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Time-Dependent Effects of Repeated
Amphetamine Treatment on Norepinephrine
in the Hypothalamus and Hippocampus

Assessed with In Vivo Microdialysis
Dianne M. Camp, Ph.D., Donna K. DeJonghe, and Terry E. Robinson, Ph.D.

The effects of repeated amphetamine (AMPH) pretreatment
on norepinephrine (NE) neurotransmission in the
hypothalamus and hippocampus were assessed using in
vivo microdialysis. Rats were pretreated with either saline
or an escalating-dose AMPH regimen (1 - 10 mg/kg)
over 10 consecutive days, and then were withdrawn from
AMPH for either 1 day or 30 days, at which time the
animals underwent two consecutive days of testing. As
expected, repeated treatment with AMPH resulted in time-
dependent changes in both spontaneous locomotor activity
and in the psychomotor response to a subsequent challenge
injection of AMPPH. In addition, repeated exposure to
AMPH resulted in time-dependent and regionally-specific
changes in the basal concentrations of NE in dialysate, and

in the NE response to an AMPH challenge. For example,
AMPH pretreatment produced a persistent (at least one
month) increase in the basal concentration of NE in the
hippocampus, but not the hypothalamus, although the
response to an AMPH challenge was altered in both
structures. It is suggested that AMPH treatment produces
adaptations in NE systems that far outlast the acute effects
of the drug, and that these may contribute to both transient
and more persistent behavioral sequelae associated with the
discontinuation of chronic AMPH use.
[Neuropsychopharmacology 17:130-140, 1997]
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There are a number of time-related alterations in brain
and behavior in both human and non-human animals
as a consequence of repeated exposure to psychostimu-
lant drugs, such as amphetamine (AMPH). In humans,
the discontinuation of chronic AMPH use initially re-
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sults in a withdrawal syndrome that is reported to in-
clude mood changes that resemble some symptoms of
depression (Gawin and Ellinwood 1988; Jaffe 1990;
Watson et al. 1972). In rats, a post-AMPH withdrawal
‘depression’ in behavior has been described, and its ma-
jor features include a decrease in nocturnal locomotor
activity, a decrease in the efficacy of intracranial self-
stimulation reward, and an insensitivity to external
stimulation (Cassens et al. 1981, Herman et al. 1971;
Kokkinidis and Zacharko 1980; Leith and Barrett 1976;
Paulson et al. 1991; Robinson and Camp, 1987; Schreiber
et al. 1976; Tonge 1974). These effects are relatively tran-
sient, usually lasting for only 1 to 10 days after the dis-
continuation of AMPH treatment (Cassens et al. 1981;
Leith and Barrett 1976; Paulson et al. 1991). Repeated
AMPH treatment also produces, however, very long-
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lasting adaptations characterized by the phenomenon
of sensitization. For example, animals pretreated with
AMPH are hypersensitive (sensitized) to the psychomo-
tor stimulant (Robinson and Becker 1986; Stewart and
Badiani 1993) and rewarding effects (Lett 1989; Piazza
et al. 1989) of AMPH, and this hypersensitivity to the
drug can persist for up to 1 year following discontinua-
tion of AMPH treatment (Paulson et al. 1991; Valadez
and Schenk 1994). Similarly, former AMPH addicts are
reported to show a persistent hypersensitivity to the
psychotomimetic effects of AMPH (Sato 1983).

Most studies addressing the neurobiological basis of
the AMPH withdrawal syndrome and AMPH sensitiza-
tion have concentrated on brain dopamine (DA) sys-
tems, and a number of time-dependent adaptations
have been identified in mesotelencephalic dopamine
neurotransmission (Kokkinidis 1988; Paulson and Rob-
inson 1995, 1996; Rosetti et al. 1992; Kalivas and Stewart
1991; Robinson and Becker 1986; Stewart and Badiani
1993; White and Wolf 1991). In addition to its effects on
dopamine neurotransmission, however, AMPH has po-
tent effects on norepinephrine (NE) systems (Kuczenski
and Segal 1992), and it is possible that alterations in NE
neurotransmission also may contribute to the time-
dependent changes in behavior produced by chronic
AMPH administration. Thus, the purpose of this study
was to characterize the effects of repeated exposure to
AMPH on NE neurotransmission both early (1-2 days)
and late (30-31 days) following the discontinuation of
treatment with escalating doses of AMPH. This was ac-
complished using in vivo microdialysis in freely mov-
ing rats to sample NE in both the hippocampus and hy-
pothalamus. These two brain regions were selected for
study because they represent the two major projection
targets for the locus coeruleus and lateral tegmental NE
systems, respectively (Lindvall and Bjorklund 1983;
Moore and Bloom 1979).

