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Abstract

Rationale. Methamphetamine (METH) abuse is generally attributed to the d-isomer. Self-
administration of AMETH has been examined only in rhesus monkeys with a history of cocaine
self-administration or drug-naive rats using high toxic doses. Objectives. In this study, the ability
of FMETH and, for comparison, -METH to engender self-administration in experimentally-naive
rats, as well as to decrease &-METH self-administration and food-maintained responding were
examined. Methods. Male Sprague-Dawley rats were used in 3 separate experiments. In
Experiment 1, the acquisition of / or -METH self-administration followed by dose-response
determinations was studied. In Experiment 2, rats were trained to self-administer &METH (0.05
mg/kg/infusion) and, then, various doses of / or &METH were given acutely prior to the session;
the effect of repeated FMETH (30 mg/kg) also was examined. In Experiment 3, rats were trained
to respond for food reinforcement and, then, various doses of /- or “-METH were given acutely
prior to the session; the effect of repeated FMETH (3 mg/kg) also was examined. Results. Reliable
acquisition of £ and &*METH self-administration was obtained at unit doses of 0.5 and 0.05
mg/kg/infusion respectively. The dose-response function for AMETH self-administration was
flattened and shifted rightward compared to &METH self-administration, with peak responding
for /- and &“-METH occurring at unit doses of 0.17 and 0.025 respectively. I-METH also was
approximately 10-fold less potent than d-METH in decreasing d-METH self-administration and 2-
fold lower in decreasing food-maintained responding. Tolerance did not occur to repeated AMETH
pretreatments on either measure. Conclusions. As a potential pharmacotherapeutic, AMETH has
less abuse liability than d-METH and its efficacy in decreasing &-METH self-administration and
food-maintained responding is sustained with repeated treatment.
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Methamphetamine (METH) use disorder is primarily associated with the dextro (a) isomer,
rather than the /evo (/) isomer, likely due to the greater potency of d-METH to evoke
dopamine release (Kuczenski et al. 1995; Rothman and Baumann 2003). Illicit distribution
of METH occurs as both the racemate and the pure d-isomer, depending on the synthetic
methods utilized. As for licit use, &*METH is prescribed for attention deficit hyperactivity
disorder and narcolepsy, while AMETH is available in over-the-counter nasal decongestant
inhalers. In METH users, both isomers produce a similar peak plasma concentration
following i.v. administration, although the elimination half-life is longer for FMETH
compared to *METH; ~14 hr vs. ~10 hr (Mendelson et al. 2006). More important, that
same study showed that while AMETH produced subjective drug “liking” using a visual
analog rating scale, *METH was “liked” more than AMETH at equivalent doses, and peak
ratings for “arousal”, “positive mood” and “vigor” using the Profile of Mood States (POMS)
were higher with “-METH compared to equivalent doses of AMETH.

There are currently no FDA-approved medications for the treatment of METH use disorder.
Since METH abuse is associated primarily with the disomer, the reduced abuse liability of
the /isomer suggests that it may serve as a potential substitution therapy for METH use
disorder. Consistent with this view, both /and &-METH function as substrates at the
vesicular monoamine transporter (VMAT?2), with AMETH being approximately 2-fold less
potent than *METH in inhibiting vesicular uptake (ICsg values of 19.3 and 9.1 uM,
respectively) and being approximately 3-fold less potent than d-METH in evoking vesicular
release (EC50 values of 34 and 11 uM, respectively) (Partilla et al. 2006). This is an
important finding because VMAT?2 is a target for medication development for METH use
disorder (Zheng et al. 2006).

In addition to similar mechanisms of action at VMAT2, /- and ¢METH can produce similar
stimulus effects. For example, in drug discrimination studies, /and &METH show cross-
substitution in rats (Bondareva et al. 2002) and generalization in cocaine-trained rhesus
monkeys (Kohut et al. 2016; Kohut et al. 2017b), with FMETH being 5 times less potent
than &METH. On the other hand, preclinical research also has shown that the behavioral
profiles of the METH isomers can differ. For example, FMETH, but not d-METH, has
antinociceptive activity in rats (Siemian et al. 2017).

