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Abstract

Background—Dimethylamylamine (DMAA) is a component of many dietary supplements and
has recently been associated with numerous adverse effects, prompting the US military and World
Anti-Doping Agency to ban its use as a supplement. The current study aimed to elucidate the
abuse liability profile of DMAA.

Methods—Dose-response studies of DMAA were performed with Swiss-Webster mice in
locomotor and conditioned place-preference assays. The discriminative stimulus effects of DMAA
were investigated in Sprague-Dawley rats trained to discriminate either cocaine or
methamphetamine from saline.

Results—DMAA produced dose-dependent locomotor depression and fully substituted for
cocaine and partially substituted for methamphetamine. In the conditioned place-preference assay,
DMAA produced an inverted-U-shaped dose-response curve, with intermediate doses producing
significant place preference.

Conclusions—The cocaine- and methamphetamine-like discriminative stimulus effects and the
conditioned place preference produced by DMAA suggest that is has potential for abuse. These
findings in combination with reports of substantial adverse effects of DMAA in humans suggest
that control of DMAA may warrant further consideration.
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1. INTRODUCTION

Dimethylamylamine (DMAA) is an aliphatic amine with sympathomimetic properties that
has been used for multiple purposes and referred by numerous names, including
methylhexaneamine, 2-amino-4-methylhexane, forthane, and geranamine, since its inception
in 1944 (Lammie, 2013). Initially developed in 1944 by Eli Lilly as a nasal decongestant
(Shonle and Rohrmann, 1944), the vasoconstrictive and sympathomimetic efficacy of
DMAA has been well characterized. Original reports indicated that DMAA was a less potent
and longer-lasting vasoconstrictor compared to epinephrine with systemic toxicity greater
than ephedrine, but less than amphetamine (Council of Pharmacy and Chemistry, 1950).
Similarly, DMAA increased blood pressure in dogs (Swanson and Chen, 1946, 1948; Marsh,
1948). Whereas the sympathomimetic effects of DMAA have been characterized, its exact
pharmacological mechanism has not.

Although the use of DMAA as a decongestant ended in 1983, it resurfaced in 2006 as a
component of dietary supplements for weight loss and exercise, such as Jack3d, OXyELITE
pro, and Hydroxystim (Lammie, 2013). The use of DMAA-containing dietary supplements
is widespread in the military with 22% of Army and Air-Force personnel reporting having
used these products and 10% reporting weekly use (Austin, et al., 2012). In many dietary
supplements, DMAA has been marketed under the name geranamine due to the assertion
that DMAA was naturally found in geranium oil (Lammie, 2013). Various reports using
slightly different methodologies have yielded inconsistent and often contradictory evidence
as to whether or not DMAA exists naturally in geranium oil (Gauthier, 2013). However, a
recent study using ultra performance liquid chromatography mass spectrometry failed to
detect any naturally occurring DMAA in geranium oils (Austin et al., 2014).

Numerous adverse effects have been associated with the use of DMAA, the most common
of which include tachycardia, nausea, vomiting, agitation, tremor, dizziness, headache, and
chest pain (Forrester, 2013). More serious and life-threatening effects have also been
reported, such as hemorrhagic stroke (Gee, 2010; 2012; Young et al., 2012), hepatotoxicity
(Foley et al., 2014), myocardial infarction (Smith et al., 2014), and death (Eliason et al.,
2012). Generally, DMAA is not taken alone, but as a component of weight-loss
supplements, several of which also contain caffeine (Lammie, 2013). However, nearly pure
DMAA has been sold as a substitute for cocaine or 1-benzylpiperazine (Gee, 2010; 2012).
Given the pressor action and widespread use of caffeine, a synergistic effect between
DMAA and caffeine may be responsible for some of the adverse effects reported (Nurminen
et al., 1999). As a result of these adverse effects, DMAA has caught the attention of
regulatory agencies worldwide, with New Zealand fully removing it from the market in
2012 (Eliason et al., 2012), and the Food and Drug Administration banning its use as an
ingredient in dietary supplements in 2013 (Foley et al., 2014).