METHODS
Subjects

Male Holtzman rats weighing 200-225 g at the begin-
ning of the experiment were housed individually in
wire hanging cages in a light (14/10 light/dark cycle,
lights on at 06:00 hr) and temperature (68-74°F) con-
trolled room. Food and water were provided ad lib.

Amphetamine Pretreatment Regimen and Groups

Animals were pretreated with d-amphetamine sulfate
(AMPH; weight of the salt) using an escalating-dose
regimen (1 to 10 mg/kg, intraperitoneal (i.p.)), in which
the drug was administered twice daily (approximately
8 hours apart), for ten consecutive days, and each day
the dose was incremented by 1 mg/kg. Control rats re-
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ceived 1 ml/kg of 0.9% saline. All injections, except the
last one, were given in the home cage. Each animal was
assigned to one of four pretreatment-test groups:
Group 1 underwent dialysis testing both 1 and 2 days
following discontinuation of pretreatment with AMPH,;
Group 2 was tested after 30 and 31 days of AMPH with-
drawal; Groups 3 and 4 were saline-pretreated controls
tested either 1-2 days or 30-31 days after the last injec-
tion of saline, respectively. Furthermore, half of the ani-
mals in each group received a microdialysis probe in
the hypothalamus, and half received a probe in the dor-
sal hippocampus. Thus, there were a total of eight inde-
pendent groups of animals. Finally, approximately equal
numbers of AMPH-pretreated and saline control ani-
mals were tested at the same time, but animals with a
probe in the hippocampus were tested separately from
animals with a probe in the hypothalamus.

Procedures

Rats were anesthetized with sodium pentobarbital
(supplemented with methoxyflurane, if necessary), and
then, using standard stereotaxic surgical procedures, all
animals had a 21 gauge stainless steel guide cannula
placed on the dural surface above either the hippocam-
pus or hypothalamus. In addition, a length of 15 gauge
stainless steel tubing was located behind the guide can-
nula to be later used as an anchor for a tether. The entire
assembly was fixed in place using jeweler’s screws and
cranioplastic cement. The coordinates were: (for paraven-
tricular nucleus of the hypothalamus) posterior to
bregma, 1.6 mm; lateral, 0.6 mm; and ventral, 1.0 mm
from the skull surface; (for the dorsal hippocampus)
posterior, 3.8 mm; lateral, 1.9 mm; and ventral, 1.0 mm
(Paxinos and Watson 1986). Surgery was performed 2
to 3 weeks before the microdialysis experiment, which
meant that the animals tested after 1-2 days of drug
withdrawal had surgery 4 to 10 days prior to the start of
pretreatment injections; and animals tested after 30-31
days of withdrawal had surgery 9 to 15 days following
the pretreatment injections.

On the day before the first dialysis session, each ani-
mal was placed into a 46 X 27 X 28.5 cm oval-shaped
Plexiglas chamber. At this time, the 1-2 day withdrawal
groups received their last injection of AMPH or saline.
Then, during the afternoon on the same day, the animal
was manually restrained, and a dialysis probe was
quickly lowered via the guide cannula. The concentric-
shaped probe was basically as described by Robinson
and Camp (1991), with one major difference. The stain-
less steel cannula part of the probe stopped at the bot-
tom of the guide cannula with the rest of the probe
length consisting of dialysis membrane. The dialysis
membrane was coated with cyanoacrylate glue, except
for the ventral 2.5 mm (for hypothalamus probes) or 2.0
mm (for hippocampus probes) tip. After lowering the
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probe, the animal was returned to the test cage and at-
tached to a liquid swivel via a flexible steel tether made
from model airplane control cable, which was fastened
to the 15 g tubing fixed to the skull ‘cap’. The perfusion
medium, consisting of 145 mM NaCl, 2.7 mM KCl, and
1.2 mM CaCl,, at pH 7.3, was pumped through the
probe overnight at a rate of 0.3 pl/min, during which
time the animal was left undisturbed.

The following morning the pump was turned up to a
flow rate of 1.5 wl/min, and after about 1 hour, nine 30
minute baseline samples were collected. After this, the
pumps were again turned down to 0.3 wl/min, and the
animal was left undisturbed in the test chamber over-
night. On the next morning the above procedure was
repeated, except only four 30 minute baseline samples
were collected. After the last baseline sample was col-
lected, each animal received an i.p. injection of 2.0 mg/
kg of AMPH and six additional 30 minute samples were
collected.

