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Abstract

There has been increasing use of novel synthetic hallucinogenic compounds, 25B-NBOMe, 25C-
NBOMe, 251-NBOMe, and 5-MeO-DALT, which have been associated with severe toxicities.
These four compounds were tested for discriminative stimulus effects similar to a prototypical
hallucinogen (-)-2,5-dimethoxy-4-methylamphetamine (DOM) and to the entactogen (£)-3,4-
methylenedioxymethamphetamine (MDMA\). Locomotor activity in mice was tested to obtain dose
range and time course information. 25B-NBOMe, 25C-NBOMe and 251-NBOMe decreased
locomotor activity. 5-MeO-DALT dose-dependently increased locomotor activity with a peak at 10
mg/kg. A higher dose (25 mg/kg) suppressed activity. 25B-NBOMe fully substituted (=80%) in
both DOM- and MDMA-trained rats at 0.5 mg/kg. However, higher doses produced much lower
levels of drug-appropriate responding in both DOM- and MDMA-trained rats. 25C-NBOMe fully
substituted in DOM-trained rats, but produced only 67% drug-appropriate responding in MDMA-
trained rats at doses that suppressed responding. 251-NBOMe produced 74 to 78% drug-
appropriate responding in DOM- and MDMA-trained rats at doses that suppressed responding. 5-
MeO-DALT fully substituted for DOM, but produced little few or no MDMA-like effects. All of
the compounds but except 251-NBOMe produced fully substituted for DOM, whereas only 25B-
NBOMe fully substituted for MDMA.. However, the failure of 251-NBOMe to fully substitute for
either MDMA or DOM was more likely due to its substantial rate rate-depressant effects than to
weak discriminative stimulus effects. All of the compounds are likely to attract recreational users
for their hallucinogenic properties, but likely probably much less interest as substitutes for
MDMA. Although no acute adverse effects were observed at the doses tested, the substantial
toxicities reported in humans, coupled with the high likelihood for illicit use, suggests that these
compounds have the same potential for abuse as other, currently scheduled compounds.
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Introduction

Use of “N-Bomb”, a street drug primarily comprised of any of three phenethylamine
hallucinogens, 2-(4-bromo-2,5-dimethoxyphenyl)-N-(2-methoxybenzyl)ethanamine
hydrochloride (25B-NBOMe), 2-(4-chloro-2,5-dimethoxyphenyl)-N-(2-
methoxybenzyl)ethanamine hydrochloride (25C-NBOMe), and 2-(4-iodo-2,5-
dimethoxyphenyl)-N-(2-methoxybenzyl)ethanamine hydrochloride (251-NBOMe), has
drawn increasing attention due to their ease of synthesis (Halberstadt & Geyer; 2014;
Kyriakou et al., 2015), toxic effects (Kyriakou et al, 2015; Weaver et al., 2015) and
increasing use (Lawn et al., 2014; Weaver et al., 2015). All three compounds have been
placed in temporary scheduling as controlled substances by the United States Drug
Enforcement Agency (DEA, 2016). N,N-diallyl-5-methoxy tryptamine (5-MeO-DALT) is
currently not scheduled by the DEA, but recently increased trafficking (Odoardi et al., 2016)
and severe toxicities, including lethality (Corkery et al., 2012; Jovel et al., 2014; Kalasho &
Nielsen, 2016), have increased interest in its pharmacological testing.

Review articles have summarized case reports from emergency rooms and poison control
centers for the NBOMe compounds, and consistently found that high levels of agitation,
tachycardia, hypertension and convulsions were observed in users (Forrester, 2014; Suzuki
et al., 2015; Wood et al., 2015). A disturbing number of fatalities were reported, up to 15%
of NBOMe-related cases, particularly with 251-NBOMe (Suzuki et al., 2015). Studies of
25B-NBOMe reported hallucinations, violent agitation, cardiac events and/or serotonin
syndrome, and convulsions (Tang et al., 2014; Laskowski et al., 2015; Gee et al., 2016).
25C-NBOMe overdose has been associated with serotonin syndrome (Andreasen et al.,
2015) and convulsions (Laskowski et al., 2015).

