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Locomotor and discriminative stimulus effects of three benzofuran 
compounds in comparison to abused psychostimulants 
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H I G H L I G H T S  

• 6-APB was a strong locomotor stimulant, but 5-APDB and 5-MAPB were weak stimulants. 
• 6-APB, 5-APDB and 5-MAPB produced MDMA-like discriminative stimulus effects. 
• 6-APB, 5-APDB and 5-MAPB produced weak cocaine or methamphetamine-like effects. 
• Abuse liability of benzofurans may be similar to MDMA. 
• 3 to 5 bullet points (maximum 85 characters, including spaces, per bullet point).  
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A B S T R A C T   

Aims: Benzofurans are used recreationally, due their ability to cause psychostimulant and/or entactogenic effects, 
but unfortunately produce substantial adverse effects, including death. Three benzofurans 5-(2-aminopropyl)- 
2,3-dihydrobenzofuran (5-APDB), 5-(2-aminopropyl)-2,3-dihydrobenzofuran (5-MAPB) and 6-(2-aminopropyl) 
benzofuran (6-APB) were tested to determine their behavioral effects in comparison with 2,3-methylenedioxyme
thamphetamine (MDMA), cocaine, and methamphetamine. 
Methods: Locomotor activity was tested in groups of 8 male Swiss-Webster mice in an open-field task to screen for 
locomotor stimulant or depressant effects and to identify behaviorally active doses and times of peak effect. 
Discriminative stimulus effects were tested in groups of 6 male Sprague-Dawley rats trained to discriminate 
MDMA (1.5 mg/kg), cocaine (10 mg/kg), or methamphetamine (1 mg/kg) from saline using a FR 10 for food in a 
two-lever operant task. 
Results: In the locomotor activity test, MDMA (ED50 = 8.34 mg/kg) produced peak stimulant effects 60 to 80 min 
following injection. 5-MAPB (ED50 = 0.92 mg/kg) produced modest stimulant effects 50 to 80 min after injec
tion, whereas 6-APB (ED50 = 1.96 mg/kg) produced a robust stimulant effect 20 to 50 min after injection. 5- 
APDB produced an early depressant phase (ED50 = 3.38 mg/kg) followed by a modest stimulant phase (ED50 
= 2.57 mg/kg) 20 to 50 min after injection. In the drug discrimination tests, 5-APDB (ED50 = 1.02 mg/kg), 5- 
MAPB (ED50 = 1.00 mg/kg) and 6-APB (ED50 = 0.32 mg/kg) fully substituted in MDMA-trained rats, whereas 
only 5-MAPB fully substituted for cocaine, and no compounds fully substituted for methamphetamine. 
Conclusions: The synthetic benzofuran compound 5-APDB and 5-MAPB produced weak locomotor effects, 
whereas 6-APB produced robust locomotor stimulant effects. All compounds were more potent than MDMA. All 
three compounds fully substituted in MDMA-trained rats suggesting similar subjective effects. Taken together, 
these results suggest that these benzofuran compounds may have abuse liability as substitutes for MDMA.   

1. Introduction 

Benzofurans are comprised of a benzene ring and a heterocyclic 
furan ring. A large number of substituted benzofurans have been 

created, many of which are psychoactive due to their structural simi
larity to amphetamines. A subset is similar in structure to 3,4-methyle
nedioxymethamphetamine (MDMA), having a furan ring with one 
oxygen atom rather than the methylenedioxy ring found in MDMA with 
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two oxygens (Fig. 1). Placement of the oxygen and presence or absence 
of a double bond in the furan ring allows for several variants. In addi
tion, these compounds can also be modified like amphetamines and 
cathinones by substitutions on the ethylamine chain (Monte et al., 
1993). 

There has been increasing concern over the hazards of benzofurans 
when used recreationally, and three compounds have been flagged as of 
concern by the United States Drug Enforcement Administration (DEA). 
5-APDB (also known as 3-desoxy-MDA, EMA-4), 6-APB, and 5-MAPB. 6- 

APB and 5-MAPB have been available for nearly a decade, appearing in 
national surveys, online and in the dance scene (Odoardi et al., 2016; 
Palamar et al., 2016; 2017; van der Gouwe et al., 2017). 5-MAPB has 
been found in drivers under the influence in Belgium Wille et al., 2018). 

