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We developed a computer-controlled intravenous methamphetamine (METH) administration procedure (dynamic infusion), which

enables us to compensate for an important pharmacokinetic difference between rats and humans by imposing a 12-h half-life for the drug

in rats. Dynamic infusion of 0.5mg/kg METH produced a pharmacokinetic profile that closely simulates the METH exposure pattern in

humans, including an apparent half-life of 11.671.3 h, and an area under the concentration vs time curve of 9.4mMh, about 20-fold larger

than results obtained with typical rat pharmacokinetics. Using this procedure, METH produced a prolonged behavioral stimulation and

elevation in caudate extracellular dopamine (DA). Both the behavioral and the DA effects exhibited tolerance to the sustained plasma

METH exposure. Single daily dynamic infusion of 0.5mg/kg METH for 15 days resulted in a progressive enhancement of the behavioral

response until about Day 10. On subsequent days, in addition to continued evidence of sensitization, tolerance in the form of a marked

decrease in the duration of the behavioral activation became a prominent feature of the response. Qualitative changes in the behavior

also emerged. Resumption of METH treatment following 4 days of withdrawal revealed that sensitization was apparent during the first

dynamic infusion, and that tolerance re-emerged within two additional days of drug administration. These results showed that a human-

like METH exposure pattern produced behavioral and striatal DA response profiles that are both quantitatively and qualitatively different

from the effects typically observed with single daily METH injections in rats. Thus, simulation of human METH exposure patterns may be

a critical prerequisite to identifying mechanisms relevant to the chronic use of this drug in humans.

Neuropsychopharmacology (2006) 31, 941–955. doi:10.1038/sj.npp.1300865; published online 17 August 2005

Keywords: methamphetamine; pharmacokinetics; dopamine; locomotion; microdialysis; animal model; stereotypy

��
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

INTRODUCTION

Mounting evidence of the continued worldwide spread of
methamphetamine (METH) abuse underscores the urgency
of understanding the effects of long-term exposure to this
drug. The growing awareness of this problem has stimulated
a broad spectrum of research in both humans and
experimental animals. Clinical studies, in particular those
using various neuroimaging techniques, have revealed
potentially persistent or even permanent METH-induced
neurobiological alterations (Wilson et al, 1996; McCann
et al, 1998; Ernst et al, 2000; Sekine et al, 2001; Thompson
et al, 2004). Additional evidence suggests that such changes
may produce cognitive impairments (Ornstein et al, 2000;
Volkow et al, 2001; Simon et al, 2002; Kalechstein et al,
2003) as well as neuropsychiatric complications (eg Segal

and Schuckit, 1983; Angrist, 1994). However, despite
advances in clinical research, limitations in the ability to
characterize accurately the extent of METH exposure, as
well as possible confounding by factors such as the use of
other drugs, has stimulated the development of preclinical
paradigms in which more invasive methodologies can be
used to facilitate an understanding of the underlying
mechanisms and processes responsible for the effects
associated with long-term METH exposure.
In this context, we have argued on the basis of

accumulating evidence that the translational relevance of
animal treatment models is largely based on the degree to
which the plasma METH profiles produced by the drug
protocol approximates human exposure patterns. In this
regard, a critical issue often overlooked especially in studies
carried out with rodents is the marked difference in METH
half-life between the two species, that is, about 1 h in
rats (Melega et al, 1995; Hutchaleelaha and Mayersohn,
1996; Rivière et al, 1999, 2000) and 10-12 h in humans
(Cook et al, 1993; Mendelson et al, 1995; Harris et al,
2003a). Importantly, the difference in METH exposure
patterns between humans and rodents is even more
pronounced with repeated drug administration, that is,
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the rate and magnitude of drug accumulation, as a function
of interinjection interval, is significantly greater in humans
because of the longer drug half-life (Cho et al, 2001).
Therefore, the results of preclinical studies using traditional
chronic METH regimens may not fully reveal the spectrum
of effects resulting from similar drug administration
paradigms in humans.
As profound differences in behavioral and neurobiological

consequences can occur as a function of duration of METH
exposure (Ellison et al, 1978; Ellinwood and Lee, 1983;
Davidson et al, 2001; Cryan et al, 2003; Samaha et al, 2004),
and because of the advantages obtained from using rodents
to study underlying mechanisms, we developed a ‘dynamic
infusion’ procedure to compensate for the more rapid
elimination half-life in rats, and thus more closely simulate
the human METH exposure profile in our experimental
animals. In this study, we examined the behavioral and
striatal extracellular dopamine (DA) effects produced by
single daily dynamic infusions of METH over 15 days.

MATERIALS AND METHODS

Subjects

Male Sprague–Dawley rats weighing 275–300 g were ob-
tained from Harlan Labs (Gilroy, CA) and were housed for
at least 2 weeks prior to surgery in groups of two or three
animals, in wire mesh cages, with ad libitum access to food
and water. The room temperature (221C) and humidity
(5575%) were controlled and maintained on a reversed 12-
h dark (0700 to 1900 hours) and 12-h light cycle to allow for
the start of treatment during the normal active phase of the
rat’s awake/sleeping cycle (Devoto et al, 2004). During the
dark period, all facilities were illuminated with red light to
facilitate observation of the animals. These studies adhered
to animal welfare guidelines (National Research Council,
‘Guide for the Care and Use of Laboratory Animals’, 1996).

Drugs

Methamphetamine hydrochloride (Sigma Chemical Co., St
Louis, MO) was dissolved in 0.9% saline containing 3.0U/
day heparin and 3.75mg/day timentin and administered
intravenously (i.v.) (see below). Control animals received a
comparable vehicle administration.

Surgery

After 2 weeks of acclimation, animals were implanted with
i.v. catheters under Halothane anesthesia. Catheters were
constructed by fitting a 13 cm length of silastic tubing to a
guide cannula, bent at a right angle. The guide cannula was
embedded in dental cement and attached to a 1 inch circle
of marlex mesh and mounted on the animal’s back. The
silastic tubing was passed subcutaneously (s.c.) from the
back of the rat to the right external jugular vein. A Tygon
cap was inserted over the guide cannula to maintain a
closed system. For dialysis studies, animals were concur-
rently implanted unilaterally or bilaterally with guide
cannulae using procedures previously described in detail
(Kuczenski and Segal, 1989). Guide cannulae extended
2.6mm below the surface of the skull and were aimed at the

caudate–putamen (1.0mm anterior, 72.0mm lateral).
Animals were singly housed after surgery, and on a daily
basis between surgery and experimental testing, the catheter
was flushed with sterile saline (0.15ml) containing 3.0USP
units heparin and 3.75mg timentin.