The NBOMe compounds have high affinity for the 5-HT,a and 5-HTy¢ receptors (Juncosa
et al., 2013; Rickli et al., 2015), with much lower potencies observed for other receptors
(e.g., 3000-7100 fold more selective for 5-HT,a over 5-HT1 ). Lower-affinity binding was
observed for a1l adrenergic and H1 histaminergic receptors, and very low levels of binding
were seen to monoamine transporters or dopamine receptors in these studies.

These compounds (Figure 1) are chemically related to the phenethylamine compounds, 2C-
B (2,5-dimethoxy-4-bromophenethylamine), 2C-C (2,5-dimethoxy-4-
chlorophenethylamine), and 2C-1 (2,5-dimethoxy-4-iodophenethylamine), which are high
potency and efficacy agonists at 5-HT, and 5-HT,¢ receptors (Eshleman et al., 2014;
Rickli et al., 2015). 2C-C and 2C-I produce DOM and/or LSD-like discriminative stimulus
effects (Eshleman et al., 2014), and also produce adverse effects, such as convulsions and
serotonin syndrome, in mice (Eshleman et al., 2014) and in human users (Bosak et al. 2013).
Adding the N-benzylmethoxy group decreases activity at 5-HT1 4 receptors, and increases
activity at adrenergic receptors and monoamine transporters (Rickli et al., 2015). How this
translates to differences in behavioral effects is not clear, but one study noted that 25I-
NBOMe was about 14-fold more potent at inducing 5-HT,a-mediated head twitch than 2C-I
(Halberstadt & Geyer, 2014).
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There has been increasing use and trafficking of the substituted tryptamine 5-MeO-DALT
over the past few years (Odoardi et al., 2016). 5-MeO-DALT produces a range of adverse
effects similar to those of the NBOMe compounds including tachycardia, agitation and
combativeness (Jovel et al., 2014). In addition, diaphoresis was observed (Jovel et al., 2014),
which may indicate cholinergic effects in addition to serotonin syndrome.

5-MeO-DALT binds 5-HT 1, 24, 28 and »¢ receptors with high affinity, acting as a full
agonist at these receptors (Nonaka et al., 2007; Arunotayanum et al., 2013; Cozzi & Daley,
2016). It also binds a range of other receptors, including adrenergic, D3, H1, H2, and sigma
1 and 2 receptors (Arunotayanum et al., 2013; Cozzi & Daley, 2016). However, 5-MeO-
DALT showed little or no effects on monoamine release or uptake (Nagai et al., 2007; Cozzi
& Daley, 2016).

Hallucinogens produce little or no self-administration or conditioned place preference (CPP)
in animal models, and much of their recreational or therapeutic effects are based on their
subjective effects (e.g., Carbonaro & Gatch, 2016; Winter, 2009; Nichols, 2016), which
leaves drug discrimination as the best model for testing abuse liability of these compounds.
Drug discrimination has been a useful animal model of the subjective effects of drugs, and
correlates well with likelihood of use in humans (Young 2009; Horton et al. 2013). In the
present study, 25B-NBOMe, 25C-NBOMe, 25I-NBOMe, and 5-MeO-DALT were first
tested in the mouse locomotor assay to obtain dose ranges and time courses for their
psychoactive effects. The mice were not habituated to the apparatus before testing, so that
both locomotor depressant and stimulant effects could be detected. The compounds were
then tested in rats trained to discriminate the classic serotonergic hallucinogen (-)-2,5-
dimethoxy-4-methylamphetamine (DOM), and in rats trained to discriminate the
entactogenic compound (£)-3,4-methylenedioxymethamphetamine (MDMA).

Male Swiss—Webster mice were obtained from Harlan (Indianapolis, IN) 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. Male Sprague-
Dawley rats were obtained from Harlan. All rats were housed individually and were
maintained on a 12:12 light/dark cycle (lights on at 7:00 AM). Body weights were
maintained at 320-350 g by limiting food to 15 g/day which included the food received
during operant sessions. Water was readily available. 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.

Locomotor Activity

The study was conducted using 40 Digiscan (model RXYZCM, Omnitech Electronics,
Columbus, OH) locomotor activity testing chambers (40.5 X 40.5 X 30.5 cm) housed within
sound-attenuating chambers in sets of two. A panel of infrared beams (16 beams) and
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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 and fans provided an 80-dB ambient noise level within the chamber.

