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as subjects in behavioral pharmacology research. An advantage of the pigeon is
an exceedingly vascular breast muscle, which is easily accessible for injections. The purpose of these studies
was to provide a profile of the pharmacokinetics of (+)-methamphetamine (METH) and (+)-amphetamine
(AMP), a pharmacologically active metabolite, in pigeons (n=6) after intramuscular (IM) and intravenous (IV)
dosing (0.8 mg/kg). LC–MS/MS analysis was used to determine serum concentrations of METH and AMP. A
modified crossover design was used to determine the bioavailability, time to maximum concentration, total
clearance, the volume of distribution, the maximal concentration, the area under the concentration–time
curve (AUC), and terminal elimination half-life for METH. The route of administration did not significantly
affect these pharmacokinetic parameters. The time to maximum concentration for METH and AMP following
IM administration was 0.3 h. Maximum AMP serum concentrations were achieved in 2 h, irrespective of the
route of administration, and these concentrations remained essentially constant for an additional 6 h. The
metabolism of METH to AMP was not affected by the route of administration, and the molar ratio AMP to
METH AUC values were the same (IV=0.57; IM=0.41). These results show that METH pharmacokinetics after
IM administration in the pigeon are similar to IV administration. Thus IM is a reasonable route of
administration for METH behavioral assays in the pigeon if sufficient time for absorption is given following
the dose, and the behavioral endpoint is not dependent on the rapid input of METH following an IV dose.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

(+)-Methamphetamine (METH) abuse is one of the most serious
health problems in the United States and Europe because of its abuse
liability and potential neurotoxic effects (Sekine et al., 2001; Sekine
et al., 2006; Volkow et al., 2001). While METH abuse in the general
population appears to have stabilized, or decreased slightly, abuse in
certain populations is increasing (Halkitis et al., 2005; Shoptaw et al.,
2006). Abuse potential of drugs, as well as treatments for drug abuse,
are often tested in animal behavioral pharmacology models. Drug
discrimination is one of several behavioral assays used to test these
drugs in animals. In a simple drug discrimination study, an animal is
trained to make a different response depending on whether a drug is
present or not (i.e., to discriminate whether a drug is present or
absent). Once stimulus control of responding is established, a different
drug can be substituted for the training drug. Drugs that produce the
same externally observed stimulus control are thought to also produce
internal stimuli that can be detected by the subject, (Overton et al.,
501 526 6510.
.P. Hendrickson).

l rights reserved.
1986; Overton et al., 1999; Schuster and Johanson, 1988). In this
manner, drugs can be classified into pharmacological classes.

It has long been recognized that the study procedural factors can
affect the drug stimulus. In fact, procedural changes can affect the results
of many behavioral assays (e.g., locomotor activity, self-administration).
Jarbe and Kroon-Jarbe have shown that the speed with which rats
established discriminative responding to AMP and cocaine was
dependent on the whether the incentive was food or electrical shock
(Jarbe and Kroon-Jarbe, 1983). Green-Jordan et al., have shown that the
discriminative stimulus affects of cocaine were influenced by the
pretreatment time of various μ opioid agonists (Green-Jordan et al.,
2001). Several investigators have shown that the route of administration
can affect the outcomeof the behavioral endpoint. For example, the dose
required for METH or AMP stimulus control in rats was 5-fold lower
when these drugs were administered IV or subcutaneous (SC) compared
with intraperitoneal (IP) administration (Ando, 1975; Ando et al., 1994).
Gentry et al., found that the locomotor effects and stereotypical behavior
of METH were dependent on the route of administration (i.e., IP or SC).
These authors attributed the changes in behavior to the observed
changes in METH pharmacokinetics (Gentry et al., 2004). In general,
route-dependent behavioral outcomes have been attributed to differ-
ences in absorption and a higher degree of first-pass metabolism with
some routes of administration. First-pass metabolism occurs when a
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drugwithmetabolic potential passes through sites of elimination like the
gastrointestinal tract or the liver prior to reaching systemic circulation.
First-passmetabolism is avoided following IV and IMadministration. The
absorption of smallmolecules, likeMETH, frommuscle is dissolution and
perfusion rate-limited. Therefore, the absorption ofMETH into thebreast
muscle of a pigeon, with many capillaries, is expected to be extensive.