Apparatus

Behavior was monitored in custom-designed activity
chambers (Segal and Kuczenski, 1987). Each of the
chambers (30� 20� 38 cm3) was located in a sound-
attenuated cabinet maintained on a reversed 12-h dark/12-
h light cycle with constant temperature (221C) and humidity
(5575%). Movements of the animal between quadrants (ie
crossovers) and rearings against the wall, as well as eating
and drinking and other vertical and horizontal movements
were monitored continuously by computer. In addition, the
behavior in all experimental chambers was concurrently
and continuously digitally recorded using micropinhole
cameras equipped with wide-angle lenses and mounted on
the door of each chamber. Video images were collected via
GV-800 BNC Capture cards and Geovision software, and
then stored on DVD media for subsequent evaluation.
Representative animals were selected from each experi-
mental group to reflect the full range and pattern of
locomotor activation associated with the drug response;
subsequently, raters who were unaware of the specific
experimental conditions rated the recordings on the basis of
behavior ethograms and rating procedures established
previously (Segal and Kuczenski, 1987). Specific behaviors
were rated as the percentage of the observation interval
during which the animal displayed that behavior. The
appearance of any novel behavior patterns, undetectable by
our automated methods, was also noted by the rater. In the
present study, animals were rated during 2-min observation
intervals every 15min during the initial hour (1000–1100),
every 30min during the next 2 h (1100–1300), and hourly
during the next 13 h (1400–0200). During the 0300–0700
period, animals were generally sleeping, and therefore were
continuously scanned to characterize behaviors that inter-
rupted the sleep pattern (see Results).

General Procedures

About 2 weeks after surgery, animals were placed in
individual experimental chambers, connected to the syringe
tubing, and remained in the chambers for the duration of
the experiment. Each morning throughout the study, at the
beginning of the dark phase (0700 hours), the behavioral
chambers were serviced and the animals were weighed.
Following a 3-day acclimation period, during which animals
received daily dynamic infusions of saline (see below), drug
administration was initiated.

Drug Administration

Remote drug delivery was accomplished with Med Associ-
ates Inc. PHM-100 syringe pumps. Tubing from the syringe
pump was attached to the catheter via a liquid swivel and a
commercially available cannula connector (Plastic Pro-
ducts). Drug or saline administration was initiated at 1000
hours according to the following pattern: drug delivery
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involved an initial i.v. infusion of METH (0.5mg/kg,
administered in 0.105ml) over a 6-s interval. The 6-s
interval was chosen on the basis of recent studies suggesting
that many i.v. METH abusers typically inject drug over a
range of 5–10 s (Samaha et al, 2004) (R Rawson, UCLA
Department of Psychiatry, personal communication). An
80 dB, 2.2 kHz tone-cue was presented to each animal for 5 s
prior to, and during the 6-s drug injection. The audible tone
was used to provide rats with a drug-predictive cue, shown
in recent studies to be a potentially significant factor in
stimulant-induced neuronal alterations (Ghitza et al, 2003).
As rat plasma METH concentrations decline much more
rapidly than in humans, additional METH administration
was required to simulate human METH pharmacokinetics.
To accomplish this, subsequent to the initial infusion,
METH was delivered according to a computer-controlled
program in the form of short-duration injections or
minipulses (each 0.28 ml (1.3 mg/kg for a 0.5mg/kg initial
dose) over a 16-ms duration), in order to impose a plasma
profile with a 12-h half-life for the drug. The amount of
METH delivered following the initial infusion was calcu-
lated according to the following formulation in which
the desired plasma concentration is defined by the simple
one-compartment open model relationship

gðtÞ ¼ C0 expð� kh�tÞ ð1Þ
where C0 is the plasma METH concentration achieved in
response to the initial infusion and kh is the elimination rate
constant for a 12-h half-life (0.05775 h�1). The desired rate
of change of plasma METH concentration as a function of
time was defined as

dgðtÞ=dt¼kr�gðtÞþf ðtÞ ð2Þ

where kr is the elimination rate constant for a 1-h half-life
in the rat (0.693 h�1) and f(t) is the amount of drug to be
added per unit time, as a function of time, in order to
achieve the desired plasma METH concentrations. Note
that, if f(t) is zero, a situation which would correspond to
normal rat physiological METH pharmacokinetics, then the
solution to this differential equation would be (3):

gðtÞ ¼C0 expð� kr�tÞ ð3Þ
Combining Equations (1) and (2) to solve f(t) yields

f ðtÞ ¼ C0ð�kh þ krÞexpð� kh�tÞ ð4Þ
The temporal profile of minipulses administered after the
initial 6-s drug injection is summarized in Figure 1. For the
0.5mg/kg dose, each minipulse delivered 1.3 mg/kg METH,
and each animal received a cumulative dose of 4.61mg/kg
over a 24-h interval to achieve 24 h of drug exposure in a
temporal pattern that is similar to human METH pharma-
cokinetics.
In an initial characterization of this methodology, we

used anesthetized animals prepared with an indwelling
jugular catheter for drug delivery and a microdialysis probe
in the caudate–putamen to assess extracellular DA. We
found that about 20 minipulses, delivering 5.6 ml, or 26 mg/
kg METH was required to produce a measurable effect on
extracellular DA, consistent with the assumption that
gradual changes in plasma drug concentration occur with
this procedure.

Single Daily Dynamic Infusion Treatment Protocol

Following acclimation to the behavioral chambers, animals
received single daily dynamic infusions of 0.5mg/kg METH

Figure 1 Temporal pattern of minipulses over a 24-h period during the first dynamic infusion of METH. Following a 6-s injection of drug at 1000 hours,
METH was delivered according to a computer-controlled program in the form of short-duration injections or minipulses (each 0.28ml over a 16ms duration
delivering 1.3mg/kg for a 0.5mg/kg initial dose) as described in Materials and methods. The values on the curve represent the number of pulses administered
during the previous hour in order to achieve a 12-h half-life. Shading represents the dark/active phase of the light–dark cycle.
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(n¼ 30) or comparable volumes of saline (n¼ 10) for 15
consecutive days. Based on a plasma METH half-life of 12 h,
single daily infusions of the drug result in substantial METH
accumulation, and residual preinjection levels of the drug
on the following day progressively increase until a plateau
is reached after about 5–6 half-lives (Figure 2). As a
consequence, as with humans using METH once a day, rats
receiving dynamic infusions would be exposed to contin-
uous, fluctuating levels of the drug, with the highest peak
plasma METH concentration occurring after about the
fourth injection. Values for estimated daily peak plasma
concentrations, residual drug levels at the time of
the next day’s infusion, and total daily dose of METH are
summarized for representative days in Table 1. Some
investigators (eg Schmidt et al, 1985; Gygi et al, 1996),
using relatively high doses of METH (eg acute ‘binge’
patterns of administration), have reported subsequent
changes in METH pharmacokinetics. However, we have
not observed altered pharmacokinetics using repeated
administration of more moderate doses (eg (Segal and
Kuczenski, 1997b; O’Neil et al, unpublished). Furthermore,
most evidence suggests that repeated administration of
METH in humans is not associated with changes in drug
disposition or metabolism (Anggard et al, 1973; Perez-
Reyes et al, 1991; Cook et al, 1992). Therefore, for the
present studies, we followed a drug treatment regimen
assuming that METH pharmacokinetics remained unaltered
over the course of drug exposure.
On the day following the 15th daily dynamic infusion,