Separate groups of 8 mice were injected with either vehicle (0.9% saline), 25B-NBOMe,
25C-NBOMe, 251-NBOMe, or 5-MeO-DALT immediately prior to locomotor activity
testing. In all studies, horizontal activity (interruption of photocell beams) was measured for
8 hours within 10-min periods, beginning at 0800 hrs (1 hr after lights on). When testing
25B-NBOMe, an unusually low vehicle control value was observed, so the experiment was
replicated in a separate group of mice and the data combined (n=16).

Discrimination Procedures

Standard behavior-testing chambers (Coulbourn Instruments, Allentown, PA) were
connected to IBM-PC compatible computers via LVB interfaces (Med Associates, East
Fairfield, VT). The computers were programmed in Med-PC for Windows, version IV (Med
Associates, East Fairfield, VT) for the operation of the chambers and collection of data.

Using a two-lever choice methodology, a pool of rats previously trained to discriminate
either MDMA (1.5 mg/kg) or DOM (0.5 mg/kg) from saline, as previously described (Gatch
et al., 2009), were tested. Rats received an injection of either saline or drug and were
subsequently placed in the behavior-testing chambers, where food (45 mg food pellets; Bio-
Serve, Frenchtown, NJ) was available as a reinforcer for every ten responses on a designated
injection-appropriate lever. The pretreatment time was 15 min for MDMA, and 30 min for
DOM. Each training session lasted a maximum of 10 min, and the rats could earn up to 20
food pellets. The rats received approximately 60 of these sessions before they were used in
tests for substitution of the experimental compounds. Rats were used in testing once they
had achieved 9 of 10 sessions at 85% injection-appropriate responding for both the first
reinforcer and total session. The training sessions occurred on separate days in a double
alternating fashion (drug-drug-saline-saline-drug; etc.) until the training phase was
complete, after which substitution tests were introduced into the training schedule, such that
at least one saline and one drug session occurred between each test (drug-saline-test-saline-
drug-test-drug; etc.). The substitution tests occurred only if the rats had achieved 85%
injection-appropriate responding on the two prior training sessions.

Test sessions lasted for a maximum of 20 min. In contrast with training sessions, both levers
were active, 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. Each
compound was tested in groups of six rats. The dose effect of each compound was tested
from no effect to full effect, or rate suppression (<20% of vehicle control) or adverse effects.
Starting doses and pretreatment times were inferred from the locomotor activity testing.
Doses were tested in no particular order. For dose-effect experiments, intraperitoneal (i.p.)
injections (1 ml/kg) of vehicle or test compound were administered with a pretreatment of
15 min (25C-NBOMe and 25I-NBOMe), 40 min (25B-NBOMe), or 50 min (5-MeO-DALT).
A repeated-measures design was used, such that each rat was tested at all doses of a given
test compound. Preliminary data from 25B-NBOMe suggested that it might have locomotor
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stimulant effects at 40 min, so drug discrimination was tested using a 40-min pretreatment
time. The other compounds were tested at the time of peak locomotor depressant effects.

(%)-3,4-Methylenedioxymethamphetamine hydrochloride (MDMA), (-)-2,5-dimethoxy-4-
methylamphetamine hydrochloride (DOM), 2-(4-bromo-2,5-dimethoxyphenyl)-N-(2-
methoxybenzyl)ethanamine hydrochloride (25B-NBOMe), 2-(4-chloro-2,5-
dimethoxyphenyl)-N-(2-methoxybenzyl)ethanamine hydrochloride (25C-NBOMe), 2-(4-
iodo-2,5-dimethoxyphenyl)-N-(2-methoxybenzyl)ethanamine hydrochloride (251-NBOMe),
and N,N-di allyl-5-methoxy tryptamine free base (5-MeO-DALT) were provided by the
National Institute on Drug Abuse Drug Supply Program. DOM and MDMA were dissolved
in 0.9% saline, whereas 25B-NBOMe, 25C-NBOMe, and 251-NBOMe were dissolved in
deionized water. 5-MeO-DALT was suspended in 2% methylcellulose. All compounds were
administered intraperitoneally in a volume of 1 ml/kg in rats and 10 ml/kg in mice.