Toxicities have been reported, with a case of acute psychotomimetic 
effects in an individual taking 6-APB and marijuana (Chan et al., 2013), 
and three fatalities were associated with 6-APB combined with other 
substances (Seetohul et al., 2013). Signs of intoxication following oral 
administration of 5-MAPB included being pale, cold or hyperthermic, 
sweating, mydriasis, agitation, hallucinations, and convulsions (Hofer 
et al., 2017). Further, all three compounds produce hepatoxicity and 
oxidative stress in cell models (Roque Bravo et al., 2020; Nakagawa 
et al., 2017; 2018). The pharmacodynamics, kinetics, subjective effects, 
and toxicity in humans has been succinctly described by Roque Bravo 
et al. (2019). 

There has been some limited study of the behavioral effects of these 
and related compounds. In an early study, several benzofurans were 
synthesized and their discriminative stimulus effects were tested 
(Monte et al., 1993). In that study, rats were trained to discriminate the 
entactogens N-methyl-1,3-benzodioxolylbutanamine (MBDB), 
5‑methoxy-6-methyl-2-aminoindane (MMAI), the psychostimulant 
amphetamine or the hallucinogen lysergic acid diethylamide (LSD). 
5-APDB and 6-APDB produced full substitution for both entactogens, but 
did not substitute for either amphetamine or LSD. Our laboratory pre
viously tested two other benzofurans, 5-APB and 6-APDB (Dolan et al., 
2017), along with 4-fluoroamphetamine which was often found in 
combination with these two compounds (Palamar et al., 2016; 2017; 
van der Gouwe et al., 2017; Salomone et al., 2016; Hondebrink et al., 
2015). Similar to the earlier study, 6-APDB and 5-APB fully substituted 
for MDMA, but not cocaine, methamphetamine or the hallucinogen 2, 
5-dimethoxy-4-methylamphetamine (DOM) (Dolan et al., 2017). 
Finally, 5-APB was noted to produce conditioned place preference and 
limited self-administration. (Cha et al., 2016). 

5-APDB and 6-APB act at monoamine transporters, inhibiting 
norepinephrine transporters (NET) and serotonin transporters (SERT) 
more than dopamine transporters (DAT), similar to MDMA (Rickli et al., 
2015). In this study, both compounds released serotonin (5-HT), but 
5-APDB also released norepinephrine (NE) and not dopamine (DA), 
whereas 6-APB released DA but not NE. Both compounds were found to 
bind to alpha1A and 2A adrenergic receptors, H1 histamine receptors, 
5-HT1A, 5-HT2A, 2B and 2C serotonin receptors as well as the trace amine 
receptor (Rickli et al., 2015). Other studies reported that 6-APB had 
equal affinity at all three transporters and was a full agonist at 5-HT2B 
receptors (Iversen et al., 2013) or that 6-APB released NE and DA with 
equal potencies, but more than 5-HT (Brandt et al., 2020). 

5-MAPB is a monoamine releaser, with potencies NET>DAT>SERT 
(Brandt et al., 2020). It also binds to DAT, slowing DA reuptake in the 
nucleus accumbens and reversing transport (Sahai et al., 2017). 5-MAPB 
caused increased 5-HT release in the corpus striatum, with resultant rise 
in body temperature and lethality (Fuwa et al., 2016). The authors 
suggested its toxic effects may be related to its metabolite, 5-APB. 
Similar to 5-APDB and 6-APB, 5-MAPB in highly non-selective, bind
ing to monoamine transporters and acting with high efficacy, binding to 
5-HT2A,B and C receptors with low efficacy activation, and binding to 
neuronal nicotinic ACh receptor α4β2 and alpha adrenergic receptors 
(Shimshoni et al., 2017). 