10 animals in the experimental group continued to receive
METH for an additional 24 h in order to simulate
the gradual decline in plasma drug levels that would be
anticipated for a half-life of 12 h. On days 17–19, these
animals received dynamic infusions of saline, followed
on Days 20–22, with single daily dynamic infusions of
0.5mg/kg METH.
There was no obvious evidence of METH-induced toxicity

throughout the experiment; however, between Days 8 and
10, three METH-treated rats exhibiting blood on their

forepaws produced by prolonged intense licking behaviors
were removed from the study. Data for these animals were
not included in the analyses. Experimental animals lost on
average about 12% of their initial body weights during
the first 5 days of drug exposure, at which time weights
stabilized, and, in fact, by Day 15, significant weight
recovery from Day 5 weights had occurred (1874 g,
po0.001). Although these weight losses were relatively
small, dose adjustments based on treatment group weight
changes were incorporated on Days 4, 11, and 18 of the
treatment regimen.

Microdialysis

In order to characterize the effects of multiple daily METH
infusions on the extracellular DA response, a separate group
of animals (n¼ 10), implanted with bilateral guide cannu-
lae, were concurrently treated with the identical single daily
dynamic infusion protocol. About 6 h prior to the first drug
administration, these animals were lightly anesthetized with
Halothane, microdialysis probes were inserted into one
guide cannula, and dialysis samples were collected during
the first METH dynamic infusion. On the morning of the
15th day of METH treatment, dialysis probes were similarly
inserted into the guide cannula contralateral to the first
dialysis site, and samples were collected during the METH
dynamic infusion.
A separate microdialysis study was performed to

determine whether the temporal profile of the apparent
extracellular DA response varied as a function of the
relatively short interval between probe insertion and drug
administration (6 h). In this study, we followed our
traditional procedure: on the day prior to the experimental
day (1500–1600 hours), each rat was lightly anesthetized
with Halothane, placed in the dialysis chamber, and the
dialysis probe was inserted to allow about 18 h equilibration
prior to experimental manipulation. The results of this
study revealed no quantitative or qualitative differences in
the response profiles for caudate DA compared to the Day 1
dialysis described above, and therefore the data from these
two separate groups of animals were combined and are
presented in Figure 3.
Concentric microdialysis probes were constructed of

Spectra/Por hollow fiber (MW cutoff 6000, o.d. 250m)

Figure 2 Predicted plasma METH concentrations with single daily
dynamic infusion of 0.5mg/kg METH for 15 days. Predicted values are
based on an initial peak plasma METH concentration derived from
experimental plasma METH levels depicted in Figure 3.

Table 1 Drug Concentrations and Doses on Representative Days
during Single Daily METH Dynamic Infusion

Day 1 Day 2 Day 5 Day 10 Day 15

Peak plasma METH
(mM)

0.55 0.69 0.73 0.73 0.73

Residual METH prior
to next infusion (mM)

NA 0.14 0.18 0.18 0.18

Total 24 h dose (mg/
kg)

4.63 5.66 6.00 6.00 6.00

Plasma METH concentrations were calculated assuming a simple one-
compartment open model and a METH half-life of 12 h. Peak plasma
concentration (Day 1) is based on actual values following dynamic infusion of
0.5mg/kg METH (Figure 3). Values for total 24 h dose reflect actual administered
drug.
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according to the method of Robinson and Whishaw (1988)
with modifications (Kuczenski and Segal, 1989). The length
of the active probe membrane was 3mm. Probes were
perfused with artificial cerebrospinal fluid (147mM NaCl,
1.2mM CaCl2, 0.9mM MgCl2, 4.0mM KCl) delivered by a
microinfusion pump (1.5 ml/min) via 50 cm of microline
ethyl vinyl acetate tubing connected to a fluid swivel.
Dialysate was collected through glass capillary tubing into
vials containing 20 ml of 25% methanol, 0.2M sodium
citrate, pH 3.8. Under these conditions, dialysate DA and
metabolites were stable throughout the collection and
analysis interval. Samples were collected outside the
experimental chamber to avoid disturbing the animal.
Individual probe recoveries were estimated by sampling a
standard DA solution in vitro. At the end of the experiment,
each animal was perfused with formalin for histological
verification of probe placements.
Dialysate samples were collected at 30–60min intervals,

with the exception of the overnight samples. Samples were
assayed for DA, 3,4-dihydroxyphenylacetic acid (DOPAC),
homovanillic acid (HVA), and 3-methoxytyramine. The
HPLC-EC consisted of a 100mm� 4.6mm ODS-C18 3m
column (Regis) maintained at 401. Mobile phase (0.05M
citric acid, 7% methanol, 0.1mM Na2EDTA, and 0.2mM
octane sulfonate adjusted to pH 4.0–4.5) was delivered at
0.6–0.8ml/min by a Waters model 510 pump. Amines were
detected with a Waters 460 detector with a glassy carbon
electrode maintained at þ 0.65V relative to a Ag/AgCl
reference electrode. Concentrations were estimated from
peak heights using a Waters Maxima 820 data station.
Substances in the dialysates were corrected for individual
probe recoveries to account for this source of variability, and,

although the exact relationship between dialysate concentra-
tion and actual extracellular transmitter content is not clear,
values are presented as dialysate concentration to allow for
meaningful comparisons to other data in the literature.

Plasma METH and Amphetamine (AMPH)

For pharmacokinetic analyses, separate groups of animals
(n’s¼ 3–6 per time point) were killed by decapitation at
various times after initiation of drug infusion, and trunk
blood was collected in EDTA tubes. Plasma was isolated and
immediately frozen on dry ice. The concentrations of METH
and AMPH were determined by NMS Laboratories, Willow
Grove, PA.

Data Analysis

Behavioral and neurochemical data were statistically analyzed
using repeated measures ANOVA and t-tests with Bonferroni
corrections for specific group/time comparisons. As the
response to saline infusion did not exhibit significant changes
across days, an average saline response was included in all
figures for ease and clarity of presentation.

