA neurotransmission were as-
sessed. The major finding was that animals showed
parallel time-dependent sensitization of behavior and
amphetamine-stimulated DA release; that is, animals
tested 28 days after the discontinuation of amphet-
amine pretreatment were hypersensitive (sensitized) to
the psychomotor activating effects of an amphetamine
challenge, and also showed a significant enhancement
in amphetamine-stimulated DA release in both the nu-
cleus accumbens and dorsolateral caudate nucleus, rel-
ative to control. In contrast, animals tested after only 3
or 7 days of withdrawal did not express behavioral sen-
sitization, or sensitization-related changes in amphet-
amine-stimulated DA release.

This time-dependent “emergence” of behavioral sen-
sitization is consistent with previous studies. For exam-
ple, Paulson et al. (1991) employed the same amphet-
amine pretreatment regimen as used here and
challenged animals with 2.6 mg/kg of amphetamine 3,
7, 14, 28, 90, 180, or 365 days after the discontinuation
of amphetamine pretreatment. A measure of locomotor
activity (cage “crossovers”) did not reveal evidence of
sensitization after 3 or 7 days of withdrawal, but ani-
mals were markedly hypersensitive to an amphetamine
challenge by 14 days of withdrawal, and behavioral
sensitization then persisted undiminished for at least a
year. Time-dependent behavioral sensitization has
been reported by a number of researchers using quite
different amphetamine treatment regimens and other
drugs (Antelman, 1988; Antelman and Chiodo, 1981;
Hirabayashi and Alam, 1981; Nelson and Ellison, 1978;

Post, 1980; Robinson, 1984). It appears, therefore, that
time dependence is a fundamental feature of the sensi-
tization phenomenon (Antelman, 1988; Post, 1980). In-
deed, if drug injections are given too close together in
time, tolerance rather than sensitization may occur.

A sensitization-related enhancement in amphet-
amine-stimulated DA release in vivo, similar to that
seen here after 28 days of withdrawal, has been re-
ported previously (Kazahaya et al., 1989; Patrick et al.,
1991; Robinson, 1991; Robinson et al., 1988; Vezina,
1993; Wolf et al., 1993). On the other hand, others have
reported that sensitization to amphetamine is not al-
ways associated with an increase in amphetamine-
stimulated DA release (Kolta et al., 1985; Segal and
Kuczenski, 1992; Wolf et al., 1993). The present study
suggests a reason for the apparent discrepancy between
these studies may be related to the time-dependent na-
ture of sensitization-related changes in amphetamine-
stimulated DA release. Although animals tested after
28 days of withdrawal showed enhanced amphetamine-
stimulated DA release, animals tested after only 3 or 7
days of withdrawal did not.

To explore this hypothesis further, we summarized
all of the microdialysis studies published to date on the
effects of amphetamine sensitization on amphetamine-
stimulated DA release (Table I). Table I shows that
there have been seven experiments published in which
a sensitization-related enhancement in amphetamine-
stimulated DA release was found (positive experi-
ments), and four experiments in which amphetamine
pretreatment produced either no change or a decrease
in amphetamine-stimulated DA release, including the
present study (negative experiments). It is obvious
from examination of Table I that neither differences in
the amphetamine pretreatment regimen, nor the chal-
lenge dose of amphetamine, account for differences be-
tween the positive and negative experiments. There is,
however, essentially no overlap between positive exper-
iments and negative experiments in the duration of
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withdrawal from amphetamine before animals were
given a challenge injection of amphetamine.

In the negative experiments an amphetamine chal-
lenge was given after only 2-7 days of withdrawal, and
in the positive experiments an amphetamine challenge
was given after 7—60 days of withdrawal. This analysis
suggests that a sensitization-related enhancement in
amphetamine-stimulated DA release occurs only after
a relatively extended period of withdrawal. Similar
findings have been reported recently for cocaine sensi-
tization (Kalivas and Duffy, 1993). Exactly how much
time must elapse before the “emergence” of a sensitiza-
tion-related enhancement in amphetamine-stimulated
DA release is probably dependent on many factors, in-
cluding how aggressive the pretreatment regimen is,
and thus, the magnitude and persistence of with-
drawal-related symptoms and neuroadaptations. For
example, the persistent withdrawal syndrome seen fol-
lowing the discontinuation of the escalating dose regi-
men used here may explain why amphetamine-stimu-
lated DA release was not enhanced after 7 days of
withdrawal but was enhanced after only 7 days of with-
drawal in the study by Kazahaya et al. (1989).