The behavioral pharmacology ofMETHand other amphetamines has
been studied extensively in a number of species, including the rat,
pigeon, mouse, and monkey (Itzhak and Ali, 2002; McMillan and
Wessinger, 1989; Suzuki et al., 2004; Woolverton et al., 1989).
Discernment of the psychostimulant properties of METH is complicated
by the fact that amphetamine (AMP) is a metabolite of METH with
similar psychomotor stimulant properties. Sasaki et al. have shown that
pigeons attained stimulus control with METH and subsequently
generalized on the drug appropriate key with AMP (Sasaki et al.,
1995), suggesting that METH and AMP share the same discriminative
stimulus. Sasaki et al. further suggested that because METH and AMP
shared discriminative stimulus cues, these compounds shared a similar
mechanism of action. Similarly, Milesi-Hallé et al. have recently shown
that AMP andMETHwere equally potent in inducing locomotor activity
in rats (Milesi-Halle et al., 2007). It is unknown how much METH is
metabolized to AMP following IM administration of METH to pigeons. If
a sufficient amount of METHweremetabolized to AMP to cause an AMP
response, it would be difficult to discern the individual or combined
effects of METH and AMP behavioral endpoints in these animals.

Pigeons are used for drug discrimination studies due in part to the
animal's ability to distinguish color and space (McClure et al., 2005;
McMillan,1990; Stubbs,1968). IM administration of drugs is the preferred
route in pigeons because it is convenient and the breast muscle of the
pigeon is well vascularized. Most experimental protocols allow a certain
amount of time to elapse after administration of the drug, usually 10 min
before the behavioral session begins. This 10-min pre-session interval is
incorporated into the experiment to allow absorption of the drug, but
often without prior knowledge of true absorption characteristics of the
drug. Despite the potential impact of administration route on the
pharmacokinetics (i.e., bioavailability, time to maximum concentration,
maximum concentration, and pharmacodynamics), most behavioral
assays are conducted using an extravascular route of drug administration
(i.e., IMor IP) (Gentryet al., 2004;Kitaichi et al., 2003; Samahaet al., 2005).
Extravascular routes of administration can bias the desired effects of the
drug if the actions of thedrugaredue to rapidpenetration into thebrainor
route specific differences inmetabolism (Mactutus et al., 2000). There is a
growing body of evidence that rapid penetration into the brain is
particularly important to the abuse liability of stimulants in humans
(Samaha and Robinson, 2005; Volkow et al., 2000). Therefore, it is
important to understand the relationship of the route of drug adminis-
tration to pharmacokinetics and behavioral pharmacology.

The purpose of these studies was to characterize METH pharma-
cokinetics after IM and IV dosing to determine if these routes of
administration affected the pharmacokinetic parameters and bioavail-
ability of METH in pigeons. Because AMP is a potent metabolite of
METH, AMP serum concentrations were determined as well. The
molar ratio of AMP toMETH for each routewas assessed using the area
under the concentration–time curve for each compound. The
implications of these results, as they relate to the behavioral
experimental approach is also discussed.

2. Methods

2.1. Animals

Six maleWhite Carneau pigeons (Palmetto Pigeon Plant, Sumter, SC)
served as subjects in these experiments. All birds were housed
individually, and allowed free access to food and water. The birds
had been used in drug discrimination studies prior to the present
experiments. (McMillan et al., 2001;McMillan et al., 2002). The vivarium
was temperature and humidity controlled, with a light cycle from 06.00
to 18.00 h and a dark cycle of 18.00 to 06.00 h. Pharmacokinetic studies
were initiated at 09.00 h. All animal experiments were conducted with
the approval of the Institutional Animal Care and Use Committee of the
University of Arkansas forMedical Sciences andwere in accordancewith
the Guide for the Care and Use of Laboratory Animals as adopted by the
National Institutes of Health.