In summary, DMAA is a synthetic, sympathomimetic aliphatic amine used in dietary
supplements that has garnered significant media attention because of its numerous adverse
effects. Because of the increasing popularity of synthetic drugs and “legal highs,” the
widespread use of DMAA in dietary supplements for its stimulant properties, and the prior
use of DMAA as a “party pill” in New Zealand (Gee, 2010; 2012), we sought to investigate
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the abuse liability of DMAA using conditioned place preference, drug discrimination, and
locomotor activity assays, which are commonly used assays for predicting the abuse
potential of drugs (Balster, 1991; Carter and Griffiths, 2009; Horton et al., 2013).

2. MATERIALS AND METHODS

2.1 Animals

Male Sprague-Dawley rats were obtained from Harlan (Indianapolis, IN). All rats were
housed individually and were maintained on a 12-/12-h light/dark cycle (lights on at 7:00
AM). Body weights were maintained at 320 to 350 g by limiting food to 15 g/day, which
included the food received during operant sessions. Water was freely available. Male Swiss-
Webster mice were obtained from Harlan at approximately 8 weeks of age and tested at
approximately 10 weeks of age. Mice were group-housed in cages on a 12-/12-h light/dark
cycle and were allowed free access to food and water. All housing and procedures were in
accordance with Guidelines for the Care and Use of Laboratory Animals (National Research
Council 2011) and were approved by the University of North Texas Health Science Center
Animal Care and Use Committee.

2.2 Discrimination Training

Standard behavior-testing chambers (Coulbourn Instruments, Allentown, PA) were
connected to IBM-PC-compatible computers via LVB interfaces (MED Associates, St.
Albans, VT). The computers were programmed in MED-PC IV (MED Associates) for the
operation of the chambers and collection of data. Rats were trained to discriminate cocaine
(10 mg/kg i.p.) or methamphetamine (1 mg/kg i.p.) from vehicle (saline) using a two-lever
choice methodology. Food (45-mg food pellets; Bio-Serv, Frenchtown, NJ) was available as
a reinforcer under a fixed-ratio 10 schedule when responding occurred on the injection-
appropriate lever. There was no consequence for responses on the incorrect lever. The rats
received approximately 60 training sessions before they were used in substitution
experiments. Animals were selected for use in experiments when they had met the criteria of
emitting 85% of responses on the injection-correct lever for both the first fixed ratio and for
the remainder of the session during their last 10 training sessions. Training sessions occurred
in a double alternating fashion (D-D-V-V-D, etc.), and tests were conducted between pairs
of identical training sessions (i.e., between either two vehicle or two drug training sessions).
Rats were tested only if they had achieved 85% drug-lever responding for both first fixed-
ratio and total session on the two prior training sessions. Before each session, the rats
received an injection of either vehicle or drug. Ten minutes later, the rats were placed in an
operant chamber. Each training session lasted a maximum of 10 min, and the rats could earn
up to 20 food pellets.

2.3 Discrimination Test Procedures

In contrast with training sessions, both levers were active during the discrimination test
sessions, such that 10 consecutive responses on either lever led to reinforcement. Data were
collected until the first reinforcer was obtained or for a maximum of 20 min. At least 3 days
elapsed between test sessions. DMAA was tested in ten rats trained to discriminate cocaine
and ten rats trained to discriminate methamphetamine. A repeated-measures design was
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used, such that each rat was tested at all doses. During substitution experiments,
intraperitoneal injections of saline (1 ml/kg) or DMAA (0.3, 1, 3, or 10 mg/kg) were
administered 10 min before the start of the test session.

2.4 Locomotor Activity

Studies of locomotor activity were conducted using a Digiscan apparatus (model
RXYZCM-16; Omnitech Electronics, Columbus, OH) and clear acrylic locomotor activity
testing chambers (40.5 x 40.5 x 30.5 cm) housed in sets of two, within sound-attenuating
chambers. A panel of infrared beams (16 beams) and corresponding photodetectors were
located in the horizontal direction along the sides of each activity chamber. A 7.5-W
incandescent light above each chamber provided dim illumination. Fans provided an 80-dB
ambient noise level within the chamber.

Separate groups of eight mice were injected (i.p.) with either vehicle (0.9% saline) or
DMAA (0.1, 0.3, 1, 3, or 10 mg/kg) immediately before locomotor activity testing. In all
studies, horizontal activity (interruption in photocell beams) was measured for 8h within 10-
min periods, beginning at 08:00 h (1 h after lights on).