Data Analysis

Results

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 stimulation of locomotor activity first appeared, as a function of
dose, was used for analysis of dose-response data. A two-way repeated measures analysis of
variance was conducted on horizontal activity counts/10 min interval. A one-way analysis of
variance was conducted on horizontal activity counts for the 30-min period of maximal
effect, and planned comparisons were conducted for each dose against 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 dose of test
compound (log scale). Percent drug-appropriate responding was shown only if at least 3 rats
completed the first fixed ratio. Full substitution was defined as =80% drug-appropriate
responding and not statistically different from the training drug. Response rate data was
analyzed by one-way repeated measures analysis of variance. Effects of individual doses
were compared to the vehicle control value using a priori contrasts.

Locomotor Activity

DOM decreased locomotor activity following 5 mg/kg (fig 2). A two-way analysis of
variance failed to indicate a significant effect of Treatment [F(5,42)=0.645, p=.667NS [, but
did indicate significant effects of 10-Minute Periods F(47,1974)=37.14915, p<.001, and the
the interaction of Periods and x Treatment interaction F(235,1974)=1.582, p<.001.
Locomotor depressant effects occurred within 20 minutes following injection and lasted 70
minutes. The dose-effect curve at the time of peak effects (10-40 min) showed a significant
locomotor depressant effect at 5 mg/kg [F(5,42)=7.123, p<.001], as shown in figure 3.
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Treatment with 25B-NBOMe resulted in time- and dose-dependent depression of locomotor
activity (fig 2). Depressant effects occurred within 10 minutes following injection and lasted
30-60 minutes. A two-way analysis of variance conducted on horizontal activity counts/10
min failed to indicate a significant effect of Treatment F(4,75)=0.42, p=.794NS, but did
indicate significant effects of 10-Minute Periods F(47,3525)=31.05, p<.001 and the
interaction of Periods and x Treatment interaction F(188,3525)=1.66, p<.001. The dose-
effect curve at the time of peak effects (0-30 min) showed a significant locomotor
depressant effect for 2.5, 5, and 10 mg/kg [F(4,75)=11.35, p<.001], as shown in figure 3.

Treatment with 25C-NBOMe resulted in time- and dose-dependent depression of locomotor
activity (fig 2). Depressant effects occurred within 10 minutes following injection and lasted
30-60 minutes. A two-way analysis of variance conducted on horizontal activity counts/10
min failed to indicate a significant effect of Treatment F(5,42)=1.71972, p=.151NS, but did
indicate significant effects of 10-Minute Periods F(47,1974)=20.25, p<.001 and the
interaction of Periods and x Treatment interaction F(235,1974)=1.822, p<.001. The dose-
effect curve at the time of peak effects (0-30 min) showed a significant locomotor
depressant effect for 0.5, 1, 2.5, and 5 mg/kg [F(5,42)=7.33734, p<.001].

251-NBOMe produced time- and dose-dependent depression of locomotor activity. A two-
way analysis of variance failed to indicate a significant effect of Treatment F(5,42)=1.52, p=.
206NS, but did indicate significant effects of 10-Minute Periods F(47,1974)=19.07, p<.001,
and the interaction of Periods and x Treatment interaction F(235,1974)=1.70, p=.<.001.
Locomotor depressant effects occurred within 10 minutes following injection and lasted 30—
90 minutes. The dose-effect curve at the time of peak effects (0-30 min) showed a
significant locomotor depressant effect at 2.5, 5, 10, and 25 mg/kg [F(5,42)=65.17, p<.001].

Treatment with 5-MeO-DALT resulted in time-dependent stimulation of locomotor activity
following 10 mg/kg. A two-way analysis of variance conducted on horizontal activity
counts/10 min failed to indicate a significant effect of Treatment F(5,42)=2.15, p=.078NS,
but did indicate a significant effects of 10-Min Periods F(47,1974)=40.41, p<.001, and the
interaction of Periods and x Treatment interaction F(235,1974)=3.20, p<.001. Locomotor
stimulant effects of 10 mg/kg 5-MeO-DALT occurred within 40 min following injection and
lasted 180 min. Depressant effects of 25 mg/kg suppressed activity within 20 min and lasted
90 min. The dose-effect curve at the time of peak effects (40-70 minutes following
injection) showed a locomotor stimulant effect at 10 mg/kg and a depressant effect following
25 mg/kg [F(5,42)=25.86, p<.001].