Behavior

Locomotor activity was recorded in the test chambers
via two photocells placed 23.5 cm apart and 4.5 cm
above the cage floor. A single count was registered
when the animal crossed the photocell beam, and an-
other count from that photocell could not be registered
until the other photocell beam was broken. Thus, move-
ment from one side of the cage to the other (crossovers)
was detected using this arrangement.

Locomotor activity (crossovers) was recorded on
three separate occasions over the course of the dialysis
experiment. Overnight activity was recorded during
both the first and second nights after the probe was
lowered, representing 10-24 hours and 3448 hours fol-
lowing the discontinuation of AMPH treatment in the
‘1-2 day’ treatment groups. Locomotor activity was
also recorded 30 minutes prior to and for 3 hours fol-
lowing the AMPH challenge injection given during the
second day of dialysate collection. In addition, a single
visual rating of drug—induced behavior was taken at 30
minutes following the AMPH challenge using the fol-
lowing 4-point scale: 1 = normal, alert, active; 2 = hy-
peractive with or without intermittent stereotypy; 3 =
continuous stereotypy over a wide area; and 4 = con-
tinuous stereotypy over a restricted area.

Assay of Dialysate

Dialysate was collected into tubes containing 5 wl of
mobile phase (described below), and was immediately
frozen on dry ice and stored at —70°C until assayed. Di-
alysate samples were assayed for NE by HPLC with
electrochemical detection. NE was separated on a 150 X
3 mm BDS-Hypersil-C18 column (Keystone Scientific)
maintained at a constant temperature of 40-42°C. The
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mobile phase consisted of 75 mM sodium phosphate,
0.50 mM sodium dodecyl sulfate, 25 pM (ethylenedini-
trile)-tetraacetic acid (EDTA), 10% acetonitrile, 5%
methanol, and with a final pH of 5.6. Dialysate was in-
jected manually onto the column using a Valco injection
valve. Detection was accomplished using an ESA Cou-
lochem II detector, ESA guard cell (set at an oxidizing
potential of 300 mV) and ESA Model 5014 analytical cell
(with electrode 1 set at a reducing potential of =175 mV
and electrode 2 set at an oxidizing potential of 175 mV).
Under these conditions, NE could be quantified at both
electrodes, and thus, oxidation-reduction ratios could
be calculated for each sample. The output signals from
the detector were analyzed on-line using a computer-
based data acquisition system (EZ Chrom, Scientific
Software, Inc., San Ramon, CA).

The NE peak in dialysate was identified by compari-
son of the elution times of dialysate NE and authentic
NE standards prepared in the perfusion medium also
containing mobile phase. Blank samples consisting of
the perfusion medium plus mobile phase were ana-
lyzed to determine if this produced interfering peaks.
The peak was identified as NE in two additional ways.
First, oxidation-reduction ratios were determined for
the putative NE peak in dialysate and an authentic NE
standard, and when compared these ratios were shown
to be the same. Second, a subgroup of animals was
given an i.p. injection of 0.3 mg/kg of clonidine, and as
expected for NE, this eliminated the NE signal (Aber-
crombie and Finley 1991; L’'Heureux et al. 1986).

Histology

At the end of the experiment the animals were given an
overdose of sodium pentobarbital and perfused through
the heart with 0.9% saline, followed by 10% formalin-
saline solution. The brain was removed and stored in
10% formalin-saline solution, and a few days before
sectioning was transferred to a 30% sucrose-formalin
solution. The brain was sectioned using a frozen tech-
nique, was stained with cresyl violet and examined to
determine the exact location of the dialysis probe.

Data Analysis

Locomotor activity (crossovers) and neurochemical
data were analyzed using two-way analyses of variance
with repeated measures for overall group comparisons,
and if significant, were followed by subsequent analy-
ses of variance and/or Fisher’s PLSD post hoc tests for
pairwise group comparisons using Statview statistical
software (Abacus Concepts). Preliminary analyses were
conducted to determine whether the data for the two
saline control groups (i.e., 1-2 day and 30-31 day with-
drawal groups) could be pooled. There were no differ-
ences in the behavior or neurochemistry for these groups,
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and therefore, all subsequent analyses performed were
done on the pooled data for these groups.

In vitro recovery was performed on all dialysis
probes prior to each use (probes were used one to three
times), and dialysate values reported here were cor-
rected for probe recovery. The average (* SEM) recov-
ery value for NE in vitro was 12.04 * 0.38% for the 2
mm probes and 15.70 = 0.67% for the 2.5 mm probes.
The recovery values did not differ significantly between
treatment groups.

RESULTS
Dialysis Probe Placements

Figure 1 shows the location of the dialysis surface with
the probes located either in the hypothalamus or hip-
pocampus for all animals for which neurochemical data
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were obtained. The majority of probe placements in the
hypothalamus were centered in the medial hypothala-
mus at the level of the paraventricular nucleus. Hippo-
campal probes spanned the dorso—-ventral extent of the
dorsal hippocampus.