The purpose of this study was to evaluate three synthetic benzofu
rans (5-APDB, 6-APB and 5-MAPB) to determine their preclinical po
tency and efficacy relative to the commonly abused psychostimulants 
cocaine and methamphetamine and to the club drug, MDMA. The lo
comotor activity test was used to evaluate whether compounds produce 
locomotor hyperactivity similar to that of the abused psychostimulants 
like cocaine and methamphetamine or to more serotonergic compounds 
like MDMA, and to rapidly identify the effective dose range and time 
course. The drug discrimination assay was used to evaluate whether 
compounds have interoceptive effects similar to that of MDMA, cocaine Fig. 1. Structures of MDMA and the benzofurans tested in the current study.  
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and methamphetamine, and this assay has been found to accurately 
predict human use (Horton et al., 2013). The DEA requested evaluation 
of these compounds for potential abuse liability due to their structural 
similarity to other abused and controlled psychostimulants and their 
toxic effects in recreational users. 

2. Materials and methods 

2.1. Subjects 

Male Swiss-Webster mice (n = 200) and male Sprague-Dawley rats 
(n = 35) were purchased from Envigo (Indianapolis, IN) at approxi
mately 2 months of age. All animals were allowed to acclimatize in the 
vivarium for about 2 weeks prior to behavioral testing. Mice were group 
housed (n = 4/cage) and allowed free access to food. Rats were housed 
individually, and weight was restricted to 320–350 g by limiting their 
access to food. All rats received a total of approximately 15 g of food per 
day including the food pellets they received during operant sessions. 

Animals were maintained on a 12/12 light/dark cycle (lights on at 
7:00 AM) and had free access to water. All housing and procedures were 
approved by the University of North Texas Health Science Center 
Institutional Animal Care and Use Committee and were in agreement 
with the guidelines set for the care and use of laboratory animals. 

2.2. Locomotor activity 

The study was conducted using Digiscan (Omnitech Electronics, 
Columbus, OH) locomotor activity testing chambers as previously 
described (Gatch et al., 2021). Separate groups of 8 mice were injected 
via the intraperitoneal route with either vehicle (0.9% saline) or a dose 
of MDMA (1, 2.5, 5, 12, 25, or 50 mg/kg), 6-APB (1, 2.5, 5, or 10 
mg/kg), 5-APDB (1, 2.5, 5, 10, or 25 mg/kg), or 5-MAPB (0.5, 1, 2.5, 5, 
10, or 25 mg/kg). Each compound was tested with a separate group of 
vehicle-injected controls. 

Immediately following injection, each mouse was placed in a testing 
chamber for measurement of its horizontal locomotor activity (photocell 
beam interruption). Locomotor activity was recorded every 10-minutes 
to resolve time-related shifts in activity related to drug time course, and 
the test lasted 8 h to ensure capture of the full potential time course of 
the benzofurans for comparison to that of the abused drug standard, 
MDMA. The locomotor stimulant effects of MDMA and other abused 
psychostimulants yield inverted-U-shaped dose response curves. 
Accordingly, for accurate estimation of comparative time-course, po
tency and efficacy of each benzofuran, it was necessary to identify a 
relatively short time window after injection that could be inferred to 
contain the maximal locomotor response at the peak of the concentra
tion time curve. To accomplish this, we began testing at 1 mg/kg and 
continued to test additional doses in separate groups of mice until the 
earliest time window could be identified during which: (i) an ascending 
dose response to a maximum was identified (ii) at least one dose had 
been tested on the descending limb of the dose-effect curve and (iii) the 
lowest dose tested was not significantly different from the vehicle con
trol. For the highest dose of each compound tested, mice were observed 
for unusual behaviors within the chambers after approximately 30, 120 
and 480 min of testing. 

2.3. Discrimination procedures 

Adult male Sprague-Dawley rats were trained to discriminate either 
MDMA (1.5 mg/kg, i.p.), methamphetamine (1 mg/kg, i.p.) or cocaine 
(10 mg/kg, i.p.) from 0.9% saline using a FR 10 schedule of food rein
forcement (45 mg food pellets; Bio-Serve, Frenchtown, NJ) with a two- 
lever choice procedure. A reinforcer was available for every 10 re
sponses on a designated injection-appropriate lever. The rats received 
approximately 60 of these 20-min 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.). After the completion of 
training phase, 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. Standard 
behavior-testing chambers (Coulbourn Instruments, Allentown, PA, 
Model E10–10) connected to IBM-PC compatible computers via LVB 
interfaces (Med Associates, East Fairfield, VT) were used for testing. 