Notwithstanding the potential value of AMETH as a therapeutic for stimulant use disorders,
there is only limited information comparing the reinforcing effects of / and &‘METH in self-
administration studies. In rhesus monkeys, AMETH substituted for cocaine and decreased
cocaine self-administration (Kohut et al. 2016; Kohut et al. 2017a); however, it is unknown
whether AMETH can engender reliable self-administration in drug naive monkeys. In rats,
an early study showed that while both /- and @- methamphetamine engendered self-
administration responding, doses needed to maintain responding were higher for AMETH
than for METH (Yokel and Pickens 1973). However, in that study, rats were first trained to
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lever press for food reinforcement before the introduction of /- or -METH, and the i.v.
doses *METH (0.5-2.5 mg/kg/infusion) were 20- to 100-fold higher than those sufficient to
maintain “-METH self-administration (Harrod et al. 2001). In addition, the extended access
period (6 or 24 hr) of self-administration resulted in lethality for a majority of rats tested.

In the current study, we sought to determine the acquisition and dose effect relation for /-
and o-METH, using low doses on a limited access schedule (60 min) in rats with no history
of lever-press training. In addition, to examine the ability of FMETH to selectively attenuate
the abuse-related reinforcing effects *METH, we assessed the effect of FMETH
pretreatment on ¢“-METH self-administration and, separately, on food-maintained
responding.

MATERIALS AND METHODS

Animals

A total of 38 adult male Sprague-Dawley rats (Envigo-Harlan, Indianapolis, IN, USA)
weighing 250-350 g at the outset of Experiments 1, 2, and 3 were used (n=18, 12, and 8,
respectively, each rat participated in only one experiment). Males were selected for this
initial study to permit comparison to data from relevant previous studies that were conducted
in males (Siemian et al. 2017; Yokel and Pickens 1973). In Experiment 1, rats were allowed
free access to food and water in the home cage throughout the experiment, whereas in
Experiments 2 and 3, food was restricted in the home cage to maintain a body weight of
approximately 85% free feed weight; Experiments 2 and 3 involved lever-press training for
food reinforcement as described below. Rats were housed individually in temperature- and
humidity-controlled rooms that were maintained on a light-dark cycle (lights on at 07:00).
All experimental procedures were approved by the Institutional Animal Care and Use
Committee at the University of Kentucky and conformed to the National Institutes of Health
Guide for the Care and Use of Laboratory Animals.

Surgical Procedures

Apparatus

Rats underwent jugular catheter implantation surgery. Briefly, rats were anesthetized with a
combination of ketamine (Butler Schein, Dublin, OH, USA), xylazine (Akorn, Inc., Decatur,
IL, USA) and acepromazine (Boehringer Ingelheim, St. Joseph, MO, USA), which were
mixed together to yield a single cocktail (75/7.5/0.75 mg/kg; 0.15ml/100g body weight;
i.p.). A silastic catheter was inserted into the right jugular vein, threaded under the skin, and
exited the body via an incision on the scalp. A cannula was connected to the end of the
catheter and secured to the skull with dental acrylic and four jeweler’s screws.

All self-administration sessions were conducted in operant conditioning chambers (28 x 24
x 25 cm; ENV-001; MED Associates, St. Albans, VT, USA) housed in sound-attenuation
chambers containing a fan to dampen extraneous noise (ENV-018M; MED Associates).
Each chamber was equipped with two retractable levers with a white cue light located above
each lever, a 45 mg recessed food tray between the levers for delivery of food pellets
(ENV-203-45; MED Associates), a 28-V houselight centered on the opposite wall and a
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syringe pump for drug delivery (PHM-100; MED Associates). For the self-administration
sessions, rats were connected to the syringe pump via tubing passed through a metal leash
(C313CS; Plastics One) that was attached to a swivel (375/22PS; Instech) above the
chamber.