In the present study there was excellent correspon-
dence between the presence or absence of behavioral
sensitization and sensitization-related changes in am-
phetamine-stimulated DA release in vivo; that is, nei-
ther behavioral nor neurochemical sensitization were
evident at 3 or 7 days of withdrawal, and both behav-
ioral and neurochemical sensitization were evident by
28 days of withdrawal. We need to emphasize, however,
that behavioral sensitization can be dissociated from an
enhancement in amphetamine-stimulated DA release
under some conditions. In particular, with some treat-
ment regimens behavioral sensitization has been ob-
served soon after withdrawal, when changes in am-
phetamine-stimulated DA release were not evident
(Koita et al., 1985; Segal and Kuczenski, 1992; Wolf et
al., 1993). It is possible that even with the escalating-
dose regimen used here, such a dissociation would occur
if, for example, animals were tested at times between 7
and 28 days of withdrawal.

There are a number of reasons why behavioral sensi-
tization may, under some conditions, become dissoci-
ated from a sensitization-related enhancement in am-
phetamine-stimulated DA release. Of course, one
possibility is that there is no causal relationship be-
tween sensitization-related changes in amphetamine-
stimulated DA release and behavioral sensitization.
There is, however, considerable evidence to suggest
that the expression of behavioral sensitization is
caused, at least in part, by neuroadaptations in DA
systems leading to enhanced amphetamine-stimulated
DA release (Akiyama et al., 1991; Kalivas and Stewart,
1991; Robinson and Becker, 1986; White and Wolf,
1991). A more likely possibility is that during and fol-
lowing amphetamine treatment there are multiple,

complex, time-dependent changes in DA systems, and
in other neurotransmitter systems, all of which interact
to determine the behavioral outcome (Kalivas and
Duffy, 1993; Kalivas and Stewart, 1991; Robinson and
Becker, 1986; White and Wolf, 1991).

Some of these neuroadaptations may be relatively
transient, and related to withdrawal syndromes or the
induction of sensitization, and others may be more per-
sistent neuroadaptations related to the expression of
sensitization. Furthermore, the neuroadaptations pri-
marily responsible for the expression of behavioral sen-
sitization could change over time. For example, early
during withdrawal behavioral sensitization could be
expressed because of the action of relatively normal
synaptic concentrations of DA acting on supersensitive
DA receptors, or DA receptors coupled to upregulated
signal transduction mechanisms (Henry and White,
1991; Kalivas and Duffy, 1993). After longer periods of
withdrawal behavioral sensitization could be expressed
primarily because of changes in the synaptic concentra-
tion of DA, in the absence of supersensitive DA receptor
systems. Although the most persistent neural correlate
of sensitization reported to date is an enhancement in
the ability of cocaine or amphetamine to elevate the
extracellular concentration of DA, it is becoming in-
creasingly obvious that this alone cannot account for
what is a complex behavioral phenomenon.

Indeed, amphetamine-stimulated DA release alone
cannot even account for the time course of the enhanced
behavioral response within a test session (also see Kuc-
zenski and Segal, 1989). For example, in animals tested
after 28 days of withdrawal, the enhanced behavioral
response to an amphetamine challenge was evident
only during the first hour after amphetamine adminis-
tration (Fig. 2). There were no sensitization-related
group differences in motor activity after this time. In
contrast, amphetamine-stimulated DA release in both
the nucleus accumbens and caudate nucleus was signif-
icantly enhanced over the entire 3 h test session in
animals tested after 28 days of withdrawal, relative to
control. In this situation the behavioral outcome is
clearly not a simple function of enhanced amphet-
amine-stimulated DA release. Other factors must be
involved. For example, amphetamine produces a rapid
(within 30 min) desensitization of striatal DA-stimu-
lated adenylate cyclase (Barnett and Kuczenski, 1986;
Roberts-Lewis et al., 1986; Roseboom and Gnegy,
1989), and amphetamine sensitization is associated
with a decrease in the threshold dose required to pro-
duce densensitization of DA-stimulated adenylate cy-
clase activity (Barnett et al., 1987), so this could lead to
a rapid diminution in DA-mediated behavioral re-
sponses, despite continued elevation of synaptic DA.