The compounds 6-APB (0.1, 0.25, 0.5, 1 mg/kg), 5-APDB (0.25, 0.5, 
1, 2.5 mg/kg), and 5-MAPB (0.05, 0.1, 0.25, 0.5 mg/kg) were tested for 
substitution in groups of six MDMA-trained rats. 6-APB (0.1, 0.25, 0.5, 1 
mg/kg), 5-APDB (0.5, 1, 2.5, 5 mg/kg), and 5-MAPB (0.25, 0.5, 1, 2.5 
mg/kg) were tested for substitution in groups of six methamphetamine- 
trained rats. 6-APB (0.25, 0.5, 1, 2.5 mg/kg), 5-APDB (0.5, 1, 2.5, 5, 10 
mg/kg), and 5-MAPB (0.25, 0.5, 1, 2.5 mg/kg) were tested for substi
tution in groups of six cocaine-trained rats. 

In contrast with training sessions, both levers were active, such that 
10 responses on either lever led to reinforcement. Data were collected 
until all 20 reinforcers were obtained, or for a maximum of 20 min. A 
repeated-measures design was used, such that each rat was tested at all 
doses of a given drug, including vehicle and training-drug controls. 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. MDMA was administered 15 min prior to testing, 6-APB was 
administered 30 min before testing, 5-APDB was administered 50 min 
before testing, and 5-MAPB was administered 60 min before testing. The 
pretreatment times were determined based on locomotor activity data. 

2.4. Drugs 

(+)-Methamphetamine hydrochloride, (-)-cocaine hydrochloride, 
(±)-methylenedioxy-methamphetamine hydrochloride, 5-APDB hydro
chloride (1-(benzofuran-5-yl)-N-methylpropan-2-amine, 6-APB hydro
chloride (6-(2-aminopropyl)benzofuran), 5-MAPB hydrochloride (5-(2- 
aminopropyl)− 2,3-dihydrobenzofuran) were all supplied by the Na
tional Institute on Drug Abuse Drug Supply Program. All compounds 
were dissolved in saline. 

2.5. Data analysis 

The time course of locomotor stimulant or depressant effects at each 
dose was evaluated by plotting the mean horizontal activity counts 
(labeled on graphs as Ambulation Counts) as a function of 10-min pe
riods. Time-related effects on ambulation counts after different doses 
were confirmed by significance of the two-way interaction of Dose and 
Time within ANOVAs (with Dose as a between-groups factor and 10-min 
Period as a within-subjects factor). Potency and efficacy of each com
pound were estimated independently of time course using the average 
ambulation counts/10-min within the earliest 30-minute time window 
containing the ascending dose-response and the maximal effect, 
excluding doses on the descending limb. For depressant effects, dose- 
response data were analyzed within the earliest 30-min time period 
during which maximal depression was evident. Dose-response data were 
considered in a one-way ANOVA for each compound, including all doses 
and the vehicle control, followed by planned individual comparisons of 
each dose against the vehicle control group. Efficacy of each compound 
for locomotor stimulation was estimated by ambulation counts at the 
dose producing the largest effect minus the mean of the vehicle control 
group, for the 30-min window of the dose response analysis. The stim
ulant effect magnitude over time for each compound was determined by 
calculating the area under the curve (AUC) for locomotor activity counts 
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(minus vehicle control counts) across the full 8-h session for the dose 
with maximal efficacy. The benzofurans and MDMA were compared 
within separate one-way ANOVAs on the measures of efficacy and 
stimulant effect magnitude over time (AUC). Statistical significance was 
set at p < .05. 

For the drug discrimination data, the mean percentage of drug-lever 
responses and response rate were calculated, and these measures were 
plotted against dose using a log scale. The percentage of drug-lever 
responding data were not considered if less than three rats completed 
the first fixed ratio. Full substitution was defined as mean percent drug- 
lever responding ≥ 80%. Rates of responding were expressed as the 
number of responses divided by the total session time (in seconds). 
Response rate data were analyzed by one-way repeated measures 
ANOVA. The mean response rate after each dose was compared to that of 
the vehicle control value using planned comparisons. 