2.2. Pharmacokinetic experiments

(+)-Methamphetamine hydrochloride and (+)-amphetamine sulfate,
4-hydroxyamphetamine hydrochloride and 4-hydroxymethampheta-
mine hydrochloride were obtained from the National Institute on Drug
Abuse (Rockville, MD). Pharmacokinetic parameters for METH were
determined in 6 pigeons following administration of 0.8 mg/kg METH
(expressed as the free base) by the IV and IM routes of administration in
sterile saline (1 ml/kg body weight). The IV dose was administered as a
bolus in the right brachial vein using a 26 G needle and 1 ml tuberculin
syringe. Blood samples were collected from the left brachial vein
following IV administration through an indwelling catheter (20G×1 in.)
(Introcan Safety Braun Medical Co., Bethlehem, PA). The IM dose was
administered 1 week later as a bolus in the breast muscle using a 1 ml
tuberculin syringe (26 G). A catheter was used to take blood samples
from the right brachial vein following IM administration of METH. The
IMdosewasalways administeredon the secondweekbecause this route
did not require a viable vein for dosing. The 20 G needle on the catheter
caused a hematoma,which required 4weeks to heal before the veinwas
viable again. Therefore, the IV dose always preceded the IM dose. Blood
samples (100–200 μl) were collected prior toMETH injection and at 1, 2,
5,10, 20, 60,120, 240, 360, and 420min after the injection. Nomore than
2.5 ml of blood was obtained from each bird during the 7 h
pharmacokinetic study. The catheter was flushed with 200 μl of saline
after each blood sample was taken. The catheter was kept patent by
occasionally flushingwith 100 μl of saline. The bloodwas allowed to clot
(30–45 min) at room temperature and the serum was collected after
centrifugation (10,621 ×g for 10min). The serum samples were stored at
−30 °C and analyzedwithin 24 h by liquid chromatographywith tandem
mass spectrometric detection (LC–MS/MS).

2.3. LC–MS/MS of METH, AMP, and 4-hydroxylated metabolites in serum

METH and AMP serum concentrations were determined using LC–
MS/MSmethodology published previously (Hendrickson et al., 2006). A
Waters Alliance 2690 HPLC system coupled to a Micromass Quattro LC
triple quadrupole mass spectrometer (Waters Corp, Beverly MA) was
used for LC–MS/MS analysis. Pigeon serum samples (50 μl) were
prepared for LC–MS/MS analysis by first diluting each samplewith 50 μl
of normal rat serum (Pel Freez Biologicals, Rogers, AR). Internal standard
(10 μl), containing amphetamine-d11 (Sigma/Isotech, St. Louis, MO) and
methamphetamine-d5 (Sigma/Isotech), was added to each sample.
METH, AMP, OH-METH, and OH-AMP were separated and detected
using a Waters 2695 Alliance System (Waters Corp., Milford, MA) and a
Micromass Quattro LC triple quadrupole mass spectrometer equipped
with an electrospray interface (Waters Corp). Analytical separationwas
achieved on 100×2.1 mm, 3 μm Hypersil BDS C8 column with a guard
column (10×2.1 mm, 3 μm) (Thermo Electron Corp, Bellefonte, PA). The
mobile phase consisted of solvent A (5 mMammonium acetate (pH 3.7)
with 5% (v/v) acetonitrile) and solvent B (5mM ammonium acetate (pH
3.7)with 95% (v/v) acetonitrile). Theflow ratewas0.3ml/min. The linear
gradientwas as follows: 0–2min, 0% B; 2–4min: 0–65% B; 4–8min: 65%
B; 8–10 min: 65%–0% B; 10–14 min 0% B. The MS/MS experiments were
performed by collision-induced dissociationwith argon as the target gas
(2×10−3 Torr). METH, AMP, OH-METH, and OH-AMP were quantitated
using the following precursor→productm/z values: 150→91, 136→91,
166→107, and 152→107, respectively. Quantitationwas achieved using
the internal standard approach. Calibration standards (0.3 ng/ml–
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1000 ng/ml) were prepared in normal rat serum and treated as
described above for authentic pigeon samples. A separate set of quality
control samples (3, 10, and 800 ng/ml) were also prepared in rat serum
and analyzed as described above. The predicted values at the lower limit
of quantitation (1 ng/ml) were within ±25% of the nominal concentra-
tion. The precision at the lower limit of quantitation was ±12%.