2.5 Conditioned Place Preference

Conditioning and preference tests were conducted in Fusion Environmental Control
Chambers using Fusion v3.92 sensors (Accuscan Instruments, Inc. Columbus, OH). The
sensors consisted of panels of infrared beams (16 beams per panel) and corresponding
photodetectors, which were located horizontally along the sides of each activity chamber. A
7.5-W incandescent light above each chamber provided dim illumination. Fans provided an
80-dB ambient noise level within the chamber. The testing arena consisted of 30.5 x 15.5 x
30.5 cm acrylic walls with two distinct floors (parallel metal rods or a perforated metal
sheet).

Place conditioning, using a biased model, consisted of three phases: a pre-test for initial
floor bias, four place conditioning sessions, and a final preference test. The pre-test was
conducted on Day 1, during which initial floor bias was examined by injecting mice
intraperitoneally with 0.9% saline (10 ml/kg) then allowing them free access to both floor
types for 30 min. The amount of time spent on either floor was measured and the floor on
which less time was spent was designated the drug-paired floor. Positioning of the floors
alternated between chambers. On days 2 and 3, place conditioning occurred, wherein mice
received one vehicle and one drug conditioning session on both days. In the mornings, mice
were injected with saline and placed in the chamber with the non-drug-paired floor for 30
min, then returned to their home cage. After 4 hours, mice were injected with DMAA and
immediately placed in the chambers with the drug-paired floors for 30 min. The final
preference test, occurring on day 4, was identical to the pre-test. All subjects were
administered 0.9% saline and the time spent on the drug-paired floor was measured. Sixteen
mice were tested at each dose.
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2.6 Data Analysis

2.7 Drugs

Locomotor activity data were expressed as the mean number of photocell counts in the
horizontal plane (ambulation counts) during each 10-min period of testing. A 30-min period,
beginning when maximal inhibition of locomotor activity first appeared, as a function of
dose, was used for analysis of dose-response data. Half-maximal inhibitory dose (IDsg)
values were then calculated by estimating the dose producing 50% of the peak ambulation
from the descending linear portion of the dose—response curve. A two-way repeated-
measures analysis of variance was carried out on horizontal activity counts/10-min interval.
A one-way analysis of variance was carried out on horizontal activity counts for the 30-min
period of maximal effect, and planned comparisons were made between each dose and the
vehicle (0.9% saline) control using single degree of freedom F-tests.

Drug discrimination data are expressed as the mean percentage of drug-appropriate
responses occurring in each test period. Rates of responding were expressed as a function of
the number of responses made divided by the total session time. Graphs for percent drug-
appropriate responding and response rate were plotted as a function of the dose of the test
compound (log scale). Percent drug-appropriate responding was shown only if at least three
rats completed the first fixed ratio. Full substitution was defined as greater than or equal to
80% drug-appropriate responding, and was not significantly different from that of the
training drug (t-test). Potencies were calculated by fitting straight lines to the linear portion
of dose-effect curves for each compound by means of Origin (OriginGraph, Northhampton,
MA). Data on response rate data were analyzed by one-way repeated-measures analysis of
variance. Effects of individual doses were compared with those of the vehicle control value
using a-priori contrasts. The criterion for significance was set a priori at P less than 0.05.

Conditioned place preference data were expressed as the mean time in seconds spent on the
drug-paired floor over 30 minutes. EDsgq values were then calculated by estimating the dose
producing 50% of the peak preference from the ascending linear portion of the dose—
response curve. These data were analyzed using a two-way analysis of variance to compare
the difference in time spent on the drug-paired floor before and after conditioning with
DMAA with pre-test/preference test time as a within-groups factor and dose of DMAA as a
between-groups factor. Effects of individual doses on the time spent on the drug-paired floor
were determined using a one-way repeated-measures analysis of variance. The criterion for
significance was set a priori at P less than 0.05.