Linear regressions of the linear portion of the dose-response data 
were performed on the pooled data for each compound, and potencies 
were calculated (ED50 ± SE) using OriginGraph (OriginLab Corporation, 
Northampton, MA). Locomotor activity potencies were based on 50% of 
the maximum effect of the given drug whereas drug discrimination 
potencies were based on 50% drug-appropriate responding. Potency was 
compared among the benzofurans and MDMA using one way ANOVAs 
and individual comparisons. 

3. Results 

3.1. Locomotor activity 

Time course data for 4–5 doses per compound are depicted in Fig. 2. 
Some doses are omitted for clarity. Dose-response data for the time 
window of maximal effect are depicted in Fig. 3. An ANOVA comparing 
maximal effects, corrected for differences in baseline (vehicle control), 
indicated a significant overall effect F(3,28) = 16.196, p < 001. The 
maximal effects of 6-APB and 5-MAPB were not statistically different 
from MDMA. However, the maximal effect of 5-APDB was lower than 
those of the other compounds and the maximal effect of 6-APB was 
higher than that of both 5-APDB and 5-MAPB. The rank order of stim
ulant potency was 5-MAPB > 6-APB ≥ 5-APDB > MDMA. There was a 
significant effect when considering the total magnitude of effect over 
time (AUC), F(3,28) = 20.44, p < .001. The rank order of the compounds 
for AUC of the maximal dose was: 6-APB >> MDMA ≥ 5-MAPB > 5- 
APDB. 

MDMA (ED50 = 8.34 ± 0.08 mg/kg) produced locomotor stimulation 
lasting 150 min beginning approximately 60–80 min following injection 
of 5 or 10 mg/kg. Stimulant effects of 25 and 50 mg/kg began earlier, 
within the first 10 min after injection. Locomotor stimulation after 25 
mg/kg MDMA occurred continuously for approximately 4 h, whereas 
the stimulant effect of 50 mg/kg MDMA was attenuated during the 
period of 70–100 min, but thereafter stimulated activity for most of the 
remaining session. The time- and dose-related effects of MDMA 
contributed to a significant interaction of [Treatment F(6,46) = 11.30, p 
< .001, 10-Min Periods F(47,2162) = 31.83, p < .001, and the inter
action of Periods and Treatment F(282,2162) = 2.39, p < .001] when 
considered in a two-way ANOVA. The period 70–100 min was selected 
for analysis of dose-response for potency and efficacy based on the 
appearance of an inverted U-shaped dose response and maximal stim
ulant effect during this window. Planned individual comparisons within 
one-way ANOVA on these data [Treatment F(6,46) = 10.0, p < .001] 
indicated a significant stimulant effect for 5, 10 and 25 mg/kg. 
Maximum stimulant effects of 4145 ± 728 counts were observed 
following 25 mg/kg. Lethality occurred in 3 of 8 mice following 50 mg/ 
kg MDMA. Data from these mice were not included in the analysis. 

5-MAPB (ED50 = 0.92 ± 0.10 mg/kg, Fig. 2) produced time- and 
dose-dependent stimulation of locomotor activity beginning approxi
mately 50 min after injection for the dose range of 1 to 10 mg/kg. These 
effects lasted 80–220 min, whereas the effect of 25 mg/kg began later 

(after 80 min) and continued for the remainder of the testing period. 
This pattern resulted in a significant interaction of Periods and Treat
ment F(282,2303) = 4.25, p < .001] when considered in the two-way 
ANOVA. The period 50–80 min was selected for analysis of dose- 
response for potency and efficacy based on the appearance of an 
inverted U-shaped dose response and maximal stimulant effect during 
this window. A locomotor stimulant effect was observed following 1 to 
10 mg/kg [F(6,49) = 4.03, p = .002], with a maximal effect of 2912 ±
273 counts following 5 mg/kg that was 70% of the maximal effect of 
MDMA. It is noteworthy, however, that the stimulant effect of 25 mg 
(which occurred after the dose response analysis window) was greater 
than the maximal effect at 5 mg/kg. 

Treatment with 5-APDB resulted in both stimulation (ED50= 2.47 ±
0.1 mg/kg) and depression (ED50= 3.38 ± 0.05 mg/kg) of locomotor 
activity. Depressant effects of 5 to 25 mg/kg occurred within 10 min 
following injection and lasted 10–30 min. The depression of locomotor 
activity at these doses was followed by stimulation beginning 40 min 
after injection. The stimulant effect durations were dose-dependent, 
lasting from 80 min to 3 h. The stimulant/depressant pattern of time 
course for this compound yielded a significant interaction of Periods and 
Treatment F(235,1974) = 1.94, p < .001 when all data were considered 
in a two-way ANOVA. 