Locomotor Behavior (Crossovers)

There were no differences in crossovers across the day-
night cycle between animals with probes in the hypo-
thalamus versus the hippocampus. Therefore, these
groups were pooled for analysis and presentation of the
behavioral data. Figure 2 shows spontaneous locomotor
activity (crossovers) during the first night after a dialy-
sis probe was lowered. All groups showed a large peak
in locomotor activity when the lights went out. This
was followed by moderate levels of activity during the
middle of the night and end of the lights-off period.

/ —3.30 mm

Figure 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 hypothalamus or dorsal hippocampus. Probe locations in
control (saline-pretreated) animals are shown on the left-hand side of each section and those in AMPH-pretreated animals on
the right-hand side of each section. In addition, AMPH-pretreated animals withdrawn for 1-2 days are depicted by the solid
lines and animals withdrawn for 30-31 days by the dashed lines. The number on each drawing indicates the distance poste-

rior to bregma.
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AMPH-pretreated animals withdrawn from AMPH for
1 day were significantly less active during the middle of
the night and the end of the lights-off period compared
to controls and AMPH-pretreated animals withdrawn
from AMPH for 30 days. This is consistent with earlier
reports (Robinson and Camp 1987; Paulson et al. 1991).
AMPH-pretreated animals withdrawn from AMPH for
one day also showed nocturnal hypoactivity the follow-
ing night as well (data not shown). However, there
were no significant differences in locomotor activity be-
tween AMPH-pretreated and control animals during
the lights-on period, when all animals were relatively
inactive.

Figure 3 shows the effects of a challenge injection of
2.0 mg/kg of AMPH on locomotor activity in AMPH-
and saline-pretreated animals. AMPH produced a large
increase in locomotor activity in all groups, but there
were significant group differences in the pattern of ac-
tivity. Control animals and animals given a challenge
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Figure 2. The mean number (= S.E.M.) of crossovers per
one hour interval during the 3 hours before the lights went
off, the 10 hour lights-off period (as represented by the solid
black bar), and the 2 hours after the lights came back on dur-
ing the first night after lowering the probe in saline-pre-
treated Control animals, and animals withdrawn from
AMPH for 10 to 24 hours (1 Day group) or 30 days (30 Day
group).There were significant group differences in sponta-
neous locomotor activity, as indicated by an overall 2-way
ANOVA (group effect F = 15.0, p < 0.0001; interaction effect
F = 3.934, p < 0.0001). Subsequent ANOVA’s comparing
two groups at a time showed that the 1 Day group differed
from both the Control group (group effect F = 32.86, p <
0.0001; interaction effect F = 5.27, p < 0.0001) and the 30 Day
group (group effect F = 17.67, p < 0.0001; interaction effect
F = 5.48, p < 0.0001). The Control and 30 Day groups did not
differ from one another (p > 0.28). The asterisks indicate the
time intervals when the 1 Day group differed from Control
animals (p < 0.05, as determined by Fishers PLSD tests).
Group n values: Controln = 54; 1 Day n = 64; 30 Day n = 32.
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injection of AMPH two days after AMPH withdrawal
showed a large increase in locomotor activity that per-
sisted for about 2 hours. Furthermore, peak locomotor
activity was significantly greater in AMPH-pretreated
animals withdrawn for 2 days than in saline-pretreated
controls. In contrast, animals given an AMPH challenge
31 days after the discontinuation of AMPH pretreat-
ment showed an initial hyperactive response during the
first 10 minutes, followed immediately (20-50 minutes)
by a significant decline in locomotion, relative to the
other two groups. Analysis of the visual behavioral rat-
ings taken at 30 minutes following the AMPH injection
showed that the behavioral response to AMPH was
qualitatively different in the three groups of animals
(x? statistic = 48.526, p < 0.0001). Whereas 58.8% of
AMPH-pretreated animals withdrawn for 31 days dis-
played continuous stereotypy (i.e., a rating of 3 or 4),
only 10.2% of AMPH-pretreated animals withdrawn
for 2 days and 6.4% of saline-pretreated controls dis-
played continuous stereotyped behavior. In contrast,
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Figure 3. The mean (= S.E.M.) number of crossovers per 10
minute interval in Control animals and animals tested after 2
days or 31 days of withdrawal from AMPH. The first three
intervals represent baseline activity. The arrow represents
the time at which animals received a challenge injection of
2.0 mg/kg of AMPH. The overall ANOVA showed signifi-
cant group differences in the response to AMPH (group
effect F = 5.12, p < 0.007, interaction effect F = 6.83, p <
0.0001). Subsequent ANOVA’s comparing two groups at a
time revealed that the 2 Day group differed from both Con-
trol animals (group effect F = 2.94, p = 0.089, interaction
effect F = 4.56, p < 0.0001) and the 31 Day group (group
effect F = 11.64, p = 0.0009; interaction effect F = 12.56, p <
0.0001). In addition, the 31 Day group differed from the Con-
trol group (group effect F = 2.39, p = 0.126, interaction effect
F =4.74,p <0.0001). The asterisks indicate the time intervals
when the 2 Day and 31 Day groups differed from Controls.
Group 1 values: Control n = 56; 2 Day n = 67; 31 Day n = 32.
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76.3% of the animals withdrawn from AMPH for 2 days
displayed hyperlocomotion, whereas 38.2% of AMPH-
pretreated animals withdrawn for 31 days and 59.6% of
saline-pretreated controls displayed hyperlocomotion
at 30 minutes following the AMPH injection.