Experiment 1: Acquisition and dose-response for |- and d-METH self-
administration.—In Experiment 1, seven days after catheter implant surgery, separate
groups of rats began acquisition training for self-administration of + or #METH using a 7-
day autoshaping procedure (Carroll and Lac 1993). On each of 7 consecutive days, rats
underwent a 60-min autoshaping session, followed 60 min later by a 60-min contingent + or
a-METH self-administration session. On each autoshaping session, the house light was
illuminated and an inactive lever (no programmed consequence, counterbalanced for
position across rats) was extended continuously. For the first 15 min of each autoshaping
session, an active lever was also extended 10 times at random intervals and remained
extended for 10 sec. If the active lever was pressed, + or &METH (0.05 mg/kg/infusion, 5.9
sec duration, 0.1 ml volume) was delivered immediately; if the active lever was not pressed,
the lever was retracted and a non-contingent infusion of / or METH was delivered. For
the remaining 45 min of the autoshaping session, only the inactive lever remained extended.
On each contingent self-administration session, both levers were extended and an infusion of
F or &-METH (0.05 mg/kg/infusion, 5.9 sec duration, 0.1 ml volume) was administered
following pressing on the active lever (same lever as during autoshaping session) under a
continuous reinforcement schedule (fixed ratio 1; FR1). Each contingent drug infusion was
signaled by illuminating both cue lights above the levers for 20 sec; responses during cue
light illumination were recorded but not reinforced.

Following the 7-day autoshaping procedure, rats continued in daily 60-min response-
contingent self-administration sessions to assess acquisition. An FR1 schedule was
maintained for both groups (/-and ¢-METH) for 15 additional sessions (Sessions 8-22) and
until evidence of drug-reinforced responding was obtained for each isomer. Across these
sessions, the dose of ~METH increased incrementally as follows: Sessions 8-10 at 0.05
mg/kg/infusion; Sessions 11-13 at 0.17 mg/kg/infusion; Sessions 14-16 at 0.5 mg/kg/
infusion; Sessions 17-22 at 1.7 mg/kg/infusion. Across the next 9 sessions (Sessions 23-31),
with the unit dose at 1.7 mg/kg/infusion ~METH, the FR value was then increased to FR2
(Sessions 23-25), to FR3 (Sessions 26—-28) and then to a terminal FR5 (Sessions 29-31).
Rats in the &-METH group were treated identically, except the unit dose of d-METH was
held at 0.05 mg/kg/infusion.

Beginning on Session 32, dose-response functions for self-administration under the FR5
schedule were determined in both /-and &*-METH groups. Rats were allowed to self-
administer different doses of AMETH (0, 0.05, 0.17, 0.5, 1, 1.7, 3, and 5 mg/kg/infusion) or
a-METH (0, 0.001, 0.01, 0.025, 0.05, 0.1, 0.25 mg/kg/infusion) in pseudo-random order.
Each dose was presented for 3 consecutive sessions; for each dose, mean values in the last 2
sessions were averaged across subjects to determine the dose-response curve.
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Experiment 2: Effect of |- and d-METH on d-METH self-administration.—In
Experiment 2, to facilitate acquisition of &METH self-administration, rats were initially
trained to lever-press for food reinforcement (45 mg; FO021 dustless precision pellet, Bio-
Serve, Frenchtown, NJ). As described previously in our laboratory (Beckmann et al. 2012;
Harrod et al. 2001), rats were trained briefly (12—15 sessions) to respond on one lever for
food reinforcement (active lever) under an FR 5 schedule, while responding on the other
lever had no consequence (inactive lever; counterbalanced). Rats were then implanted with a
jugular catheter and allowed to self-administer -METH (0.05 mg/kg/infusion) for 60 min
daily using the same active lever that was used in food pretraining. Each infusion was
followed by a 20-sec timeout signaled by illumination of both cue lights. The response
requirement was gradually increased from FR1 to a terminal FR 5 schedule of reinforcement
until responding stabilized. Stability was defined as 20% or less variability in the number of
infusions earned across 3 successive sessions, at least a 2:1 ratio of active to inactive lever
responses, and at least 10 infusions earned per session.

Once &-METH self-administration was stable, rats were tested across 3 separate
experimental phases: (1) dose-effect for acute AMETH pretreatment; (2) effect of repeated £
METH pretreatment; and (3) dose-effect for acute “METH pretreatment. In the first phase,
rats were treated in a pseudo-random order with varying unit doses of AMETH (0, 0.3, 1, 3,
10 or 30 mg/kg, s.c., 15 min prior to the session). At least two maintenance sessions (i.e., no
pretreatment) separated test sessions to ensure stable “-METH self-administration. In the
second phase, rats were pretreated with AMETH (30 mg/kg, s.c., 15 min prior to session) on
7 consecutive sessions, followed by 6 consecutive sessions with saline pretreatment. In the
third phase, rats were pretreated in a pseudo-random order with &METH (0, 0.1, 0.3, 1, 3
mg/kg, s.c., 15 min prior to the session) with 2 maintenance sessions between each test
session.