The period 0–30 min was selected for analysis of dose-response for 
the depression effect of 5-APDB, whereas 50–80 min was used for 
consideration of stimulant potency and efficacy. ANOVA for each effect 
indicated a main effect of treatment (F ≥ 4.06, p < .005), and individual 
comparisons indicated a significant difference from vehicle for 5, 10, 
and 25 mg/kg. The maximal stimulant effect (2136 ± 273 counts) 
occurred following 5 mg/kg. This effect was 51% of the maximal stim
ulant effect of MDMA. 

Treatment with 6-APB (ED50 = 1.96 ± 0.06 mg/kg) resulted in time- 
and dose-dependent stimulation of locomotor activity beginning within 
10 min following 2.5 and 5 mg/kg, and after 2 h following 10 mg/kg. 
The duration of these effects was approximately 5 h. These effects 
yielded a significant interaction of Periods and Treatment [F(188,1645) 
= 9.53, p < .001] when considered in a two-way ANOVA. 

Maximal locomotor stimulant effects and an inverted U-shaped dose 
response was evident during the 20–50 min time window following 6- 
APB, with a maximal effect of 6196 ± 342 counts following 5 mg/kg. 
A one-way ANOVA for data within this time period indicated a signifi
cant treatment effect [F(4,35) = 20.70, p < .001] driven by significant 
stimulant effects of 2.5 and 5 mg/kg 6-APB. The maximal effect of 6-APB 
was 149% of the maximal effect of MDMA. 

3.2. Drug discrimination 

6-APB (ED50=0.32 ± 0.04 mg/kg), 5-APDB (ED50=1.02 ± 0.07 mg/ 
kg) and 5-MAPB (ED50=0.33 ± 0.08 mg/kg) fully substituted for the 
discriminative stimulus effects of 1.5 mg/kg ±-MDMA (Fig 4). The dose 
of 6-APB that fully substituted (1 mg/kg) decreased response rate F 
(4,20) = 4.85, p = .007. 5-APDB and 5-MAPB did not alter rate of 
responding at the doses tested. 

6-APB, 5-APDB and 5-MAPB failed to fully substitute for the 
discriminative stimulus effects produced by 1 mg/kg of (+)-metham
phetamine (Fig 4). 6-APB produced maximum methamphetamine- 
appropriate responding of 18% following 0.25 mg/kg, and 1 mg/kg 
nearly completely suppressed responding F(4,20) = 36.30, p > .001. 5- 
APDB produced a peak of 66% following 5 mg/kg, which substantially 
decreased response rate F(4,28) = 10.58, p < .001. 5-MAPB produced 
peak methamphetamine-appropriate responding of 39% following 1 
mg/kg. A higher dose, 2.5 mg/kg, suppressed responding F(4,20) =
28.95, p = < 0.001 and produced exophthalmos in all 6 rats. 

5-MAPB (ED50 = 1.00 ± 0.08 mg/kg) fully substituted for the 
discriminative stimulus effects of 10 mg/kg cocaine (Fig 4). The dose of 
5-MAPB that fully substituted (2.5 mg/kg) decreased response rate F 
(4,16) = 12.93, p < .001 and produced exophthalmos in 4 of 5 rats. One 
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Fig. 2. Time course of locomotor stimulant effects. Average horizontal activity counts/10 min (ambulation counts) as a function of time and dose for 6-APB, 5-APDB, 
and 5-MAPB. Each panel shows the effects of one dose of compound versus the vehicle; n = 8 for each dose. The shaded bars indicate the earliest 30-minute time 
window during which: (i) an ascending dose response to a maximum was identified and (ii) at least one dose had been tested on the descending limb of the dose-effect 
curve. * Indicates stimulant effects (p < .05) against vehicle control within the time period indicated by the shaded bars. show times of peak stimulant and/or 
depressant effects, as defined as the ambulation counts at the dose yielding the largest stimulant effect (or largest depressant effect) during the 30-min when effects 
were first seen at the lowest effective dose. 
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rat died before the end of the study and did not receive the 2.5 mg/kg 
dose. 6-APB, 5-APDB and failed to fully substitute for the discriminative 
stimulus effects produced by 10 mg/kg of cocaine. 6-APB produced 
maximum cocaine-appropriate responding of 68% following 1 mg/kg, 
and a higher dose (2.5 mg/kg) completely suppressed responding F 
(4,16) = 8.75, p < .001. The 2.5 mg/kg dose of 6-APB produced 
decreased muscle tone (4/5 rats), excessive salivation (2/5 rats) and 
convulsions (1/5 rats). Only 5 rats were tested at 2.5 mg/kg due to the 