MDMA produced time- and dose-dependent stimulation of locomotor activity (fig 2). A
two-way analysis of variance conducted on horizontal activity counts/10 min indicated a
significant effects of Treatment F(5,42)=7.27928, p<.001, 10-Minute Periods
F(47,1974)=42.98699, p<.001 and the interaction of Periods and x Treatment interaction
F(235,1974)=4.28729, p<.001. The dose-effect curve at the time of peak effects (40-70 min)
showed a significant locomotor depressant effect for 5, 10 and 25 mg/kg [F(5,42)=11.702,
p<.001], as shown in figure 3. Locomotor stimulant effects of 5 to 25 mg/kg occurred within
40 min following administration and lasted 3 to 5 h. In contrast, 50 mg/kg depressed
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locomotor activity from 30 to 60 min, and stimulant effects of 50 mg/kg were observed from
2 to 6 h after administration.

Drug Discrimination

Discriminative stimulus effects of 25B-NBOMe in DOM-trained rats are shown in Figure 4,
and for MDMA-trained rats in Figure 5. 25B-NBOMe produced dose-dependent increases in
drug-appropriate responding in both DOM-(83%) and MDMA-trained rats (92%) at a dose
of 0.5 mg/kg. However, 1 mg/kg produced substantially less drug-appropriate responding
(49-50%). Higher doses suppressed responding. In DOM-trained rats, response rate was
decreased to 18% of vehicle control following 2.5 mg/kg 25B-NBOMe [F(6,30)=10.25,
p<<0.001], whereas in MDMA-trained rats, response rate was increased in the dose range of
0.01 to 0.05 mg/kg 25B-NBOMe following 0.05 mg/kg, and decreased to 17% of vehicle
control following 2.5 mg/kg of 25B-NBOMe [F(8,40)=7.79, p<.001].

25C-NBOMe produced dose-dependent increases in drug-appropriate responding to a
maximum of 97% DOM-appropriate responding at 1 mg/kg, which also produced a decrease
in response rate [F(5,25)=4.00, p=.<.0108]. In contrast, 25C-NBOMe produced substantial
fluctuations in MDMA-appropriate responding with a peak effect of only 67%. 25C-
NBOMe did produce dose-dependent decreases in rate of responding to 16% of vehicle
control following 2.5 mg/kg [F(7,35)=3.72, p=.<.004005].

25C-NBOMe produced dose-dependent increases in drug-appropriate responding to a
maximum of 97% DOM-appropriate responding at 1 mg/kg, which also produced a decrease
in response rate [F(5,25)=4.00, p=.<.0108]. In contrast, 25C-NBOMe produced substantial
fluctuations in MDMA-appropriate responding with a peak effect of only 67%. 25C-
NBOMe did produce dose-dependent decreases in rate of responding to 16% of vehicle
control following 2.5 mg/kg [F(7,35)=3.72, p=.<.0054].

251-NBOMe dose-dependently increased DOM-appropriate responding to a peak effect of
74% at a dose of 2.5 mg/kg (fig 4), which also decreased rate of responding [F(5,20)=6.63,
p=.<.001]. In MDMA-trained rats, 251-NBOMe produced a peak of 78% drug-appropriate
responding at 1 mg/kg (fig 5). A higher dose decreased rate of responding to 12% of vehicle
control [F(6,30)=7.49, p<.001].

5-MeO-DALT produced a maximum of 84% DOM-appropriate responding (fig 4). Response
rate was decreased following 5 and 10 mg/kg [F(4,24)=22.30, p<.001]. In contrast, 5-MeO-
DALT failed to substitute in MDMA-trained rats, with a maximum of 18% drug-appropriate
responding (fig 5). Response rate was increased to 122% of vehicle control following 2.5
mg/kg and decreased to 24% of vehicle control following 10 mg/kg of 5-MeO-DALT
[F(3,15)=15.79, p<.001].

Discussion

In the present study, the hallucinogenic compounds 25B-NBOMe, 25C-NBOMe, 25I-
NBOMe and 5-MeO-DALT were tested to determine the similarity of their behavioral
effects to known abused and controlled substances. Hallucinogens produce little or no self-

Behav Pharmacol. Author manuscript; available in PMC 2018 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gatch et al.

Page 8

administration or CPP, so drug discrimination was the most appropriate model for testing
abuse liability. Locomotor activity was tested to determine active doses and time courses. All
of the compounds were locomotor depressants; however, 5-MeO-DALT also acted as a
locomotor stimulant at lower doses.