Experiment 3: Effect of |- and d-METH on food-maintained responding.—
Experiment 3 was similar to Experiment 2, except that rats responded for food reinforcement
throughout the experiment. After reaching stability under the FR5 schedule, rats were tested
across 3 separate experimental phases: (1) dose-effect for acute AMETH pretreatment; (2)
effect of repeated FMETH pretreatment; and (3) dose-effect for acute &METH
pretreatment. In the first phase, rats were treated in a pseudo-random order with varying unit
doses of AMETH (0, 0.3, 1, 3, 10 or 30 mg/kg, s.c., 15 min prior to the session). At least two
maintenance sessions (i.e., no pretreatment) separated test sessions to ensure stable food-
maintained responding. In the second phase, rats were pretreated with AMETH (30 mg/kg,
s.c., 15 min prior to session) on 7 consecutive sessions, followed by 6 consecutive sessions
with saline pretreatment. In the third phase, rats were pretreated in a pseudo-random order
with &“METH (0, 0.1, 0.3, 1, 3 mg/kg, s.c., 15 min prior to the session) with 2 maintenance
sessions between each dose.

Data Analysis

Active and inactive lever presses during autoshaping were analyzed using a 2 (isomer) x 2
(lever) x 7 (session) mixed ANOVA. Responding during the period of incremental METH
increase was broken into 3 session blocks, corresponding to each dose of AMETH, and
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analyzed with a 2 (isomer) x 4 (block / dose) x 2 (lever) x 3 (session within block) mixed
ANOVA. Similarly, lever-press responding during the period of incremental FR increase was
analyzed with a 2 (isomer) x 4 (FR) x 2 (lever) x 3 (session within block) mixed ANOVA,;
the number of infusions was also analyzed using a 2 (isomer) x 4 (FR) x 3 (session within
block) mixed ANOVA. Dose-response data were analyzed using a trend analysis in Prism
(v7.04, GraphPad Software, Inc.) to determine if the curves were linear, quadratic, or cubic.

The acute effects of pretreatment on responding for “METH or food was analyzed using
ID5g analysis in Prism; 1D5q was defined as the pretreatment dose that produced 50%
inhibition of the average number of baseline responses. The effects of repeated pretreatment
were analyzed using a 2 (isomer) x 3 (treatment period) mixed ANOVA, with session within
treatment period included as a continuous covariate. All ANOVAs were conducted using the
GLIMMIX package in SAS (v9.4). Tukey’s HSD post hoc analyses were used to investigate
significant interactions; p values of less than 0.05 were deemed significant.

a“METH was obtained through the NIDA Drug Supply Program. AMETH was synthesized
by the laboratory of Dr. Bruce Blough following the procedure described in Supplementary
Material. The final product was > 95% pure and in > 95% enantiomeric excess with an
optical rotation of [a] = —-18.2 (¢ = 1.15 mg/mL H,0). Since purity was not 100%, this
should be considered when comparing potency differences across experiments.

Experiment 1: Acquisition and dose-response for |- and d-METH self-administration.

Figure 1 shows the acquisition of self-administration from Experiment 1. During initial
acquisition using an autoshaping procedure with a unit dose of 0.05 mg/kg/infusion for both
Fand *METH (Fig 1A), analyses revealed isomer x lever (Fq 13 =17.4, p <0.001) and
isomer x session (Fg 76 = 2.83, p < 0.05) interactions. Tukey’s post-hoc analyses revealed
that rats receiving &:METH responded more on the active lever than inactive lever beginning
on session 3. In contrast, rats receiving FMETH failed to show a significant difference in
responding between the active and inactive levers on any session.