adverse effects and response suppression. 5-APDB produced a peak of 
41% following 5 mg/kg, and a higher dose (2.5 mg/kg) completely 
suppressed responding F(5,20) = 15.47, p < .001. The following were 
observed in 5/5 rats after 10 mg/kg 5-APDB: Decreased muscle tone, 
exophthalmos, salivation and piloerection. 

Fig. 3. Locomotor activity dose effect. Average horizontal activity counts/10 min (ambulation counts) at the time of maximal effect (as defined as the ambulation 
counts at the dose yielding the largest stimulant effect during the 30-min when effects were first seen at the lowest effective dose) as a function of dose for 6-APB, 5- 
APDB, 5-MAPB, and MDMA. n = 8 for each dose. 

Fig. 4. Substitution for the discriminative stimulus effects of 6-APB, 5-APDB, and 5-MAPB in rats trained to discriminate MDMA, methamphetamine, or cocaine from 
saline. The top graph in each panel shows the percentage of total responses made on the drug-appropriate lever. The bottom graph shows the rate of responding in 
responses per second (r/s). n = 6 for each compound, except where indicated. Ctrl indicates vehicle and training drug controls for each test compound. * indicates 
rate effects (p < .05) against vehicle control. 
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4. Discussion 

The benzofurans 5-APDB and 5-MAPB produced weak locomotor 
stimulant effects similar to those of MDMA, with rapid onset depressant 
effects at low doses, followed by slower-onset stimulant effects at higher 
doses. 5-APDB had a stronger depressant effect and a smaller and 
shorter-acting stimulant effect than MDMA or 5-MAPB. Adjusted for 
baseline, the peak effect of 5-MAPB was not different from MDMA. 
However, the peak effect of 5-APDB was lower than those of the other 
test compounds. The rank order of stimulant potency was 5-MAPB > 6- 
APB ≥ 5-APDB > MDMA. In contrast, 6-APB produced robust, long- 
lasting locomotor stimulant effects similar to those produced by meth
amphetamine in earlier studies (Gatch et al., 2019, 2021; Shetty et al., 
2023). Potency of 6-APB was greater than methamphetamine in those 
studies. The peak effect of 6-APB was higher than that of both 5-APDB 
and 5-MAPB. Although the present study demonstrated that 6-APB 
was more potent and had a longer duration of action compared to 
MDMA, it is worth noting that its efficacy was not significantly higher 
than MDMA. 

The effects of 6-APB are comparable to those of 5-APB, which was 
also an efficacious and long-acting locomotor stimulant as observed in a 
previous study (Dolan et al., 2017). However, 5-MAPB, a structurally 
similar compound to 5-APB, with an additional methyl group at the N 
position, produced weaker locomotor stimulant effects compared to 
both 5-APB or 6-APB. In contrast, 6-APDB was an efficacious locomotor 
stimulant in an earlier study (Dolan et al., 2017), whereas 5-APDB in the 
current study produced a significant depressant effect during the initial 
phase of the time course. 

All three compounds, namely 6-APB, 5-APDB and 5-MAPB exhibited 
MDMA-like discriminative stimulus effects, but not methamphetamine- 
like discriminative stimulus effects. Only one of the three (5-MAPB) 
produced cocaine-like discriminative stimulus effects. These observa
tions are similar to those of a previous study (Dolan et al., 2017), in 
which 6-APDB and 5-APB fully substituted for MDMA, but not for 
cocaine, methamphetamine or DOM. However, in a study by Monte 
et al., (2003) it is should be noted that 5-APDB substituted for 
amphetamine (Monte et al., 1993). Taken together, these findings sug
gest that the benzofurans tested so far have discriminative effects that 
are more MDMA-like rather than psychostimulant-like. 