RESULTS

Plasma METH Concentrations

During the first day of treatment, plasma METH concentra-
tions were determined from the trunk blood of rats at
various times after the initiation of the dynamic infusion
procedure (Figure 3). In contrast to the rapid decline in
METH levels associated with the relatively short half-life for

Figure 3 Temporal profile of the plasma concentration of METH and AMPH, and of caudate extracellular DA during dynamic infusion of METH (0.5mg/
kg). For METH and AMPH, plasma was collected from separate groups of animals (n’s¼ 3–6) at various times after the start of drug administration. Values
are presented as means7SEM. Inset: Semilogarithmic plot of plasma concentration of METH during dynamic infusion of METH. The line represents the
results of a linear regression with a slope of �0.59970.0069 h�1, reflecting a half-life for METH of 11.671.3 h. For caudate extracellular DA, values
represent the mean dialysate concentration7SEM from separate experiments (n’s¼ 14). The dashed line depicts the results of a nonlinear regression
analysis for extracellular DA. Y¼ 305e(�0.051t)þ 143e(�0.003t). Shading represents the dark/active phase of the light–dark cycle.
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the drug in the rat, dynamic infusion of the 0.5mg/kg dose
resulted in a much more gradual decline in plasma drug
concentration. The METH level at the earliest time point
tested (15min following initiation of drug administration)
was 0.5470.07 mM, similar to the level that is found in
humans receiving a comparable dose of the drug (Cook
et al, 1993; Harris et al, 2003a, b). Over the next 24 h, METH
levels gradually declined with a half-life of 11.671.3 h
(inset, Figure 3). The consequent prolonged exposure
resulted in an AUC0-N of 9.4 mMh, about 20-fold larger
than typical rat pharmacokinetics (0.45 mMh (Rivière et al,
1999). In contrast to the temporal profile for METH, its
primary active metabolite, AMPH, gradually increased
from 0.0370.01 mM at the 15min time point, to a maximum
of 0.0870.03 mM at 4 h (Figure 3). This concentration
remained relatively unchanged until at least 12 h after the
start of drug administration, but was below the limits of
quantitation by 24 h. Thus, it does not appear that AMPH
levels substantially contributed to the overall stimulant
effects during the first dynamic infusion.

Striatal DA Response: Acute METH Administration

Extracellular DA in dorsal striatum rapidly increased in
response to dynamic infusion of METH, achieving peak
levels (217732 nM; B1300% of baseline levels) during the
initial 30-min sampling interval (Figure 3). A nonlinear
regression revealed that the temporal pattern of DA
concentrations exhibited a biphasic decline, beginning with
a relatively rapid fall to about one-half peak levels within
the first 2 h, followed by a more gradual decline with a half-
life of 3.7 h over the remainder of the 24-h drug infusion
period. The increase in extracellular DA was detectable
for at least 12 h (until about 2200 hours), at which time
DA remained elevated at 192726% of baseline. By the 22-h
time point (0800 hours), extracellular DA was no longer
significantly different from baseline values. The DA
metabolites, DOPAC and HVA, exhibited a rapid decline
during the initial hour following drug administration
(baseline and 1-h time point; DOPAC (nM): 58177349
and 31597262; HVA (nM): 34197327 and 20147205;
po0.001 for each metabolite), and remained at these levels
for at least 12 h before returning toward baseline values
during the overnight collection interval. By the 22-h time
point (0800 hours), neither DOPAC nor HVA levels
were significantly different from predrug values (22-h time
point as percent of baseline: DOPAC, 103.8718.7; HVA,
104.8714.4).
These results indicated that METH no longer increased

extracellular DA by about 12–22 h after the initiation of
METH infusion in spite of the continued presence of plasma
METH levels near 0.16–0.2 mM. Although it was possible
that this concentration of METH was too low to affect
caudate DA release, the results of previous pharmacoki-
netic/pharmacodynamic comparisons suggested that this
plasma level of stimulant produced by acute injection is
associated with a significant increase in striatal extracellular
DA (Melega et al, 1995; Kuczenski et al, 1997a; Cho et al,
1999). Alternatively, accumulating evidence now suggests
that with prolonged exposure, acute tolerance (ie tachy-
phylaxis) develops to many stimulant behavioral and
physiological effects (Angrist et al, 1987; Angrist, 1987;

Cook et al, 1993; Swanson et al, 2002; Greenhill et al, 2003;
Foltin and Haney, 2004). Therefore, to identify a possible
explanation for the apparent temporal dissociation between
the plasma METH and striatal DA response profiles, in a
separate group of animals we administered a dose of METH
(0.15mg/kg) which, based on our earlier pharmacokinetic
results (Figure 3), we estimated would produce a peak
plasma concentration of about 0.16 mM (25–30% of the
peak plasma concentration associated with the 0.5mg/kg
METH dose). Consistent with this estimate, we found that
dynamic infusion of 0.15mg/kg produced a peak DA res-
ponse of about 30% of the 0.5mg/kg dose (peak DA
responses: 0.15mg/kg METH, 65.3721 nM; 0.5mg/kg
METH, 217732 nM). For this relatively low METH dose,
extracellular DA remained significantly elevated for about
2 h following the start of dynamic infusion before returning
to baseline levels.

Behavior: Locomotor Activation

On Day 1, locomotion, that is, crossovers (Figure 4a and b),
rapidly increased after the start of drug administration and
was significantly elevated within the first 5min (0–5min:
SALINE, 0.370.3; METH, 11.771.9, po0.001). Peak
activity was achieved within the first hour, and remained
at about this level for between 2 and 4 h before gradually
declining over the next 12–14 h. Crossovers were no longer
significantly different from control values by about 0200
hours, that is, 16-18 h after the beginning of METH infusion.
With repeated administration, the onset of activation (0–
15min) was similar on all days (Figure 4c); however,
examination of the full temporal pattern of locomotor
activity revealed a marked change in this behavior across
days: a progressive decline in both the magnitude (Figure 4a
and b) and duration (Figure 4a and d) of the response. The
decreased duration in the locomotor response was particu-
larly marked: locomotion was elevated until about 0200
hours on Day 1 but only until about 1900 hours on Day 15
(16 and 10 h, respectively, after the initiation of treatment
on each day).
Like crossovers, rearings exhibited a significant increase

within the first 15min of drug administration (data not
shown), although even during this early interval, the
magnitude of this elevation was progressively lower as a
function of treatment day (F¼ 34.7, p¼ 0.001). Further-
more, this behavior did not represent a significant
component of the total METH-induced behavioral activa-
tion profile (see below for further description).