Microdialysis

Basal Values.  Figure 4 shows the basal concentrations
of NE in the hypothalamus and hippocampus for each
of the three groups during both the first and second di-
alysis test sessions. In the hypothalamus, there were sig-
nificant group differences during the first dialysis ses-
sion, but not during the second test session. Animals
withdrawn from AMPH for one day had significantly
higher basal NE levels than both control animals and
animals withdrawn from AMPH for 30 days. These lat-
ter two groups did not differ from each other. In the hip-
pocampus, basal dialysate NE concentrations were sig-
nificantly elevated in animals tested after either 1 or 30
days of withdrawal, relative to controls, and this was
evident during both dialysis test sessions.

Stimulated Values. Figure 5 shows the effects of a
challenge injection of AMPH on the concentration of NE
in dialysate obtained from either the hypothalamus or
hippocampus during the second dialysis test session.
AMPH produced a significant increase in NE in both
brain regions, as expected (Kuczenski and Segal 1992),
but there were also regionally specific group differ-
ences in the magnitude of the increase in NE, which
varied as a function of how the data were expressed.

In the hypothalamus, there were no significant group
differences when the data were expressed in pg/ul
(Figure 5A). As there were no group differences in basal
NE in the hypothalamus, however, the stimulated val-
ues were also expressed as a percent of the average
basal value (first three intervals) for each animal to con-
trol for individual variation in dialysate NE concentra-
tions. These data are shown in Figure 5C. When ex-
pressed in this way there were significant group
differences in the response to an AMPH challenge.
AMPH pretreated animals tested after two days of
withdrawal showed a significantly smaller response
than control animals, whereas AMPH pretreated ani-
mals tested after 31 days of withdrawal showed a sig-
nificantly augmented response (Figure 5C).