As discussed earlier, benzofurans have structures similar to that of 
MDMA and hence their effects on monoaminergic systems are largely 
similar to MDMA. In a previous study, the investigators reported a 
relative potency of transporter inhibition in the following order 
NET>SERT>DAT (Rickli et al., 2015). Additionally, MDMA and ben
zofurans like 5-APB, 6-APB, 5-APDB and 6-APDB were reported to bind 
to serotonin receptors, alpha adrenergic receptors, H1 histamine re
ceptors and trace amine receptor (TA1) (Iversen et al., 2013; Rickli et al., 
2015). The strong selectivity of some benzofurans to SERT over DAT 
suggests that these compounds will produce MDMA-like entactogenic 
effects in humans. Strong psychostimulants like methamphetamine have 
a greater affinity for DAT over SERT resulting in higher 
dopamine-mediated effects (Gannon et al., 2018; Simmler et al., 2013; 
2014). Therefore, non-selectivity of the benzofurans at DAT would 
explain the weak psychostimulant-like discriminative stimulus effects. 
Nevertheless, 5-APDB did produce full substitution for amphetamine 
(Monte et al., 1993) and 5-MAPB produced full substitution for cocaine 
in the present study. 

Due to the strong locomotor stimulant effects of 5-APB, 6-APB and 6- 
APDB, it would be expected that these three compounds would have the 
most DAT activity. 5-APB and 6-APB did show the highest potency for 
DAT inhibition and 6-APDB, 6-APB and 5-APB produced significant 
amounts of DA release (Rickli et al., 2015). In another study, 6-APB had 
relative potencies of inhibition of DAT>NET>SERT (Brandt et al., 
2020). However, 6-APDB showed low potency for DAT inhibition 
(Rickli et al., 2015) and 5-APB was selective for SERT and NET over DAT 
in another study (Brandt et al., 2020). The weak locomotor stimulant 

effects of 5-APDB were predicted by its relative potency of monoamine 
transporter inhibition, NET≥SERT>>DAT. The decreased muscle tone, 
exophthalmos, salivation and piloerection produced by 5-APDB, and 
6-APB may be due to their activity at adrenergic or serotonergic 
receptors. 

5-MAPB also acts at monoamine transporters, with relative inhibi
tion potencies NET>DAT>SERT and acts as a releaser (Brandt et al., 
2020; Sahai et al., 2017). Similar to the other benzofurans, 5-MAPB 
binds not only to the monoamine transporters, but to a wide variety of 
receptors, including 5-HT2A,B and C receptors, neuronal nicotinic 
acetylcholine (ACh) receptor α4β2, and alpha adrenergic receptors 
(Shimshoni et al., 2017). Interestingly, MDMA was also found to bind to 
the α4β2 nicotinic ACh receptor in that study. 5-MAPB has serotonergic 
effects, increasing 5-HT release in corpus striatum, with a resultant rise 
in body temperature and fatality (Fuwa et al., 2016). Taken together, it 
is not surprising that 5-MAPB was a weak locomotor stimulant and 
produced very little methamphetamine-like discriminative stimulus ef
fects. The exophthalmos observed during testing may be the result of 
5-MAPB’s cholinergic or adrenergic activity. 

In summary, the benzofurans 5-APDB and 5-MAPB produced weak 
locomotor stimulant effects, whereas 6-APB produced robust locomotor 
stimulant effects. All three compounds produced MDMA-like discrimi
native stimulus effects, but not methamphetamine-like discriminative 
stimulus effects. Only one of the three (5-MAPB) produced cocaine-like 
discriminative stimulus effects. These findings suggest that these com
pounds may be used recreationally as entactogens and less as psychos
timulants. Adverse effects at doses that produce maximal discriminative 
stimulus effects suggest may increase their risk of use. The unpleasant 
adrenergic- or serotonergic-like effects of 5-APDB and 6-APB may 
discourage user interest, and the possibility of convulsant effects of 6- 
APB may increase risk of harm. 
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