Behavior: Observational Ratings

Characterization of the qualitative features of the behavior
provided a critical dimension necessary to fully identify the
response changes that occurred across successive treatment
days. In this regard, observational rating revealed that the
progressive decline in locomotion, particularly during the
initial 3 h of dynamic infusion for each day (1000–1300
hours), corresponded to the emergence of gradually more
prolonged episodes of focused stereotypy (Figure 5a and b).
Furthermore, during this early period, the form of
stereotypy progressed from predominately focused sniffing
during the first treatment day to an admixture of oral
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stereotypy and focused sniffing by Day 5, followed by
mostly intense oral stereotypy (object directed licking or
biting) on subsequent days. As the duration and intensity of
the stereotypy episodes increased, locomotion occurred
primarily in the form of brief, often perseverative bursts of
activity. Since downward-oriented behavior predominated,
rearings were relatively rare for most animals (data not
shown).
Oral behavior during the earliest observation interval

(15min after the start of dynamic infusion) increased
significantly as a function of treatment day (F3,9¼ 5.0,
pp0.01), and this behavior peaked by about Day 10 (Figure
5b and c). However, after Day 10, there was a progressive
decline in the appearance of this behavior, most apparent
during the later phases of the response (Figure 5c).
Importantly, the decline in oral stereotypy did not
correspond to the emergence of ‘milder’ forms of stereotypy
(focused sniffing or repetitive head movements). On Day 15,
the animals were continuously monitored for at least several
hours in order to more accurately identify the nature of the
behavior displayed after oral stereotypy ended. These
observations indicated that oral stereotypy was discontin-
ued between 1400–1900 hours, with a mean of 1513
hours733min; the animals then appeared to be asleep
(head down, eyes closed) within about 1 h afterward (at
about 1556 hours728min). During this transitional phase,
the most common behaviors exhibited were general
exploratory activity and grooming; on Day 15, no animal
was observed to engage in any form of stereotypy after 1700
hours.

Striatal Extracellular DA: Repeated METH
Administration

The extracellular DA response profiles to dynamic infusion
of METH on Day 1 and Day 15 are compared in Figure 6.
Baseline DA levels prior to the start of the Day 15 dynamic
infusion were significantly elevated as compared to the
baseline on Day 1 (40.774.5 vs 15.5710.0 nM, respectively;
po0.05). Comparison of the extracellular DA response
profiles revealed that the peak DA concentrations were
comparable on the two days. However, extracellular DA
concentrations declined more slowly on Day 15; as a
consequence, beginning at about 3 h after the start of
dynamic infusion (1300 hours), DA concentrations on Day
15 were significantly higher than on Day 1 (167.5721.1 vs
76.8717.5 nM, respectively; po0.01). Day 15 DA concen-
trations remained significantly higher through the remain-
der of the response.

Post-Treatment Behavior: Response to METH Challenge

On Day 20, the dynamic infusion of METH (0.5mg/kg) was
resumed in previously treated animals. The crossover
response resulting from this treatment was not significantly
different from the temporal pattern produced in the same
animals during drug administration on Day 1 (Figure 7a
and b); that is, both the magnitude and duration of METH-
induced locomotor activation appeared to recover by 4 days
following discontinuation of pretreatment. By contrast,
observational rating showed that on the first challenge day,

Figure 4 (a) Locomotor response on representative days to single daily dynamic infusion of METH (0.5mg/kg) (open circles) or an equivalent dynamic
infusion of saline (closed circles). Numbers in parentheses indicate the number of animals in each group. Values are presented as mean crossovers7SEM.
The number within the open circle indicates the treatment day. Shading represents the dark/active phase of the light–dark cycle. (b–d) Histograms represent
cumulated crossovers during the indicated interval for representative days. In this and all subsequent figures, behavioral responses of the METH-treated
groups were significantly different compared to the saline group, and for purposes of clarity are not included in the statistical comparisons. ***po0.001
compared to Day 1; þpo0.05 compared to Day 5; and wpo0.05 compared to Day 10.
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these animals were engaged in significantly more intense
stereotypies than on Day 1 (Figure 8), particularly during
the later phases of the response (Figure 8a and c); in fact,
during this 1500–2300 hours time period, the amount of
oral stereotypy on Day 20 exceeded the level exhibited on
Day 15. Observations also revealed that the locomotor
activity throughout most of the Day 20 challenge response
occurred primarily in the form of episodic bursts of rapid
movements, that is, qualitatively more similar to the
locomotion on Day 15 rather than on Day 1. Furthermore,
after two additional METH treatment days (ie by Day 22),
observations revealed no distinguishable differences in any
qualitative feature of the response, and stereotypy ended in
all animals by about 1900 hours In addition, the temporal
pattern and total level of locomotion (about 30% of the
locomotor activity displayed on Days 1 or 20) were no
longer significantly different from the pattern of behavioral
activation on Day 15 (Figure 7a and b).

DISCUSSION

The repeated single daily dynamic infusion procedure used
in the present series of studies was designed to simulate in
rats the profile of prolonged METH exposure, including the

fluctuations in plasma drug concentrations, and incremen-
tal drug accumulation associated with successive i.v.
injections in humans. Based on evidence that such drug
exposure characteristics have important behavioral and
neurobiological implications, a closer approximation of
human METH exposure patterns should provide greater
insight into the effects of similar treatment in drug users.

Pharmacokinetics

The dynamic infusion methodology produced a temporal
pattern of plasma METH concentrations, which simulated
the human profile in several important respects. First, the
apparent half-life achieved (11.671.3 h) was well within the
range reported for a variety of i.v. METH doses in human
volunteers (11.4–12.2 h) (Cook et al, 1993; Mendelson et al,
1995; Harris et al, 2003a). Second, the plasma METH
concentration at the earliest time assessed after the start of
METH infusion (0.54 mM at 15min for the 0.5mg/kg dose)
was similar, although about 80% of the value expected from
extrapolation, to a comparable dose in humans (0.6–0.7 mM)
(Cook et al, 1993; Harris et al, 2003a, b). Third, the area
under the plasma concentration vs time curve (9.4 mMh)
was 20-fold higher than following typical rat pharmacoki-

Figure 5 (a) Oral stereotypy response on representative days to single daily dynamic infusion of METH (0.5mg/kg). Numbers in parentheses indicate the
number of animals in each group. Each value represents the percent of time of the indicated interval during which the animal exhibited oral stereotypy, and is
presented as means7SEM. The number within each open circle indicates the treatment day. Shading corresponds to the dark/active phase of the light–dark
cycle. (b and c) Histograms depict cumulated stereotypy over the indicated interval. *po0.05, **po0.01, ***po0.001 compared to Day 1; þpo0.05
compared to Day 5; and wwwpo0.001 compared to Day 10.
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netics (Rivière et al, 1999), and approached the value that
would be expected for a comparable dose in humans (16–
17 mMh (Cook et al, 1993). A more comparable maximum
concentration and AUC would have resulted if the two
species have similar volumes of distribution. In fact,
although most human studies have consistently reported
Vd values near 3.6 l/kg (Cook et al, 1993; Mendelson et al,
1995; Harris et al, 2003a), values as high as 9 l/kg have been
estimated in the rat (Hutchaleelaha and Mayersohn, 1996;
Rivière et al, 1999, 2000; Cho et al, 2001; Kitaichi et al,
2003); a higher Vd in the rat could explain the lower plasma
concentration and AUC which we found.
It should be noted that the dynamic infusion procedure