In the hippocampus there were significant group dif-
ferences in the concentration of NE in dialysate (pg/ul)
following the AMPH challenge, as shown in Fig. 5B.
Following the AMPH challenge the concentration of NE
was significantly higher in animals tested 31 days after
the discontinuation of AMPH treatment than in control
animals. Although there was a similar trend in animals
tested after 2 days of withdrawal it was not quite statis-
tically significant. However, the effect of AMPH pre-
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Figure 4. The mean (+S.E.M.) basal concentration of NE in
dialysate obtained from the hypothalamus or hippocampus
of control animals (C) and animals tested after both 1 and 2
days of AMPH withdrawal, or after 30 and 31 days of
AMPH withdrawal. Panels A and B represent values
obtained during the first dialysis test day, and Panels C and
D represent values obtained 24 hours later in the same ani-
mals. There was a significant effect of AMPH withdrawal on
dialysate NE in the hypothalamus on the first dialysis test
day (F = 6.30, p = 0.004), but not on the second test day (F =
1.53, p = 0.23). In the hippocampus, there was a significant
effect of AMPH withdrawal on dialysate NE on both the first
(F = 3.97, p = 0.027) and the second dialysis test days (F =
7.81, p = 0.0012). The asterisks represent a difference from
Control animals (p < 0.05, as indicated by Fisher’s PLSD
tests), and the double cross represents a difference from the
30 Day group (p < 0.05). Group n values: Hypothalamus
control, n = 17-21; hypothalamus 1-2 Day, n = 14-16; hypo-
thalamus 30-31 Day, n = 9-13; hippocampus control, n =
14-16; hippocampus 1-2 Day, n = 17-20; hippocampus 30—
31 Day, n = 14-16. Group n values vary because data were
not available for every animal during both dialysis test days.
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Figure 5. The mean (£S.E.M.) concentration of NE in 30
minute dialysis samples obtained from the hypothalamus or
hippocampus in Control animals and animals tested after 2
days or 31 days of AMPH withdrawal. Panels A and B repre-
sent the raw data (in pg/pl), and Panels C and D represent
the same data expressed as a percent of each animal’s base-
line. Animals were given an injection of 2.0 mg/kg of AMPH
at the time indicated by the arrow. ANOVA’s were per-
formed on the stimulated NE values only (i.e., the basal val-
ues were excluded). There was a significant effect of AMPH
withdrawal on the NE response to an AMPH challenge in
the hypothalamus when the data were expressed as a per-
cent of baseline (group effect F = 6.61, p = 0.004; interaction
effect F = 4.45, p < 0.0001), but not when the raw data were
analyzed (group effect F = 1.69, p = 0.20; interaction effect
F =0.72, p = 0.70). Subsequent ANOVA’s performed on the
percent of baseline data comparing two groups at a time
revealed that animals tested after 2 days of AMPH with-
drawal differed significantly from both Controls (group
effect F = 6.65, p = 0.016; interaction effect F = 2.87, p =
0.005) and the 31 Day group (group effect F = 15.09, p =
0.0009; interaction effect F = 9.33, p < 0.0001). In addition,
the 31 Day group differed significantly from Control animals
(group effect F = 2.01, p = 0.17; interaction effect F = 3.11,
p = 0.0025). In the hippocampus, there were significant
group differences in the effect of AMPH withdrawal on the
NE response to an AMPH challenge when the raw data were
analyzed (group effect F = 2.99, p = 0.060; interaction effect
F =2.39, p = 0.010), but not when the data were expressed as
a percent of baseline (F < 0.5). Subsequent ANOVA's per-
formed on the raw data comparing two groups at a time
revealed that both AMPH-pretreated groups differed signif-
icantly from Control animals (2 Day versus Control: group
effect F = 2.74, p = 0.11; interaction effect F = 2.52, p =
0.032; 31 Day versus Control: group effect F = 5.02, p =
0.034; interaction effect F = 3.48, p = 0.006). The crosses rep-
resent a difference between 2 Day and Control animals p <
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treatment on the response to an AMPH challenge was
proportional to what would be expected by group dif-
ferences in the basal concentrations of NE described above
(Figure 4B & D). If the group differences in basal NE
were eliminated by expressing the data as a percent of
baseline the group differences in the response to the
AMPH challenge were eliminated, as illustrated in Fig-
ure 5D.

DISCUSSION

Three major effects of repeated AMPH treatment on
brain and behavior are reported here. First, repeated ex-
posure to AMPH resulted in time-dependent changes
in both spontaneous locomotor activity and in the psy-
chomotor response to a subsequent challenge injection
of AMPH. Second, repeated exposure to AMPH resulted
in time-dependent and regionally-specific changes in
the basal concentrations of NE in dialysate. Third, re-
peated exposure to AMPH resulted in time-dependent
and regionally-specific changes in the NE response to
an AMPH challenge.

When tested 1-2 days following the discontinuation
of repeated treatment with AMPH rats showed a signif-
icant depression in spontaneous nocturnal locomotor
activity, but this dissipated within 30 days. This is con-
sistent with a number of reports of post-AMPH with-
drawal behavioral depression lasting for a few days to a
week, depending on the AMPH treatment regimen
(Paulson et al. 1991; Robinson and Camp 1987; Segal
and Mandell 1974). Behavioral depression is one of a
number of symptoms that has been associated with
psychostimulant withdrawal syndromes (Kokkinidis
1988; Markou and Koob 1991). Others include a number
of changes in motivated behavior (Carroll and Lac 1987;
Cassens et al. 1981; Kokkinidis et al. 1986; Kokkinidis
and Zacharko 1980; Leith and Barrett 1976; Schreiber et
al. 1976).

The AMPH withdrawal syndrome is presumably
due to transient drug-induced adaptations in neural
systems involved in psychomotor activation and re-
ward, but its neural basis is not well understood. Much
of the focus in this area has been on withdrawal-related
adaptations in DA systems and how these might con-
tribute to changes in motivated behavior (Barrett and
White 1980; Crippens et al. 1993; Kokkinidis 1988; Paul-
son and Robinson 1995, 1996; Rossetti et al. 1992). The