All of the NBOMe compounds and DOM dose-dependently suppressed locomotor activity,
similar to other phenethylamine hallucinogens such as 2C-C, 2C-D, 2C-E, 2C-I, 2C-T-2, and
DOC (Eshleman et al., 2014). In contrast, 5-MeO-DALT increased locomotor activity at
intermediate doses (5-10 mg/kg), and the highest dose tested (25 mg/kg) produced a sharp
decrease in locomotor activity. MDMA also produced increased locomotor activity at
intermediate doses (5-25 mg/kg), although they were much larger and longer lasting, and
the highest dose (50 m/kg) also decreased activity levels to below vehicle control levels. A
delayed stimulant effect was observed following 50 mg/kg of MDMA, which was not
observed following 5-MeO-DALT. Hallucinogenic tryptamines like 5-MeO-
dimethyltryptamine and 5-MeO-a methyltryptamine were locomotor depressants
(Halberstadt et al., 2008; Gatch et al., 2011), but 5-MeO-diethyltryptamine produced
locomotor stimulant effects at intermediate doses and locomotor depressant effects at the
highest dose (Gatch et al., 2011), similar to 5-MeO-DALT in the present study. 5-MeO-
isopropylmethyltryptamine also produced mixed stimulant/depressant effects on locomotor
activity (Goodwin et., in submission2017).

25B-NBOMe, 25C-NBOMe and 5-MeO-DALT all produced full substitution (=80% drug-
appropriate responding) for DOM; however, 25B-NBOMe produced an inverted U-shaped
dose-effect curve and 251-NBOMe failed to produce 80% drug-appropriate responding in
DOM-trained rats. In MDMA-trained rats, only 25B-NBOMe produced full substitution, but
again produced an inverted U-shaped dose-effect curve. Both 25C-NBOMe and 25I-NBOMe
produced substantial fluctuations in drug-appropriate responding with maximum effects of
approaching 80% drug-appropriate responding, but higher doses tested produced substantial
suppression of responding. Given that the effects of 251-NBOMe were more linear than
those of 25C-NBOMe, and because both of the rats that did respond at the 2.5 mg/kg dose
selected the drug lever (data for points with less than 3 subjects were censored from the
figures), it is possible that the failure of 251-NBOMe to fully substitute was due to the
substantial rate effects. In contrast, 5-MeO-DALT produced little few or no MDMA-like
effects.

In previous testing, phenethylamines have produced robust hallucinogen-like discriminative
stimulus effects. Several phenethylamines, including 2C-C, 2C-D, 2C-E, 2C-T-7, DOC, and
LSD have fully substituted for the discriminative stimulus effects of DOM (Eshleman et al.,
2014; Li et al., 2010). Most of these compounds also fully substituted for LSD or DMT, but
2C-C only produced a maximum of 75% drug-appropriate responding in DMT- or LSD-
trained rats (Eshleman et al., 2014). In contrast, only three phenethylamines have fully
substituted for MDMA (2C-C, 2C-E, 2C-T-7) and others produced significant, but
submaximal levels of MDMA-appropriate responding (51 to 65%), including 2C-D, 2C-I,
DOC and DOM (Eshleman et al., 2014; Murnane et al., 2009).
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2C-C and 2C-1, which are chemical analogues of 25C-NBOMe and 251-NBOMe, but
missing the NBOMe moiety, produced discriminative stimulus effects similar to, but not
completely overlapping their NBOMe-containing analogues. 2C-C and 25C-NBOMe both
fully substituted for DOM, whereas 2C-C fully substituted for MDMA, but 25C-NBOMe
produced a peak of only 67% MDMA-appropriate responding. This difference is not
surprising as less fewer than half of the phenethylamines tested have fully substituted for
MDMA and the rest produced partial substitution.