2.4. Pharmacokinetic data analysis

METH and AMP serum concentration–time data were analyzed by
model-independent pharmacokinetic analysis methods using PK
Solutions 2.0 (Summit Research Services, Montrose, CO). Cmax was
the maximum observed concentration and tmax was the time point at
Cmax. The METH elimination half-life (t1/2λz

) was determined from the
slope of the linear terminal portion of the log concentration–time
curve. The area under theMETH concentration–time curve (AUC) from
the time of dosing to the last measure time point (tn) was determined
by the linear trapezoidal rule. The remaining area to time infinity was
Fig. 1. Serum concentration–time profiles for (+)-methamphetamine (METH) and (+)-amph
(△, AMP and ○, METH) administration of 0.8 mg/kg METH to pigeons.
determined from last measured concentration (Cn) and the terminal
elimination rate constant (λz). Thus, the equation for AUC∞ was

AUCl ¼ AUC 0Ytð Þ þ Cn

kz

The apparent volume of distribution (Vd) was determined from the
AUC and λz according to the equation,

Vd ¼ F&•D
AUClkZ

where D equaled the dose. Total clearance (CL) was determined from
the dose and AUC according to the equation,

CL ¼ Dose
AUCl

The bioavailability (F) of METHwas determined using the equation
F=(AUCIM/AUCIV). All values are presented as the mean±S.D. The area
under the AMP concentration–time curve was determined using the
etamine (AMP) following either intravenous (▽, AMP and □, METH) or intramuscular
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linear trapezoidal rule on the observed data only. This same method
was used to determine the area of the METH concentration–time
curve when calculating the AMP–METH ratio.

Curves were fit to the data using a two or three component
exponential and took the general form,

C ¼
X

Cn exp �kntð Þ;

2.5. Statistics

The pharmacokinetic values (i.e., AUC, Cmax, Vd, CL, and tmax) for
METH and AMP were compared using a two-tailed matched pairs
Wilcoxon test. AWilcoxon rank sumwas used to compare the median
bioavailability (F) to 1.0. The level of significance was set at the 95%
confidence interval (Pb0.05). Statistical analysis was performed using
Prism v4.0c (Graphpad Software, Inc., San Diego, CA).

3. Results

3.1. Bioavailability of METH

Serum concentration–time curves for METH and AMP are shown
for each of the six birds in Fig. 1. Blood samples were not collected for a
sufficient amount of time to determine the elimination half-life for
AMP. Serum concentrations of the hydroxylated metabolites, OH-
METH and OH-AMP, were below the lower limit of quantitation
(b1 ng/ml). The most striking feature of the data shown in Fig. 1 is that
METH concentrations did not reach a maximum until 20±19 min after
IM administration of METH, but the characteristics of METH elimina-
tion were not affected by the route of administration. But in the first
10 min following drug administration, the METH serum concentration
was always higher following IV administration in 4 of the 6 birds
tested. On average (n=6), this concentration was 3-fold higher
following an IV dose of METH. Pharmacokinetic parameters (AUC,
Cmax, tmax, Vd, and CL) for METH following IV and IM administration in
each of the pigeons are shown in Table 1. AUCIV and AUCIM were not
significantly different from each other, indicating that the IM
bioavailability for METH approached 100%. In fact, no significant
differences were observed for any of the pharmacokinetic parameters.