Since the initial training dose of AMETH (0.05 mg/kg/infusion) failed to engender reliable
self-administration, the dose of AMETH was progressively increased from 0.05to 1.7
mg/kg/infusion in the next phase of acquisition; the dose of -METH was held at 0.05
mg/kg/infusion in this phase (Fig 1B). Analysis of responding across the 3-session blocks
revealed an isomer x lever interaction (F1 13 = 25.3, p < 0.001). In this overall ANOVA,
there was no main effect of block and no interactions with block, indicating that the
increasing doses of AMETH did not lead to greater responding. However, exploratory
analysis of the isomer x lever interaction using a Tukey-Kramer test adjusted for multiple
comparisons revealed that rats receiving ~METH showed greater responding on the active
lever than the inactive lever on the last two blocks, i.e., unit doses of 0.5 and 1.7 mg/kg/
infusion (t;3 = 2.42, p< 0.05 in both cases).
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Figure 2 shows effect of incrementing the FR schedule up to the terminal FR5 using unit
doses of either 1.7 mg/kg/infusion for AMETH or 0.05 mg/kg/infusion for METH. When
plotted as number of lever presses (Fig 2A), analysis across the 3-session FR blocks revealed
an isomer x lever x FR (F3 39 = 13.6, p < 0.001) interaction. Post-hoc analysis of the 3-way
interaction revealed that active lever presses increased above FR1 levels, starting at FR3 for
FMETH and starting at FR2 for &s-METH. In addition, whereas responding on the active
lever was greater than responding on the inactive lever for all FR requirements with d-
METH, this difference did not reach significance until FR2 with AMETH. Finally,
responding on the active lever was lower for FMETH than &*-METH across all FR
requirements.

When the data from the incremental FR requirement phase were plotted as number of
infusions earned (Fig 2B), there were main effects of isomer (F1 13 = 85.7, p < 0.001) and
FR requirement (F3 39 = 4.06, p < 0.05). Tukey’s post-hoc analysis revealed that, overall,
rats earned fewer infusions of AMETH than *-METH and that the number of infusions
earned with each isomer was lower at FR5 than at FR1.

Figure 3 shows the dose-response curves for /- and *METH, each of which reveals an
inverted U-shaped function (Fig 3A). This was supported by trend analyses revealing that
both FMETH (F1 46 = 28.4, p<0.001) and ¢-METH (F1 45 = 96.8, p < 0.001) fit a quadratic
model. Compared to “-METH, the peak of the dose-response curve for I-METH was
flattened and shifted to the right, with the peak for / and &-METH being obtained at unit
doses of 0.17 and 0.025 mg/kg/infusion respectively.

Experiment 2: Effect of |- and d-METH on d-METH self-administration.

Figure 4 shows the effects of / and *METH pretreatment on self-administration of ¢
METH (0.05 mg/kg/infusion). Acute pretreatment with either / or METH dose-
dependently decreased self-administration of &METH (Fig 4A), with AMETH being
approximately 10-fold less potent than METH. The IDsq for was 6.52 mg/kg for FMETH
and was 0.64 mg/kg for o-METH; this difference was statistically significant (F g7 = 16.1, p
< 0.001).

Repeated pretreatment with 30 mg/kg AMETH consistently reduced self-administration of
d-METH (0.05 mg/kg/infusion; Fig 4B). Analysis of these data revealed an isomer x block
interaction (F5 12 = 15.9, p < 0.001). Post-hoc analysis of the interaction confirmed the
reduced responding for &METH during blocks in which rats were pretreated with AMETH
compared to rats pretreated with saline. There were no significant differences between
groups during either the baseline/saline or the post-treatment blocks.

Experiment 3: Effect of |- and d-METH on food-maintained responding.

Figure 5 shows the effects of /+ and &METH pretreatment on food-maintained responding.
Acute pretreatment with either + or METH dose-dependently decreased food-maintained
responding (Fig 5A), with £ and &-METH being equipotent. The ID5y was 0.56 mg/kg for £
METH and 0.29 mg/kg for &-METH; this difference was not statistically significant (o=
0.107).
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Repeated pretreatment with 3 mg/kg ~METH consistently reduced food-maintained
responding (Fig 5B). Analysis of these data revealed ~METH x block (F, 12 = 6.56, p<
0.05) and session x block (F 192 = 3.65, p < 0.05) interactions. Post-hoc analysis of the |-
METH x block interaction confirmed that repeated ~METH pretreatment reduced food-
maintained responding compared to repeated saline pretreatment. There were no significant
differences between groups during either the baseline/saline or the post-treatment blocks.