In addition to changes in amphetamine-stimulated
DA release, there was also a small time-dependent in-
crease in basal DA metabolism in the nucleus accum-
bens, as indicated by a significant increase in the con-
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centration of HVA in dialysate in animals tested after
28 days of withdrawal. Similar findings have been re-
ported by Robinson et al. (1988) and Vezina (1993). It is
not clear what change in DA dynamics is responsible for
this small increase in HVA, and there are many possi-
bilities, including a change in DA synthesis or in the
activity of the enzymes responsible for the degradation
of DA. Another interesting possibility is that there is a
small increase in the basal rate of DA release, and the
increase in HVA reflects the metabolism of synaptic
DA. This idea is inconsistent with many reports that
sensitization to amphetamine or cocaine is not accom-
panied by any change in the basal extracellular concen-
tration of DA. On the other hand, it has been reported
in electrophysiological studies that the basal rate of
discharge of DA cells is increased in animals sensitized
to amphetamine or cocaine (White and Wolf, 1991).
White and Wolf (1991) suggested that the dialysis tech-
nique may not be sufficiently sensitive to detect an
increase in DA release produced by the very small (25—
33%) increase in DA impulse flow seen in sensitized
animals. However, it is possible the sensitization-re-
lated increase in basal DA metabolism reported here,
and elsewhere (Camp and Robinson, 1988; Robinson
and Camp, 1987; Robinson et al., 1988, Vezina, 1993),
does reflect a small increase in DA impulse flow. With
dialysis, it may be easier to detect a small increase in
basal DA release by a change in DA metabolism, be-
cause the diffusion of DA metabolites out of the synapse
would not be restricted by the active reuptake process
that impedes the free diffusion of DA (Wightman and
Zimmerman, 1990).

One other finding deserves mention. Rossetti et al.
(1992) reported that amphetamine withdrawal is ac-
companied by a decrease in the extracellular concentra-
tion of DA in the nucleus accumbens for about 5 days,
but in the present study there was no effect of amphet-
amine withdrawal on the concentration of DA in accum-
bens dialysate, although withdrawal symptoms are
known to persist for up to 7 days following discontinua-
tion of the amphetamine pretreatment regimen used
here (Munn and Wise, 1992; Paulson et al., 1991; Rob-
inson and Camp, 1987). This latter observation is con-
sistent with a number of reports that amphetamine
withdrawal is not accompanied by a decrease in DA in
accumbens dialysate (Crippens et al., 1993; Segal and
Kuczenski, 1992; Wolf et al., 1993). On the other hand,
the concentration of DA in dialysate obtained from the
dorsolateral caudate nucleus was significantly de-
creased after 3 days of withdrawal. Perhaps this is re-
lated to the depression in nocturnal motor activity asso-
ciated with amphetamine withdrawal (Paulson et al.,
1991).

In summary, following the discontinuation of re-
peated treatment with escalating doses of amphet-
amine behavioral sensitization “emerged” in a time-
dependent fashion. Animals were not hypersensitive to

the locomotor activating effects of an amphetamine
challenge given during the first week of withdrawal,
but were hypersensitive after 28 days of withdrawal.
Sensitization of amphetamine-stimulated DA release
“emerged” in a similar time-dependent fashion. These
data provide further support for the notion that behav-
ioral sensitization may be due, at least in part, to per-
sistent drug-induced adaptations in DA systems, in-
cluding an increased ability of drugs to enhance
synaptic DA. However, the relatively poor relationship
between the time course of the sensitized behavioral
response and amphetamine-stimulated DA release
(during the dialysis test session) suggests that a simple
increase in synaptic DA alone cannot account for the
behavioral outcome.
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