Complete AMP serum concentration–time curves were not col-
lected in this study, and, therefore, the total amount of AMP formed in
the pigeons from the parent compoundMETH couldnot be determined
with a high degree of certainty. An AMP elimination half-life could not
be determined from the data so these AUC0→ t values were calculated
from the observed data only. In order to assess whether METH
metabolism to AMP was affected by the route of administration, tmax

and AUC values were determined. The area under the concentration
Table 1
Effects of route of administration on pharmacokinetic parametersa for METH and its
metabolite, AMP, following a single 0.8 mg/kg METH dose

Parameter IV IM

METH AMP METH AMP

AUC∞ (h*ng/ml) 412±72b 508±112
Vd (ml) 4930±1268 4209±980
CL (ml/h) 2006±438 1633±339
t1/2λz

(h) 1.73±0.46 1.81±0.48
tmax (h) N.A. 2.0±0.8 0.3±0.3 2.0±0.9
Cmax (ng/ml) N.A. 35±9 162±69 28±11
AUC(obs) (h*nmol/ml) 2.8±0.4 1.4±0.3 3.0±0.6 1.2±0.5
Molar AMP:METH ratio 0.56±0.21 0.41±0.19

a Model-independent pharmacokinetic analysis of METH and AMP concentration–
time data collected after IM and IV METH administration. The AUC∞ was determined
using the trapezoidal rule on the observed data (AUCobs) plus the area of the
extrapolated data (Cn/λz).

b Values are mean±standard deviation (n=6).
(AUC)–time curve for AMP was slightly higher following IV adminis-
tration versus IM administration, but not significantly so. The observed
mole equivalent AUC ratio of AMP:METH was 0.57 and 0.41 for the IV
and IM routes, respectively. The concentration of AMP at tmax was not
affected by the route either, thus supporting the suggestion that
metabolism of METH to AMP was unaffected by the route of
administration (Table 1). The AUC value for AMP was significantly
underestimated since complete serum concentration curves were not
obtained for AMP. This means that the actual AUC ratio may be higher
than reported here and AMP may contribute more extensively to the
pharmacodynamic response at later times after the METH dose.

4. Discussion

METH has been routinely administered to rats (SC, IP and IV) at
doses of 3.0 mg/kg METH (Gentry et al., 2004) and to pigeons (IM) at
doses up to 4.8 mg/kg METH (Li and McMillan, 1998) with no
observable toxicity. However Byrnes-Blake et al. have reported that
doses of 5.6 mg/kg (IV) caused self-mutilation in rats and a dose of
10 mg/kg (IV) was lethal (Byrnes-Blake et al., 2003). Attempts to
administer 3.6 and 6.7 mg/kg (IM or IV) in the present METH
pharmacokinetic study was also lethal to pigeons. The primary
difference between the pharmacokinetic studies described here, and
the drug discrimination studies conducted at higher METH doses, was
that the birds were not handled to the same degree in the previous
drug discrimination studies. The added handling, which was neces-
sary for these pharmacokinetic studies, may have caused additional
stress to the birds, and led to a more potent toxic METH response.

The principal findings of this study were that METH intramuscular
bioavailability approaches 100%, but as expected there was delay in
the absorption of METH following IM administration. This delay in
absorption may impact the design of some METH behavioral studies.
Although a systematic study of the effects of pre-session interval time
on METH responding has not been conducted, it has generally been
assumed that METH concentrations reach a point which produces a
stable pharmacodynamic response in 10 to 20 min following IM or
intraperitoneal administration of METH. The current pharmacokinetic
studies suggest that a 10-min pre-session time may not be
appropriate, if effects from the high concentrations achieved following
IV administration of METH are what are needed for the behavioral
endpoint. This high concentration might be achieved with an increase
in the IM dose, but the pharmacokinetics could not be determined at
higher doses without significant toxicity to the pigeons. Therefore,
behavioral affects caused by route-dependent pharmacokinetics could
not be determined at these higher doses.