DISCUSSION

Previous studies of the self-administration of + and -METH were conducted in rhesus
monkeys following a history of cocaine self-administration (Kohut et al. 2017a) or in rats
tested with high unit doses that induced significant lethality (Yokel and Pickens 1973). There
has been no research comparing the acquisition of self-administration behavior or, once
acquired, the dose-response effects of the two isomers of METH. In the present work,
acquisition studies were conducted in experimentally-naive rats to determine threshold doses
needed to engender |-METH self-administration; acquisition using a standard unit dose of ¢
METH (0.5 mg/kg/infusion) was studied in a separate group of rats for comparison. Results
indicated that reliable AMETH self-administration could be obtained using escalating doses
and FR values (0.05 to 1.7 mg/kg/infusion; FR1 to FR5). On an FR1, a significant difference
between responses on the active and inactive levers was not observed until the unit dose of £
METH reached 0.5 mg/kg/infusion. Some caution is needed in describing 0.5 mg/kg/
infusion as the “threshold reinforcing dose” of I-METH, however, because a reinforcing
effect may be revealed at a lower unit dose if active lever pressing was compared to a saline
control or if more than 3 sessions were implemented at each unit dose. In addition, the initial
exposure to low inactive doses of AMETH may have hindered subsequent acquisition of
self-administration at higher doses. With regard to the incrementing FR requirements, direct
comparison between £ and &-METH self-administration is also limited because of the
potency difference at the unit doses used (1.7 vs. 0.05 mg/kg/infusion).

Determination of dose-response functions revealed that, in contrast to the relatively sharp
function for &tMETH, the function for AMETH was flattened and shifted rightward.
Maximal responding for /-METH occurred at 0.17 mg/kg/infusion, whereas maximal
responding with &cMETH occurred at 0.025 mg/kg/infusion. These results are consistent
with previous results obtained using an FR10 procedure in rhesus monkeys with a history of
cocaine self-administration (Kohut et al. 2017a), indicating that the differences in potency of
reinforcing effects between £ and &-METH is not species-specific and is not readily altered
by prior exposure to stimulant drugs. However, since the dose-response curves for both
isomers were inverted U-shaped functions, it is also possible that isomeric differences exist
in disruptive behavior (at high doses), rather than in reinforcing effect.

Another important finding from this study is that pretreatment with FMETH, like &METH,
produced a dose-dependent decrease in METH self-administration. Thus, the dose-
response function for the AMETH-induced decrease in METH self-administration (0.05
mg/kg/infusion) was parallel to and approximately 10-fold to the right of the &METH dose-
response function. While there are no previous reports regarding ~METH pretreatment on o
METH self-administration, continuous infusion of AMETH across 5 consecutive days was
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shown previously to dose-dependently decrease cocaine self-administration in rhesus
monkeys (Kohut et al. 2016). As in that previous report, no significant tolerance across 7
consecutive sessions of pretreatment with AMETH (30 mg/kg, s.c.) was observed. These
results, combined with findings of weak reinforcing efficacy, provide preclinical evidence
that AMETH may have utility as a pharmacotherapy for stimulant use disorders.

From a clinical perspective, there is controversy in the field regarding substitution therapies
for stimulant use disorders (e.g., cocaine, METH). Preclinical and clinical evidence suggests
that drugs that increase extracellular dopamine levels such as ¢tamphetamine and
lisdexamfetamine attenuate the reinforcing effects of cocaine and methamphetamine (Banks
et al. 2015; Greenwald et al. 2010; Rush et al. 2010). However, these drugs have not
advanced as pharmacotherapies for stimulant abuse, perhaps due to mixed findings regarding
their clinical efficacy (Castells et al. 2010; Mooney et al. 2015; Shearer et al. 2003), as well
as their own abuse liability, which is a key barrier for the general use of agonist drug
replacement strategies. The current results suggest that AMETH would have reduced abuse
liability compared to *METH. Unfortunately, since ~METH was approximately 10-fold
less potent on self-administration than food-reinforced behavior suggests it may not be a
good candidate for development as a treatment for methamphetamine abuse. We are not
aware of any studies that have evaluated the efficacy of AMETH to reduce stimulant use in
humans.