0.05, as indicated by Fisher’s PLSD tests), and the asterisks
represent a difference between 31 Day and Control animals
(p < 0.05). Group n values: Hypothalamus Control, n = 17;
hypothalamus 2 Day, n = 13; hypothalamus 31 Day, n = 9; hip-
pocampus Control, n = 16; hippocampus 2 Day, n = 20; hippo-
campus 31 Day, n = 12.
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present study suggests, however, that repeated AMPH
treatment also produces adaptations in NE systems.
The basal concentration of NE in dialysate was elevated
in both the hypothalamus and hippocampus 1 day after
the discontinuation of AMPH treatment, and remained
elevated in the hippocampus even after 30 days of with-
drawal. Although it is not clear how these changes in
NE neurotransmission contribute to the AMPH with-
drawal syndrome, they are consistent with the idea that
AMPH exposure can produce alterations in NE systems
that outlast the acute effects of the drug (Alloway and
Rebec 1983; Bardsley and Bachelard 1981; Cassens et al.
1979; Eichler et al. 1980; Herman et al. 1971; Tonge 1974;
Short and Shuster 1976; Lynch et al. 1977; Pearl and
Seiden 1976; Segal et al. 1980; Sorenson et al. 1985). We
previously reported, for example, that AMPH with-
drawal is accompanied by a transient decrease in hypo-
thalamic NE content (Paulson et al. 1991), and the
present study suggests this could be due to an increase
in basal NE release.

In the present study there were regional differences
in the effects of AMPH pretreatment on basal NE con-
centrations. This suggests that chronic exposure to
AMPH may have different effects on different NE cell
populations. In the hypothalamus there was only a very
transient change in basal NE concentrations. The NE in-
nervation of the paraventricular region of the hypothal-
amus arises from a number of sources, but most of the
input is from ventrally-located NE cell groups in the
midbrain (Lindvall and Bjorkland 1983; Moore and
Bloom 1979). In the hippocampus, however, there was a
long-lasting (at least 30 days) elevation in basal NE. The
NE innervation of the hippocampus arises almost ex-
clusively from the locus coeruleus (Loy et al. 1980).
Therefore, AMPH may produce more long-lasting tonic
adaptations in dorsally-located NE cell populations
than in ventrally-located NE cell groups.

It is worth noting that an increase in basal NE neu-
rotransmission, similar to that reported here, has also
been associated with the behavioral depression that oc-
curs following uncontrollable stress (Weiss 1991), as
well as following withdrawal from opiates and benzo-
diazepines (Grant et al. 1985; Redmond and Huang
1982; Redmond and Krystal 1984). For example, the
stress-induced depression produced by exposure to un-
controllable stress is associated with a transient deple-
tion of NE content in the hypothalamus and the locus
coeruleus, and like that of opiate withdrawal, is appar-
ently due to increased NE release and turnover in NE
terminal regions (Weiss et al. 1980; Weiss and Simson
1986; see Zacharko and Anisman 1989). The notion that
similar changes in NE neurotransmission are at least
partially responsible for both the AMPH withdrawal
syndrome and the consequences of uncontrollable stress
is supported by reports that tricyclic antidepressants al-
leviate the symptoms of both syndromes (Lynch and
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Leonard 1978; Seltzer and Tonge 1975; Zacharko et al.
1984; Zacharko and Anisman 1989).

Prior treatment with AMPH not only altered sponta-
neous motor behavior and the basal levels of NE in di-
alysate, but also the response to a subsequent challenge
injection of AMPH. Animals given an AMPH challenge
2 days after the discontinuation of AMPH pretreatment
showed a small increase in locomotor activity, relative
to saline pretreated control animals, indicative of sensi-
tization. When given an AMPH challenge after 31 days
of withdrawal, however, AMPH pretreated animals
showed a significant decrease in their locomotor re-
sponse, relative to control animals, which was due to
the emergence of focussed stereotyped behaviors. Fo-
cussed stereotyped behavior is characteristic of higher
doses of AMPH than locomotor activity (Segal and
Mandell 1974), suggesting that animals expressed
greater sensitization when tested 31 days after the dis-
continuation of AMPH pretreatment than when tested
after only 2 days. This time-dependent emergence of
behavioral sensitization has been described many times
before (Hitzemann et al. 1977; Kolta et al. 1985; see An-
telman 1988 for review), especially after pretreatment
with escalating doses of AMPH (Paulson et al. 1991).