1,3-Dimethylamylamine hydrochloride was purchased from Sigma-Aldrich (St Louis, MO)
and Cayman Chemical (Ann Arbor, MI). (-)-Cocaine hydrochloride and (+)-
methamphetamine hydrochloride were provided by the National Institute on Drug Abuse
Supply Program. All drugs were dissolved in 0.9% saline.
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3. RESULTS

3.1 Locomotor Activity

DMAA produced time and dose-dependent decreases in spontaneous locomotor activity
compared to vehicle (Figure 1). A two-way mixed-model analysis of variance revealed a
significant main effect of time (F47,1974=32.627, p < 0.05) and a significant time x dose
interaction (Fa35 1974=3.214, p < 0.05), but no main effect of dose (Fs 42=1.072, p> 0.3).
Maximal depressant effects were seen 0 to 30 min following administration of DMAA, and
lasted 50 to 70 min. Between 120 and 180 minutes, an increase in motor activity occurred in
mice treated with 10 mg/kg DMAA (Fs 40=3.234, p < 0.05). A dose-effect curve derived
from the peak data (Figure 2) indicated depression of locomotor activity (Fs 4,=31.275, p <
0.05), with significant effects following administration of 3(F; 46=35.103, p < 0.001) and 10
mg/kg (F1, 46=173.787, p < 0.001) DMAA. The half-maximal inhibitory dose (IDsp) for
DMAA-induced locomotor depression was 3.21 mg/kg (95% confidence interval 0.33 —
31.12 mg/kg).

3.2 Drug Discrimination

DMAA fully substituted for cocaine (EDsg = 3.30 mg/kg; 95% confidence interval 0.61 —
17.83 mg/kg), producing dose-dependent increases in drug-appropriate responding to a
maximum of 93+7% in cocaine-trained rats. There was no effect of DMAA on response rate
(F3,27=0.49, p>0.6). In contrast, DMAA produced only 77+16% drug-appropriate
responding in methamphetamine-trained rats (EDsg = 3.06; 95% confidence interval 0.01 -
840.8 mg/kg). A one-way repeated-measures analysis of variance of response rate in
methamphetamine-trained rats failed to detect an effect of dose on response rate

(F4 36=0.23, p>0.9). However, three of ten rats failed to respond following the 10 mg/kg
dose of DMAA.

3.3 Conditioned Place Preference

A two-way mixed model analysis of variance revealed a main effect of DMAA conditioning
(F1,73=19.986, p < 0.05) but not dose (F4, 73=1.911, p > 0.05), nor was there an interaction
(F3, 60=1.929, p > 0.05). Conditioning with DMAA resulted in an inverted-U dose-response
(Figure 4), with 3 (F]_’ 15:122.901, pP= 0003) and 10 mg/kg (F]_’ 15:32.483, p< 0001)
producing conditioned place preference, but not 1 or 30 mg/kg. Peak preference (1127167 s)
was observed following 10 mg/kg. The EDsq calculated for the ascending portion of the
dose-effect curve was 2.33 mg/kg (95% confidence interval 0.02 — 244.04 mg/Kkg).

4. DISCUSSION

In the present study, DMAA produced locomotor depression, fully substituted for the
discriminative stimulus effects of cocaine, produced partial substitution for
methamphetamine (77% drug-appropriate responding), and produced a conditioned place
preference. The potency of DMAA was comparable in all three assays (between 2.3-3.3 mg/
kg). These results indicate that DMAA produces reward-like effects and may produce
subjective effects similar to that of abused psychostimulants, and therefore has potential for
abuse.
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Given that users state that DMAA boosts energy during exercise (Lammie, 2013), the
locomotor depressant effects were unexpected, especially since DMAA produced
discriminative stimulus effects similar to the psychostimulants cocaine and
methamphetamine, which produce hyperlocomotion compared to vehicle controls (Carroll et
al., 2009; Katz et al., 2001; Gatch et al., 2013). It should be noted that DMAA did produce
an increase in motor activity between 120 and 180 minutes after 10 mg/kg DMAA. Given
that the maximum increase following 10 mg/kg is equivalent to the effects of the vehicle
control at 10-30 min, this is most likely a delayed onset of normal exploratory activity after
the initial locomotor depression as opposed to locomotor stimulation directly due to DMAA.
However, it is possible that this rebound effect may account for user reports of increases in
energy during exercise (Lammie, 2013).