The data presented herein have shown that the serum pharmaco-
kinetics METH were the same regardless of whether METH was
administered IV or IM, and suggest that the behavioral effects of METH
should be the same regardless of the route of administration. Indeed,
the discriminative stimulus properties of stimulant drugs have been
studied in pigeons and non-human primates following various routes
of administration. For example, de la Garza et al. investigated the
effects of three routes of administration on the discriminative stimulus
properties of AMP in Rhesus monkeys (de la Garza et al., 1984). A 10-
min pre-sessionwas used following IV and IM administration, while a
60-min pre-session was used when AMP was administered intragas-
trically. These investigators found no difference in ED50 values if AMP
was administered IV or IM, but found that AMP was a less potent
stimulus if given intragastrically. While METH is different than AMP,
the serum pharmacokinetic study presented herein, supports the
notion that METH behavioral affects should be the same regardless of
whether the METH is administered IV or IM, if 20 min is allotted for
absorption of the drug, since there were no differences in clearance,
elimination half-life, or volume of distributionbetween the two routes.

Most studies that have compared the stimulus properties of METH
and AMP have found that these compounds have the same stimuli
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with equal potency. For example, AMP and METH were equipotent as
discriminative stimuli in the pigeon (Li andMcMillan, 2001) and there
was cross generalization between these drugs (Sasaki et al., 1995) if
the pre-session time was relatively long (i.e., 10 to 20 min). Because
METH and AMP have been shown to be equal in potency with most
behavioral assays, it may be difficult to discernwhether AMP or METH
is responsible for the drug appropriate responding when METH is
administered. But most drug affects are complete within 2 h or less
and the studies presented herein indicate that AMP and METH serum
concentrations are not equal until 4 h after METH administration.
Therefore, it is unlikely that AMP impacts the behavioral affects due to
METH in the pigeon at the dose used in this study. This conclusion is
supported by data recently reported by Gentry et al. (2004), where the
effects of SC and IPMETH administration on the pharmacokinetics and
behavior were studied in rats. These investigators reported that the
efficiency of the metabolism of METH to AMP in rats was independent
of the route of administrationwhen the dose was relatively small (i.e.,
0.3 or 1mg/kg). A comparison of the factors controllingAMPelimination
in the rat and pigeon shows that there are differences in AMP
elimination between these two animals. Serum AMP concentration–
time curves in the pigeon (Fig. 1) clearly show that the rate-limiting
step in the overall AMP elimination was elimination-limited, and not
formation-limited. In other words, AMP was formed at a rate that was
faster than it was being eliminated (Fig. 1). The characteristics of AMP
elimination following a single METH dose in the rat have also been
reported by several investigators (Byrnes-Blake et al., 2003; Cho et al.,
2001; Milesi-Halle et al., 2005; Riviere et al., 2000). Milesi-Halle et al.
have reported amuch lower AMP toMETH ratio in the male and female
rat following a 1 mg/kg IV dose (i.e., 0.29 and 0.22) when compared to
the pigeon (i.e., 0.47with an IV dose) (Milesi-Halle et al., 2005). TheCmax

forAMPwashigher in thepigeon (35ng/ml) relative to the rat (15ng/ml)
suggesting that AMP might contribute to the behavioral affects
observed in the pigeon to a greater extent than possible in the rat. But
any contribution from AMP to the behavioral affects are still unlikely
in the first 2 h, followingMETH administration, since AMP did not reach
a maximum concentration until 2 h. AMP elimination was rate-limited
by the formation of AMP, but the rate of AMP elimination was
significantly faster in the rat when compared to the pigeon. Despite
the faster rate of AMPaccumulation in the pigeon, it is unlikely that AMP
does in fact affect METH responding since the AMP concentrations are
low during the time behavior is typically monitored.

In summary, these experiments suggest that the serum pharma-
cokinetics of METH and AMP after METH IV or IM administration are
not different. Because METH distribution into the brain was not
evaluated in this study, there may still exist route-related differences
in the overall distribution. Because IV administration of METH
produces rapid and extensive distribution of METH into the brain,
when compared with other routes of administration it is likely that IV
dosing of METH will produce a unique behavioral response (Riviere
et al., 2000).
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