There were also time and regionally-dependent ef-
fects on the NE response to an AMPH challenge, al-
though it is not clear how or whether these contribute
to the expression of behavioral sensitization. One of the
most interesting findings was that AMPH pretreatment
resulted in a very persistent increase in the amount of
NE in dialysate obtained from the hippocampus, both
before and after an AMPH challenge. This effect is quite
different from that described in DA systems. Animals
sensitized to AMPH and then tested after weeks to
months of withdrawal show normal basal levels of DA
in dialysate from the nucleus accumbens or caudate
(Crippens et al. 1993; Paulson and Robinson 1995, 1996;
Robinson et al. 1988). They often show, however, an
increased DA response to an AMPH challenge (Kaza-
haya et al. 1989; Patrick et al. 1991; Paulson and Robin-
son 1995; Robinson et al. 1988; Vezina 1993; Wolf et al.
1993). This increased responsivity to an AMPH chal-
lenge is typically evident early after the discontinuation
of AMPH treatment, but may not be evident early after
the discontinuation of AMPH treatment (Paulson and
Robinson 1995; Segal and Kuczenski 1992; Wolf et al.
1993). Thus, in DA systems the effect of AMPH pre-
treatment seems to be to enhance responsiveness to a
subsequent challenge with AMPH. In the present case
AMPH pretreatment elevated the concentration of NE
in hippocampal dialysate following an AMPH chal-
lenge, but the magnitude of this effect was exactly what
would be predicted by the magnitude of the increase in
basal NE. Thus, it seems that in the hippocampus (and
perhaps in the entire locus coeruleus projection field)
AMPH pretreatment may produce a kind of persistent,
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“tonic” elevation in NE neurotransmission, and not
specifically an increase in responsiveness to an AMPH
challenge.

The effect of AMPH pretreatment on the NE re-
sponse in the hypothalamus was quite different from
that in the hippocampus. Indeed, the hypothalamic NE
response to an AMPH challenge is difficult to interpret
because, like the hippocampal NE response, the effect
varied as a function of how the data were expressed.
When the raw data (pg/ul) were used there was no sig-
nificant effect of AMPH pretreatment on the concentra-
tion of NE in hypothalamic dialysate following an
AMPH challenge (Figure 5A). When stimulated NE val-
ues were expressed as a percent of the baseline, how-
ever, there were statistically significant group differ-
ences in the NE response to an AMPH challenge. The
NE response was significantly depressed in AMPH pre-
treated animals tested after only 2 days of withdrawal,
but was significantly enhanced in animals tested after
31 days of withdrawal (Fig. 5C). There were no group
differences in basal NE levels in animals tested either 2
or 31 days after withdrawal. Thus, to the extent that the
response to AMPH, relative to the basal level of NE, re-
flects a drug-induced adaptation in the responsiveness
of hypothalamic NE systems to a challenge, there are
quite different adaptations expressed early versus late
after the discontinuation of AMPH treatment. This kind
of time-dependent variation in neurotransmission as a
function of time after the discontinuation of psycho-
stimulant treatment is consistent with many other ob-
servations (Antelman 1988; Kalivas and Duffy 1993;
Paulson and Robinson 1995, 1996; Rosetti et al. 1992;
Wolf et al. 1993). The suggestion that AMPH pretreat-
ment may result in a persistent increase in the respon-
siveness of NE neurons is also consistent with previous
electrophysiological studies (Harris and Williams 1992;
Sorensen et al. 1982), and reports that prior exposure to
stress enhances NE neurotransmission in response to
subsequent stress (Abercrombie et al. 1988; Nisenbaum
et al. 1991; see Glavin 1985; Zacharko and Anisman
1989 for reviews).

It is difficult to say with any certainty, however,
whether stimulated dialysate values are better expressed
as a percent of basal values or as the concentration of
transmitter quantified in dialysate. This question has
received relatively little attention in the microdialysis
literature. Indeed, these two sets of data may reflect dif-
ferent processes; i.e., the absolute amount of transmitter
available to interact with a receptor versus the change in
the amount of transmitter at a receptor relative to the
resting state. Which is more relevant: the absolute
amount or the magnitude of the change? Of course, if
the same pattern of results are obtained regardless of
how the data are expressed this is a moot point. But if
the results vary as a function of how the data are ex-
pressed, as is the case here, and the reader is provided
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only with the data expressed as a percent of baseline
(which is usually the case), the reader is not allowed the
opportunity to interpret the results. When there is a dis-
crepancy it would seem that the prudent course would
be to show both sets of data, and then, as we learn more
about this methodology, data can be subject to reinter-
pretation at a later date. Data that are not provided are
lost for this purpose.

In summary, the data presented here indicate that re-
peated exposure to AMPH produces time-dependent
and regionally-specific adaptations in NE systems pro-
jecting to the hippocampus and hypothalamus. Some of
these adaptations persist for a very long period of time
(up to a month) following the discontinuation of AMPH
treatment. AMPH-induced adaptations in NE neu-
rotransmission may contribute, therefore, to both the
AMPH withdrawal syndrome and to the expression of
behavioral sensitization, along with drug-induced ad-
aptations in other catecholamine systems.
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