does not attempt to simulate the relatively rapid fall in
plasma concentration associated with the METH distribu-
tion phase. However, because of the high lipid solubility of
METH, the rate of rise in brain concentrations should be
similar for the two species, and, in fact, the qualitative
features of the distribution phase are similar (Cook et al,
1993; Cho et al, 2001). Despite this potential difference, our
results do demonstrate that with the dynamic infusion
procedure, the general magnitude, and duration of drug
exposure in the rat can be made to approximate the profile
in humans. In contrast, with other experimental procedures
used to simulate continuous drug administration (eg pellet/
minipump implants), significant differences are apparent
with regard to both the initial rate of drug accumulation (ie
slower than from typical routes used by METH abusers) and
the temporal pattern of drug exposure (ie more constantly
maintained levels than occurs in humans). Our pharmaco-

kinetic data indicate that the dynamic infusion procedure
produces a plasma METH profile that more closely
resembles the profile that occurs in humans.

Behavioral Profile

The single daily dynamic infusion paradigm produced a
behavioral profile in the rat that exhibited several char-
acteristics that have been associated with the human
response to the drug, including evidence of psychomotor
stimulation, sensitization, and both within- and across-day
tolerance. Controlled studies in humans have shown that
acute administration of low AMPH doses produces
subjective effects like euphoria, ‘mind racing’, and alertness
(Angrist et al, 1987; Angrist, 1987; McTavish et al, 1999;
Vollm et al, 2004); physiological changes in heart rate and
blood pressure have also been monitored (Griffith and
Gunne, 1977; Brown et al, 1978; Angrist et al, 1987; Angrist,
1987; Cook et al, 1993; Oswald et al, 2005). In many of these
studies, when the time course of these stimulant-induced
alterations was determined, a dissociation between these
effects and measured or inferred plasma levels was apparent
and often referred to as acute tolerance or tachyphylaxis
(Angrist et al, 1987; Angrist, 1987; Cook et al, 1993;
Swanson et al, 2002; Greenhill et al, 2003; Foltin and Haney,
2004). We observed a similar drug–behavior dissociation
during the first treatment day. That is, although our results
indicated that the drug-induced increase in locomotion
appeared to initially parallel plasma METH levels, by about
16 h (0200 hours, Figure 4), behavioral activation was no

Figure 6 Temporal profile of the caudate extracellular DA response to dynamic infusion of 0.5mg/kg METH on the 1st (Day 1) and 15th (Day 15) day of
the single daily treatment regimen. Numbers in parentheses indicate the number of animals in the group. Values represent the means7SEM. The number
within each open circle indicates the treatment day. BL¼ predrug baseline DA concentration. Shading corresponds to the dark/active phase of the light–dark
cycle.
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longer detectable. Importantly, plasma levels remained
relatively high even when the animals appeared to be
asleep, and, in fact, preliminary evidence from a separate
study showed that dynamic infusion of a lower dose of
METH (0.125mg/kg), estimated to produce peak plasma
levels less than those present at the 0200 hours time point
following dynamic infusion of 0.5mg/kg, resulted in a
significant and relatively long-lasting increase in locomotor
activation (crossovers, 0–120min after the start of dynamic
infusion: SALINE: 3273; METH: 6675; t¼ 6.9, pp0.001).
These findings suggest that pharmacodynamic adaptations,
which occurred during the course of continuous drug
exposure, might account for the apparent dissociation
between the plasma drug levels and behavioral activity at
these later time intervals. Several clinical researchers have
speculated that the acute tolerance might be due to DA
depletion at critical brain sites and/or downregulation of
DA receptors (Angrist, 1987; Vollm et al, 2004). In this
regard, our results showed that the acute striatal extra-
cellular DA response was significantly shorter than would
be expected from the pharmacokinetic data, and therefore,
this apparent pharmacodynamic alteration could, at least
partially, underlie the acute tolerance reflected in the
measure of behavioral activation we monitored.
Repeated dynamic infusions produced a progression

of behavioral changes, a prominent component of which

was sensitization, primarily in the form of increasingly
more intense and continuous stereotypy up to about
the 10th day of treatment; the magnitude of the locomotor
activity displayed a corresponding decline during this
period of repeated dynamic infusions. It has been well
established by a large body of preclinical research
that behavioral sensitization is reliably produced by
repeated, intermittent s.c. or intraperitoneal (i.p.) stimulant
administration, and that, depending on dose, this effect is
expressed as increased locomotor activity and/or stereo-
typed behaviors (see, Segal and Mandell, 1974; Segal and
Schuckit, 1983; Robinson and Becker, 1986, for reviews).
However, unlike most of these studies, with dynamic
infusion there was a gradual increment in plasma drug
level across successive treatment days. Therefore, it could
be argued that the behavioral augmentation we observed
was at least, in part, due to a progressive increase in dose.
However, with our treatment paradigm, most of the
increment in plasma METH occurred within the first 3
days, with about 80% of the total dose increase apparent by
Day 2 (Table 1, Figure 2). In contrast, the amount of time
animals spent engaged in stereotypy was not significantly
different between Days 1 and 2. Furthermore, a significant
increase in oral stereotypy occurred between Days 5 and 10,
during which time the dose level had effectively stabilized.
Therefore, the increment in drug level does not appear to

Figure 7 (a) Locomotor response to dynamic infusion of METH (0.5mg/kg) on the 1st (Day 20) and 3rd (Day 22) day of the post-treatment challenge.
Numbers in parentheses indicate the number of animals in each group. Responses of the same animals on the 1st and 15th day of the single daily dynamic
infusion pretreatment are included for comparison purposes. Values are presented as mean crossovers7SEM. The number within each open circle indicates
the treatment day. Shading represents the dark/active phase of the light–dark cycle. (b) Histograms represent cumulated crossovers over the indicated
interval. ***po0.001 compared to Day 1; þ þpo0.01 compared to Day 15; and wwpo0.01 compared to Day 20.