Another key finding from this study is that AMETH produced a dose-dependent decrease in
food-maintained responding in drug-naive rats. /-METH had only an approximately 2-fold
lower potency than &“-METH in decreasing food-maintained responding (IDsg 0.56 mg/kg vs
0.29 mg/kg), which was not statistically significant. These findings agree reasonably well
with a previous report showing a 2.6-fold difference in the potency with which the isomers
decreased food-maintained responding in rats (Siemian et al. 2017). In addition, the current
report shows that AMETH decreased food-maintained responding at doses that were
substantially lower than those that decreased a-METH self-administration (IDsq of 0.56 and
6.5 mg/kg, respectively). The greater potency of AMETH to decrease food-maintained
responding than &-METH self-administration may relate, at least in part, to the higher rate of
responding in the food experiment compared to the self-administration experiment, i.e., rate-
dependency effect (Sanger and Blackman 1976). In any case, this finding contrasts with
work in rhesus monkeys showing that AMETH failed to decrease food-maintained
responding at doses that produced a robust decrease in cocaine self-administration under a
second-order schedule (Kohut et al. 2016). While this discrepancy between studies may
reflect a species difference, there are also many procedural differences that prevent a direct
comparison across studies, including the self-administered drug (¢METH vs. cocaine), the
operant schedule (FR5 vs. second-order FR2:VVR16:S) and the treatment delivery (acute s.c.
vs. continuous i.v. infusion).

The current finding that AMETH is approximately equipotent to “-METH in decreasing
food-maintained responding but approximately 10-fold less potent than METH in
decreasing *METH self-administration, suggests that the isomers employ different
mechanisms of action in decreasing food and &“-METH reinforcement. Regarding &-METH
reinforcement, among its many complex effects, -METH reverses the dopamine transporter
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(DAT) at the plasmalemma and the vesicular monoamine transporter (VMAT2) within the
intracellular compartment, while also inhibiting monoamine oxidase activity, yielding a rise
in extracellular dopamine levels in reward-relevant limbic structures (Fleckenstein et al.
2007; Sulzer et al. 2005). The approximately 10-fold difference in isomeric potency to
decrease *METH self-administration in the current report does not likely reflect differential
inhibition of either MAOA or MAOg, as these enzymes which show negligible
stereoselectivity in rat liver (Robinson 1985). In addition, the 10-fold isomeric potency
difference does not likely reflect differential inhibition of dopamine uptake or release at
VMAT?2, as these neurochemical actions show only a 2- to 3-fold difference in
stereoselectivity in vesicles isolated from rat brain (Partilla et al. 2006). Instead, the 10-fold
isomeric potency difference aligns most closely with /n vitro data showing a 17-fold lower
potency of F than &-METH in evoking dopamine release in synaptosomes isolated from rat
striatum (Rothman and Baumann 2003; Rothman et al. 2001), suggesting that the isomeric
difference may relate to actions at the plasmalemma DAT. Unfortunately, this conclusion is
complicated because additional studies assessing [2H]-dopamine uptake in rat striatal
synaptosomes show an approximately 42-fold lower potency of AMETH compared to ¢
METH (Rothman and Baumann 2003; Rothman et al. 2001), thus suggesting that multiple
cellular processes are likely involved in the 10-fold potency difference between / and &
METH to inhibit &METH self-administration. Moreover, /n vivo microdialysis studies have
demonstrated that changes in extracellular dopamine levels in striatum do not necessarily
parallel the profiles of dopamine-related behaviors in rats (Kuczenski et al. 1995).

In contrast to &-METH reinforcement, considerable evidence implicates extracellular
norepinephrine levels in the control of food intake (Wellman 2005). Research indicates that
/- and -METH display only approximately a 2-fold difference in potency to increase [3H]-
norepinephrine release in whole rat brain synaptosomes (Rothman et al. 2001). Moreover, in
vivo evidence suggests that AMETH has a similar potency to &*METH in increasing
extracellular norepinephrine from rat hippocampus using /7 vivo microdialysis (Kuczenski et
al. 1995). While the hippocampus is not thought to be involved directly in food
reinforcement, noradrenergic input from hypothalamus to reward-relevant limbic dopamine
systems plays an important role in food reinforcement processes (Wellman 2005). Thus, the
negligible stereoselectivity of METH isomers in decreasing food-maintained responding
suggests that these isomers decrease food reinforcement by altering noradrenergic input that
modulates dopamine reward circuitry, rather than by altering dopamine reward circuitry
directly.