2C-1 has not been tested in DOM-trained rats, but fully substituted for LSD and DMT
(Eshleman et al., 2014). In contrast, 251-NBOMe produced only 74% DOM-appropriate
responding in the present study. Both compounds produced intermediate levels of MDMA.-
appropriate responding: 65% for 2C-1 (Eshleman et al., 2014), and 78% for 25|-NBOMe.
Taken together, these findings indicate that the NBOMe substitution may cause a slightly
reduced efficacy to produce hallucinogenic-like discriminative stimulus effects without
altering entactogen-like discriminative stimulus effects. One possible explanation for the
reduced efficacy of the NBOMe compounds coupled with the increased reduction in rate is a
result of the limited efficacy of these compounds at 5SHT,a/oc receptors relative to the 2C
series (Rickli et al., 2015). Another possibility is the finding that adding the N-
benzylmethoxy group decreased activity at 5-HT1p receptors, and increased activity at
adrenergic receptors and monoamine transporters (Rickli et al., 2015). 5-HTq 5 receptors are
known to contribute at least in part to hallucinogenic-like effects and it is possible that
increased activity at adrenergic receptors could result in an increased sensitivity to rate-
decreasing effects.

Other tryptamine hallucinogens also fully substituted for the discriminative stimulus effects
of DOM, including DMT, DPT, N,N-DiPT, 4-OH-DiPT, and 5-MeO-MIPT), although 5-
MeO-DET produced little or no DOM-like discriminative stimulus effects (Gatch et al.,
2009; 2011; Goodwin et al., in submission; Li et al., 2010). However, the tryptamine
hallucinogens do not appear to be as efficacious at producing discriminative stimulus effects
in LSD- or DMT-trained rats as the phenethylamine hallucinogens. Psilocybin and 4-OH-
DiPT fully substituted for LSD (Goodwin et al., in submission; Jarbe 1980), whereas DMT,
DPT, NN-DiPT, 5-MeO-DiPT, and 5-MeO-MIPT produced maximal effects of 56% to 75%
drug-appropriate responding and 5-MeO-DET produced no LSD-like effects at all
(Fantegrossi et al., 2006; 2008; Gatch et al., 2009, 2011). Similarly, only N,N-DiPT and 5-
MeO-DET fully substituted for DMT, and 4-OH-DiPT and 5-MeO-MIPT produced only 60—
67% drug appropriate responding (Gatch et al., 2011; Goodwin et al., in submission2017).

Similarly, of eight tryptamine hallucinogens tested in MDMA-trained rats, only one (DPT)
produced full substitution (Fantegrossi et al., 2008), others produced 45 to 64% MDMA-
appropriate responding (DMT, psilocybin, 4-OH-DiPT, 5-MeO-DET and 5-MeO-MIPT),
and one (N,N-DiPT) failed to produce any MDMA-appropriate responding (Gatch et al.,
2009; 2011; Goodwin et al., in submission; Winter et al., 2007).

Taken together, these findings suggest that many of the tryptamines tested may have less
efficacy at producing hallucinogenic and/or entactogenic discriminative stimulus effects.
Alternatively, their discriminative stimulus effects may be more DOM-like than LSD-,
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DMT-, or MDMA-like. This hypothesis is weakened by findings that DOM and LSD fully
cross-substitute for each other’s discriminative stimulus effects; however, although LSD and
DOM fully substitute in DMT-trained rats and DMT substitutes in DOM-trained rats, DMT
only partially substitutes in LSD-trained rats (see review in Gatch, et al., 2009).

The reasons for the differential substitution patterns and changes in locomotor activity
among the various phenethylamine and tryptamine hallucinogens have not been readily
apparent from the /n vitro literature. There have been no consistent differences in the
potency and efficacy of these compounds at the various monoaminergic receptors or
transporters (Cozzi & Daley, 2016; Gatch et al., 2011; Goodwin et al., in submission; Nagai
et al., 2007) that might account for the differing patterns of substitution for various training
drugs or for their effects on locomotor activity. Similarly, there are no differences in potency
or selectivity for 5-HToa/c receptors among the compounds tested in the present study
(Juncosa et al., 2013; Rickli et al., 2015). Furthermore, the potencies for off-target receptors
(D1, alpha-2, etc.) are roughly 1000-fold lower for each compound than for 5SHT,a/c, SO
non-serotonergic effects seem unlikely (Juncosa et al., 2013; Rickli et al., 2015).