Human METH pharmacokinetics simulated in the rat
DS Segal and R Kuczenski

950

Neuropsychopharmacology



account for the most pronounced behavioral augmentation
we observed.
Concurrent with sensitization, which persisted through-

out the single daily treatment, a marked decrease in the
duration of behavioral activation became increasingly
apparent in the daily responses after Day 10 of drug
administration. We previously observed a similar behavior-
al profile in studies using a paradigm of repeated high-dose
METH or AMPH ‘binge’ treatments (Segal and Kuczenski,
1997a, b, 1999). In our experience, single daily s.c. injections
do not result in a shortened response; therefore, it appears
that more continuous drug exposure is a critical factor
underlying the ultimate occurrence of this form of response
tolerance or emergent tachyphylaxis. Consistent with this
notion, a recent report showed that repeated, relatively
prolonged periods of stimulant self-administration was
associated with a loss of behavioral sensitization in rats,
whereas evidence of sensitization was prominent with
shorter, more typical self-administration regimens (Ben
Shahar et al, 2004). Interestingly, sensitization and/or
tolerance as a function of repeated stimulant administration
have been reported in controlled human studies (Strakows-
ki et al, 1996, 2001; Strakowski and Sax, 1998; Wachtel and
De Wit, 1999; Comer et al, 2001). However, in these studies
relatively low, oral doses were used and self-ratings of
subjective effects were assessed; therefore, it is difficult to
relate these finding to the behavioral changes we observed
with our treatment procedures.
In addition to the development of sensitization and

tolerance to various features of the response, we also

observed qualitative changes that gradually emerged
through the course of treatment, and consisted of a
transformation in the expression of locomotion to brief
relatively episodic bursts of activity that interrupted long
intervals of continuous, intense stereotypy. By Day 10 of the
dynamic infusion treatment, such periodic, often ‘explosive’
movements represented most of the ambulation that
occurred. As we previously described in the context of
multiple daily high-dose s.c. METH or AMPH administra-
tion (Segal and Kuczenski, 1997a, b, 1999), this emergent
feature of the behavior was not evident in the acute
response to any dose of AMPH or METH we have
characterized (Segal and Kuczenski, 1997a, b). Therefore,
it appears that multiple daily high dose treatment, or, as we
have now shown, the repeated fluctuating pattern of
relatively continuous METH exposure is required to elicit
this qualitative change in behavior.

Neurochemical Profile

Evidence suggests that many of the behavioral effects of
METH depend on its release of striatal DA. Furthermore,
the dorsal striatum appears to be particularly vulnerable to
long-term METH exposure (see, Davidson et al, 2001; Cadet
et al, 2003, for reviews). Therefore, we characterized the
caudate extracellular DA response during the first and
fifteenth dynamic infusion of 0.5mg/kg METH. The
magnitude of the initial DA response peak was within the
range expected for acute i.v. administration of AMPHs (Cho
et al, 1999). However, the relatively rapid decline that

Figure 8 Oral stereotypy response to dynamic infusion of METH (0.5mg/kg) on the 1st (Day 1) and 15th (Day 15) day of single daily treatment
compared to the 1st (Day 20) day of the post-treatment challenge. Numbers in parentheses indicate the number of animals in each group. The response on
Day 22 was identical to the response on Day 15, and for the sake of clarity was not included in the figure. Each value represents the percent of time of the
indicated interval during which the animal exhibited oral stereotypy, and is presented as means7SEM. The number within each open circle indicates the
treatment day. Shading represents the dark/active phase of the light–dark cycle. (b) Histograms represent cumulated stereotypy over the indicated interval.
**po0.01, ***po0.001 compared to Day 1; þpo0.05, þ þpo0.01 compared to Day 15.
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subsequently occurred did not parallel the slower reduction
in plasma METH; that is, extracellular DA decreased by
almost 50% during the initial 2 h as compared to less than
10% for plasma METH (Figures 3 and 6). Furthermore,
although the rate of DA decline more closely followed the
decline in plasma METH during the 2–24 h time period,
there was no close association between concentration of the
drug and the anticipated extracellular transmitter during
the remainder of the response. These findings are in
contrast to our previous observations of parallel extra-
cellular DA and plasma stimulant concentration, using
more traditional injection techniques (Kuczenski et al,
1997a; Cho et al, 1999). Thus, a significant dissociation
between the temporal profiles of extracellular DA and
plasma METH was revealed with the dynamic infusion
procedure.
One possible explanation for the rapid decline in DA

during the initial 2 h of dynamic infusion of 0.5mg/kg
METH stems from evidence that METH-induced DA release
depends on the functional availability of DAT, and that DAT
availability can be regulated by rapid endocytotic trafficking
(see, Zahniser and Sorkin, 2004, for a review). Of particular
relevance, recent studies of the human DAT in embryonic
kidney cells (Saunders et al, 2000) indicate that AMPH and/
or high extracellular DA can promote a concentration-
dependent internalization of the DAT, thereby reducing DA
transport capacity, and thus the availability of the DAT to
participate in not only uptake of synaptic transmitter but
also METH-induced release of cytoplasmic DA from the
nerve terminal. Interestingly, the temporal characteristics of
DAT internalization in these studies were similar to the rate
of decline in extracellular DA we observed during the initial
stages of METH dynamic infusion. Thus, it could be argued
that drug-induced rapid internalization of DAT may
contribute to the pronounced dissociation between DA
responsivity and drug concentration during the early stages
of the response.
Although after about 2 h following the start of METH

infusion the rate of decline in extracellular DA had
diminished, a significant dissociation between plasma
METH and DA responsivity persisted throughout the
remainder of the drug exposure. This dissociation
was exemplified by the observation that within 22 h of
the initiation of the dynamic infusion, extracellular DA was
no longer significantly elevated above baseline in spite
of our evidence that a pharmacologically active plasma
METH concentration continued to be present. At least
two possible mechanisms may have contributed to this
apparent tachyphylaxis. First, the cytoplasmic pool of
DA may have been significantly diminished by the sustained
presence of METH, thus attenuating the drug-induced
release of transmitter. However, by the 22-h time point,
the DA metabolite, DOPAC, had recovered to predrug
levels. This observation suggests that the releasable pool
of transmitter had been replenished, since DOPAC origi-
nates primarily from the metabolism of cytoplasmic
DA (Roffler-Tarlov et al, 1971; Westerink and Korf, 1976).
Alternatively, it is possible that DAT internalization,
once promoted by the initial high extracellular transmitter
concentrations, persisted throughout the drug response
even after METH levels significantly declined. Future
studies will be required to determine the time course for

DAT internalization under conditions of changing METH
concentrations.
Comparison of the temporal patterns of extracellular

caudate DA, assessed on the 1st and 15th day of dynamic
infusion in the same animals, revealed that with repeated
METH treatments DA concentrations were significantly
greater through most of the response. One factor that might
account for this enhanced DA response is the elevated
plasma METH levels on Day 15 relative to Day 1 (see
Figure 2, Table 1). Residual drug arising from the near 12-h
METH half-life results in an effective increase in METH
dose, which would be expected to increase DA levels during
repeated drug administrations. In addition, although there
are conflicting results in the literature (eg Kuczenski et al,
1997b), some previous research suggests that repeated,
intermittent stimulant regimens using conventional drug
administration procedures result in an increased caudate
DA response, possibly due to compensatory adjustments
that enhance the responsivity of DA neurons to stimulants
(see, Arai et al, 1996, for a review). Thus, the mechanisms
underlying sensitization-related enhanced DA release may
also be implicated in the DA response elevation we observed
with single daily dynamic infusions. However, the absence
of a significant DA increase during the initial response (first
30min, Figure 6) is difficult to explain in the context of
either elevated plasma METH or a sensitized DA release,
particularly since the behavior exhibited a marked sensiti-
zation during this time period. In addition, baseline DA
levels prior to the initiation of the Day 15 dynamic infusion
were significantly elevated. Although residual METH
(estimated to be approximately 0.18 mM at this time point;
see Table 1) might be invoked to explain the increased
baseline, similar plasma METH levels failed to support
increased extracellular DA during the final sampling
intervals of the Day 1 dynamic infusion (Figure 6). It is
apparent, therefore, that further studies will be required to
identify the various factors that may influence the changes
in the DA response, which develop with repeated dynamic
infusions. In particular, it will be important to determine if
the DA response increase as revealed on Day 15 has, in fact,
fully emerged within the first several days of treatment, thus
suggesting that the increment in plasma METH levels is
primarily responsible for the elevation in DA.