Finally, regardless of cellular mechanisms, the current behavioral findings suggest the
possibility of using AMETH as a pharmacotherapy for obesity. The clinical use of stimulant
medications for the treatment of obesity is generally avoided due to their abuse liability and
lack of long-term efficacy. However, as shown here, AMETH, which is similarly potent to &
METH in decreasing food-maintained responding acutely and produces no tolerance across
repeated pretreatments, has reduced abuse potential across species. While there are no
reports on the effects of AMETH on food intake or body weight measurements, limited data
provide some evidence that /amphetamine indeed may be more potent than g-amphetamine
as an anorexigenic agent in rats (Lawlor et al. 1969). Thus, in addition to its potential
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pharmacotherapeutic value for METH abuse, AMETH may have utility as a medication for
obesity and its associated metabolic syndrome.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Acquisition of |- and d-METH self-administration on FR1 schedulein Experiment 1
Panel A: Mean (£SEM) number of responses on active and inactive levers for /-and &

METH infusions (0.05 mg/kg/infusion) across the 7 operant sessions during the autoshaping
phase. Panel B: Mean (£SEM) number of responses on active and inactive levers for /-and
a“METH infusions using incrementing doses of AMETH (0.05, 0.17, 0.5 and 1.7 mg/kg/
infusion) across sessions and a constant dose of *-METH (0.05 mg/kg/infusion). For the /
METH group (n=7), responses were significantly higher on the active lever compared to
inactive only on sessions 14-16 (0.5 mg/kg/infusion) and 17-19 (1.7 mg/kg/infusion), each
p<0.05. For the -METH group (n=8), responses were significantly higher on the active
lever compared to the inactive lever across sessions 3—-19, each p<0.05.
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Figure 2. Maintenance of |- and d-METH self-administration across incrementing FR
requirementsin Experiment 1

Panel A: Mean (xSEM) number of responses on active and inactive levers for /-and &

METH infusions (1.7 and 0.05 mg/kg/infusion, respectively) across the incrementing FR
requirements (FR1-FR5). Active responses were higher than inactive responses at FR2-FR5
for the FMETH group (n=7) and across all FR requirements for the &*METH group (n=8),
each p<0.05. Panel B: Mean (£SEM) number of infusions earned for /-and &-METH
infusions (1.7 and 0.05 mg/kg/infusion, respectively) across the incrementing FR
requirements (FR1-FR5). Infusions earned were lower in the I-METH group (n=7) than the
a-METH group (n=8) across all FR requirements, each p<0.05.
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Figure 3. Dose-response functionsfor |- and d-METH self-administration in Experiment 1
Mean (xSEM) number of infusions earned for /- and &*-METH across varying unit doses

self-administered on an FR5 schedule; AMETH group n=7 and “-METH group n=8.
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Figure 4. Effect of I- and d-METH on d-METH self-administration in Experiment 2
Panel A: Mean (zSEM) number of &:METH infusions (0.05 mg/kg/infusion) earned on an

FR5 schedule following varying doses of either /- or -METH; n=10 for AMETH dose-
response curve and n=7 for &METH dose-response curve. Panel B: Mean (SEM) number
of &tMETH infusions (0.05 mg/kg/infusion) earned on an FR5 schedule across repeated
pretreatments. All rats (n=8) were first tested at maintenance baseline (BL) and following an
injection of saline (SAL), and then were split into groups (n=4 per group) receiving 7
pretreatments with either AMETH (30 mg/kg) or SAL, followed by 6 more sessions in
which all pretreatments were SAL. The number of “-METH infusions earned was lower in
the -METH pretreatment group compared to the SAL pretreatment group across all 7
pretreatment sessions, each p<0.05.
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Figure5. Effect of I- and d-METH on food-maintained responding in Experiment 3
Panel A: Mean (zSEM) number of pellets earned on an FR5 schedule following varying

doses of either /-or METH; n=8 for AMETH dose-response curve and n=8 for &METH
dose-response curve. Panel B: Mean (SEM) number of pellets earned on an FR5 schedule
across repeated pretreatments. All rats (n=8) were first tested at maintenance baseline (BL)
and following an injection of saline (SAL), and then were split into groups (n=4 per group)
receiving 7 pretreatments with either FMETH (3 mg/kg) or SAL, followed by 6 more
sessions in which all pretreatments were SAL. The number of pellets earned was lower in
the FMETH pretreatment group compared to the SAL pretreatment group across all 7
pretreatment sessions, each p<0.05.
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