It may seem somewhat unusual that 5-MeO-DALT produced stimulant effects in the
locomotor assay, but did not substitute at all for the discriminative stimulus effects of
MDMA, given that MDMA at least partially substitutes for psychostimulants such as
cocaine and methamphetamine (see review in Gatch et al., 2009). Testing took place at
comparable times, as the stimulant effects were seen in the locomotor assay at 40-70 min,
and the pretreatment for 5-MeQO-DALT in the discrimination studies was 50 min, so the
difference was not due to parametric factors. However, other hallucinogenic tryptamines
generally produced no more than partial substitution for MDMA. For example, the two other
synthetic tryptamines which also produced increases in locomotor activity (5-MeO-DET and
5-MeO-MIPT), produced only 59 to 64% MDMA-appropriate responding (Gatch et al.,
2011; Goodwin et al., in submission2017). Further, it has been previously noted that the
effects of hallucinogenic tryptamines on locomotor activity are not predictive of
discriminative stimulus effects (Gatch et al., 2011). Unfortunately, there have been no
consistent differences in the potency and efficacy of these tryptamine compounds at the
various monoaminergic receptors or transporters (Cozzi & Daley, 2016; Gatch et al., 2011;
Goodwin et al., in submission; Nagai et al., 2007) that might account for the differing
patterns of substitution for various training drugs or for their effects on locomotor activity.

In summary, all of the compounds but 251-NBOMe fully substituted for DOM. The failure
of 25I-NBOMe to fully substitute was more likely due to its rate-decreasing effects
preventing the testing of higher doses rather than to weak stimulus effects. 25B-NBOMe
also fully substituted for MDMA and the other two NBOMe compounds produced greater
than 50% drug-appropriate responding, but less than full substitution, whereas 5-MeO-
DALT produced no MDMA-like effects. These findings suggest that the four test
compounds are most likely to be used as recreational hallucinogens, rather than as Ecstasy
substitutes, although 25B-NBOMe has the potential to be used as both a hallucinogen and an
entactogen. However, the inverted U-shaped dose effect curve of 25B-NBOMe suggests that
it may have a narrow range of effects, which may decrease its liking among recreational
users. Data on patterns of human use (i.e., hallucinogen vs. entactogen) is are necessary to

Behav Pharmacol. Author manuscript; available in PMC 2018 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gatch et al. Page 11

determine whether the animal model data is are useful for predicting the settings in which
people use these compounds.
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Figure 1. Structures of test compounds
The illustration on at the top left shows the basic structure of the 2C phenethylamines. On At

the top right is the structure for the NBOMe compounds tested in this study (25B-NBOMe,
25C-NBOMeg, and 251-NBOMe), which are structurally similar to the 2C phenethylamines,
with the addition of the N-benzylmethoxy group. On At the bottom is shown the structure
for 5-MeO-DALT.
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Figure 2. Time cour se of locomotor activity
Mean horizontal activity (Ambulation counts+ SEM) as a function of time (10-min bins) and

dose for each test compound (left to right). Each of the compounds produced time- and
dose-dependent decreases in ambulation counts. 5-MeO-DALT also produced increases in
ambulation counts at and 10 mg/kg. Data are from independent groups of 8 mice per dose,
except 25B-NBOMe with 16 mice per dose. * indicates stimulant or depressant effects (p <
0.05) against vehicle control.
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Figure 3. Dose effect of locomotor activity
Average horizontal activity counts/10 min (+ SEM) during the 30 min of peak effect as a

function of dose for each of the test compounds. All of the compounds decreased
ambulation. 5-MeO-DALT showed an inverted U-shaped dose response with the peak
stimulant dose producing ambulation counts greater than vehicle control, and the highest
dose producing ambulation counts less than vehicle control. n=8 for each dose, except 25B-
NBOMe with 16 mice per dose. Veh indicates vehicle control. * indicates (p < 0.05) against
vehicle control.
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Figure 4. Substitution for the discriminative stimulus effects of DOM

L /|

*

Top Upper panels show percentage of total responses made on the drug-appropriate lever.
Bottom Lower panels show rate of responding in responses per second (r/s). n=7 for 5-MeO-
DALT; all others n=6 except where shown. Ctrl indicates vehicle and DOM control values. *

indicates response rate different from vehicle control (p < 0.05).
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Figure5. Substitution for the discriminative stimulus effects of MDMA
Top Upper panels show percentage of total responses made on the drug-appropriate lever.

Bottom Lower panels show rate of responding in responses per second (r/s). n=6 except
where shown. Ctrl indicates vehicle and MDMA control values. * indicates response rate
different from vehicle control (p < 0.05).
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