DA–Behavior Relationships

The increased DA response that occurred with repeated
single daily infusions may have contributed significantly to
the progressive changes in the behavioral response across
treatment days. However, as discussed previously, to the
extent that incremental dose is responsible for the elevated
DA response, it would be expected that most of the
behavioral changes would have occurred within the first
several days of METH administration, corresponding to the
rate of increase of plasma drug levels (Table 1, Figure 2).
Therefore, it would be difficult to reconcile a drug
concentration-dependent increase in DA with the progres-
sive behavioral sensitization that continued up to at least
Day 10 of treatment. Rather, the DA response increase may
have continued after the plasma METH pattern had
stabilized. In addition, adaptations in striatal postsynaptic
mechanisms and/or effects of METH on other DA systems
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may also have contributed to the enhanced behavioral
responsiveness that was produced by this treatment.
Neither the observed changes in DA release nor in plasma

METH levels are consistent with the pronounced shortening
of the behavioral activation that was particularly evident by
Day 15. On this day, METH-induced focused stereotypies
had subsided and all animals were sleeping by about 2000–
2100 hours, at a time when plasma METH concentrations
and caudate extracellular DA were still substantially
elevated. In fact, extracellular DA at this time point on
Day 15 (Figure 6) was about 120 nM, sufficient to support
marked locomotor activation on Day 1. Therefore, post-
synaptic alterations may have contributed to the tolerance
that developed with repeated dynamic infusions. Although
downregulation of DA receptors has not been consistently
associated with repeated stimulant administration using
traditional rodent treatment regimens, we recently reported
small but significant decreases in radioligand binding to
striatal D1 and D2 DA receptors following prolonged
exposure to day-long i.v. METH administration (Segal
et al, 2005). In addition, O’Connor et al (2005) recently
reported that repeated administration of the long-acting
DAT inhibitor, WF-23, resulted in a progressive reduction
in striatal D2 receptor-stimulated [35S]GTPgS binding, and a
parallel decline in WF-23-stimulated locomotor activation
over the 21 days of treatment. Importantly, no changes in
D2 receptor G-protein coupling or tolerance to the
locomotor activation were evident until 7 days of treatment.
These results further support the view that in addition to
the chronicity of drug treatment, the duration of each
exposure may be a significant factor in determining the
nature of the behavioral and neurochemical adaptations
that develops with repeated drug exposure.
However, it is important to note that, in the current study,

we only characterized the dorsal striatal temporal DA
response profiles on Day 1 and Day 15. Although our
previous observations indicated that the extracellular DA
response patterns to the AMPHs in the dorsal and ventral
striatum are similar (Kuczenski et al, 1991, 1997b; Segal and
Kuczenski, 1992; Kuczenski and Segal, 1992), it is con-
ceivable that dynamic infusions of the drug result in
different temporal profiles in the two striatal regions. This
possibility is particularly important since a great deal of
converging evidence suggests that stimulant effects on DA
transmission in the dorsal and ventral striatum modulate
different behavioral components of the stimulant response
(Roberts et al, 1975; Costall and Naylor, 1977; Swerdlow
et al, 1986; Dickson et al, 1994). Therefore, changes we
observed in the relative expression of locomotion and
stereotypy, both within and between days may have been
due, at least partially, to different region-related effects on
the pattern of DA transmission. Furthermore, although
beyond the scope of the current studies, it is also important
to note that METH effects on mechanisms regulating
circadian rhythms may have contributed to both the
qualitative and quantitative behavioral changes we observed.

Persistence of Behavioral Effects

The response of METH-pretreated animals to subsequent
METH challenge revealed evidence that both sensitization
and tolerance persisted after a relatively short drug with-

drawal period. That relatively continuous, intense stereo-
typy appeared during the first day of challenge, further
indicating that mechanisms other than incremental plasma
METH concentration were responsible for the sensitization
observed during the single daily dynamic infusion treat-
ment. Furthermore, although neither the magnitude nor the
duration of locomotor activation diminished, observations
revealed that the locomotion occurred primarily in the form
of episodic bursts of ambulation, whereas this qualitative
change in behavior did not emerge during pretreatment
until the 5–10th drug administration. However, while
sensitization, along with qualitative behavioral changes,
was clearly apparent during the first challenge day, the re-
emergence of tolerance was not obvious until animals
received additional days of treatment. By the third drug
challenge day, neither the qualitative features of the
behavior nor the magnitude or duration of the response
were significantly different from the response on the 15th
pretreatment day. Thus, as with sensitization, tolerance also
endured after cessation of single daily dynamic infusions of
METH. The mechanisms underlying these persistent effects
remain to be elucidated.
In conclusion, this series of studies has demonstrated the

feasibility of using a repeated dynamic infusion protocol
designed to produce a pattern of continuous METH
exposure with a frequency and magnitude of fluctuation,
as well as incremental dose characteristics, that approx-
imate the temporal pattern of change in plasma METH
levels expected to occur in humans treated with the same
drug regimen. Our results showed that, using this treatment
paradigm, elements of sensitization and tolerance, as well as
qualitative changes in the response occurred, and that these
chronic METH-induced effects developed with different
temporal profiles. Furthermore, the mechanisms underlying
these various response characteristics endured for at least
3 days after discontinuation of drug treatment; however,
fewer days of METH re-exposure were required for the
expression of sensitization than for the reappearance of
tolerance. Importantly, this combination of behavioral
features is not found with repeated daily METH treatments
using other more traditional administration procedures.
Although a DA response increase may contribute to the
behavioral response augmentation, other mechanisms,
perhaps involving DA receptor desensitization, must be
implicated in the tolerance that developed with more
prolonged treatment. Our results suggest that simulation
of human METH exposure patterns may be necessary to
more accurately reproduce the neurobiological and beha-
vioral effects of METH administration in humans.
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