A possible explanation for these apparently contradictory findings is suggested by prior
studies which reported that DMAA may have an adrenergic mechanism of action (e.g., Kuo
et al., 2004). Similar to DMAA, adrenergic compounds such as clonidine induce locomotor
depression (Geyer and Frampton, 1988; Hano et al., 1978; Mitchell et al., 2006), substitute
for the discriminative stimulus effects of cocaine (Wood et al., 1985), partially substitute for
methamphetamine (Munzar and Goldberg, 1999), and produce conditioned place preference
(Cervo et al., 1993; Asin and Wirtshafter, 1985). These findings do not provide direct
evidence that DMAA produced its behavioral effects through actions at adrenergic
receptors, but do indicate that a class of compounds can produce a similar, and apparently
contradictory, profile of behavioral effects, and thereby may be a starting point for
investigations of the pharmacological mechanism of DMAA'’s behavioral effects. These
findings also do not preclude contribution of other receptor systems, in particular the other
monoamines, serotonin and dopamine.

DMAA is used as a dietary supplements for weight loss and exercise, with widespread use
in the military (Austin, et al., 2012; Lammie, 2013). In addition, DMAA is marketed and
sold as a legal alternative to cocaine and methamphetamine (Gee et al., 2010, 2012).
Because of the recreational use and reports of stimulant-like effects and concerns that it
might be addictive (Lammie, 2013), the abuse liability of DMAA was tested in the current
study. DMAA produced discriminative stimulus effects similar to cocaine, and to a lesser
extent methamphetamine, and produced reward effects. These findings suggest that DMAA
may have potential to be abused. The serious adverse effects associated with DMAA
(Eliason et al., 2012; Foley et al., 2014; Forrester, 2013; Young et al., 2012) may increase
the risk of recreational use. Because DMAA produced discriminative stimulus and
rewarding effects similar to abused psychostimulants, vulnerable individuals may be at risk
of escalating doses to dangerously toxic levels, suggesting that restricting access to this
compound may be appropriate.

Further study will be necessary to confirm drug seeking (e.g., self-administration) and
mechanism of action. DMAA produces behavioral effects similar to adrenergic compounds,
but it will be necessary to directly test the mechanism of action of the discriminative
stimulus and rewarding effects of DMAA. Adrenergic compounds are not typically abused,
although clonidine has been abused by polydrug abusers (Schindler et al., 2013). Other
receptors may play a role in the behavioral and toxic effects of DMAA. For example, the
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cardiovascular effects of DMAA are clonidine-like, but are also similar to serotonin
syndrome. Further, if DMAA has dopaminergic effects, it is more likely to be abused than if
its mechanism is primarily adrenergic or serotonergic.
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Figure 1.

Time course of locomotor activity in mice. Data are represented as mean number of
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dimethylamylamine. The gray bar shows the time range of maximal effect used for analysis

of dose effect (0-30 min). * indicates doses significantly different from vehicle for the
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period of 0-30 minutes after injection determined by a two-way analysis of variance (p <
0.05). Vehicle (0.9% saline) data were obtained from one group of mice and displayed in
each panel to indicate dose-dependent differences of DMAA-induced motor activity from

vehicle-treated mice.
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Dose-response curve for the locomotor activity assay in mice. Data are represented as the
mean number of activity counts per 10 minutes for the first 30 minutes of testing. The open
circle represents the activity counts after treatment with vehicle (Ctrl, 0.9% saline) and the
closed squares represent activity counts after treatment with DMAA (n=8 per dose). *
indicates doses significantly different from vehicle for the period of 0-30 minutes after

injection (p < 0.05).
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Dimethylamylamine substitution for the discriminative stimulus effects of cocaine or
methamphetamine in rats. Upper panels show percentage of total responses made on the
drug-appropriate lever. Bottom panels show rate of responding in responses per second (r/s).
Testing of dimethylamylamine in cocaine-trained rats is shown in the left panels and testing
of dimethylamylamine in methamphetamine-trained rats is shown in the right panels. Ctrl
indicates vehicle (0.9% saline) control. n=10 except where shown.
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Figure 4.
Time spent on drug-paired floor in the conditioned place-preference assay after vehicle

(\VVeh) and DMAA conditioning in mice. Pre-test data are displayed as black bars and test
data for each dose are displayed as white bars (n=80 mice; n=16 per dose). Both 3 and 10
mg/kg produced conditioned place preference. * indicates doses with post-test time
significantly different from pre-test time determined by a repeated-measures analysis of
variance for each dose (p < 0.05).
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