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Abstract

Rationale 6-(2-aminopropyl)benzofuran (6-APB) is a recreational drug that is structurally similar to MDMA. Very little is
known about the behavioral effects of 6-APB or its dose-effect relationship in vivo. As the popularity of new psychoactive
substances (NPS), such as 6-APB, increases due to their unscheduled status and easy availability, it is important to under-
stand the potential benefits and/or harms of such substances.

Objectives The current study aims to establish a dose-effect curve of 6-APB on fear memory, pain sensitivity, motor coordi-
nation, and addiction-related behavior in mice.

Methods Male and female hybrid C57BL/6Jx129S1/SvImJ mice were used to examine the effects of 0.01 to 5 mg/kg of
6-APB on Pavlovian fear conditioning; flinch, jump, vocalize; Accelerating Rotarod; behavioral sensitization, conditioned
place preference, and conditioned responding.

Results We found that 6-APB elicits effects at very low doses (0.01 and 0.1 mg/kg), while impairing short-term fear memory
and long-term context memory at a dose of 5 mg/kg. We also observed that 6-APB produces modest locomotor sensitization
and may produce addiction. Finally, there is evidence of reduced shock reactivity; this was not likely due to analgesia and
more likely due to ataxia produced by the drug.

Conclusions 6-APB produces a behavioral profile broadly similar to MDMA, with amnesic effects emerging at higher doses
than MDMA and a larger gap between potential therapeutic doses and doses that produce cognitive deficits. These findings
suggest 6-APB may not be the low-risk therapeutic alternative to MDMA currently sought in clinical contexts, though fur-
ther research is warranted.

Keywords Benzofury - 6-APB - Novel psychoactive substance - MDMA derivative

Introduction

The psychedelic entactogen+ 3,4-Methylenedioxymetham-
phetamine (MDMA) has become increasingly popular as
a potential aid in therapeutic settings. However, there are
well-warranted concerns about its behavioral side effects,
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such as memory impairments, addiction, and potential for
both acute (e.g., hyperthermia) and long-term toxicity (e.g.,
serotonin depletion; Clemens et al. 2005; Itzhak et al. 2003;
Pantoni et al. 2022; Schenk and Newcombe 2018). We have
previously reported that MDMA’s antidepressant and amne-
sic effects in mice are elicited at doses similar to those used
recreationally and therapeutically in humans (Pantoni et
al. 2022). Likewise, neurotoxic effects may begin at doses
only about three times those used recreationally and clini-
cally (Mueller et al. 2013; Pantoni and Anagnostaras 2019).
Because of these concerns, searching for similar alterna-
tives is warranted.

New psychoactive substances (NPS) have gained popu-
larity among recreational drug users due to their similari-
ties to illicit drugs and their unregulated status (Brandt et
al. 2020; Chan et al. 2013; Simmler and Liechti 2018).
As psychedelic substances continue to show promise in

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00213-026-07123-7&domain=pdf&date_stamp=2026-7-4
https://doi.org/10.1007/s00213-026-07123-7
mailto:kwhitelock@ucsd.edu

Psychopharmacology

therapeutic settings, it is necessary to evaluate NPS alterna-
tives. Most of these non-controlled substances have little or
no formal behavioral research examining the potential harm
or benefits that may come with their use. Evaluation of NPS
may lead to useful therapeutics and aid in the regulation of
harmful substances.

One class of emerging NPS is the benzofurans, includ-
ing 6-(2-aminopropyl)benzofuran (6-APB) or “Benzofury.”
6-APB was created as a potential alternative to 3,4-methyl-
enedioxyamphetamine (MDA) and MDMA due to its struc-
tural similarity, but by reducing and reorienting oxygen
atoms it was predicted to lack serotonin neurotoxicity (Chan
etal. 2013; Monte et al. 1993; Rickli et al. 2015). However,
it did not gain popularity among recreational users until
around 2010 (Chan et al. 2013). Recreational users have
reported having entactogen-like effects, such as increase
in empathy, openness, and overall sociality, that are simi-
lar to MDMA (Brandt et al. 2020; Chan et al. 2013; Welter
et al. 2015). 6-APB is illegal in some countries, including
Germany, Italy, China and the United Kingdom, but as of
2025 remains unregulated in the United States, except in
Florida (The Florida Statutes 2025; Ledberg 2015). Phar-
macologically, 6-APB has been shown to act as an agonist
at the 5-HT,, and 5-HT,; receptors, in a manner somewhat
consistent with classical serotonergic psychedelics (Dawson
et al. 2014; Iversen et al. 2013; Rickli et al. 2015). In addi-
tion, in vitro studies have found that 6-APB dose-depend-
ently increases the release of dopamine, serotonin, and
norepinephrine via transporter reversal in a manner similar
to an amphetamine (Brandt et al. 2020; Iversen et al. 2013;
Rickli et al. 2015). Brandt et al. (2020) conducted microdi-
alysis comparing benzofurans to both MDMA and MDA,
and they found that 6-APB has stronger activity at the dopa-
mine transporter (DAT), serotonin transporter (SERT), and
norepinephrine transporter (NET) compared to MDA and
MDMA. Due to its higher efficacy at these transporters,
6-APB might cause a behavioral effect at lower doses than
MDMA. Taken together, these studies suggest that 6-APB
may be a more potent entactogen with stronger stimulant
properties than MDMA.

Pavlovian fear conditioning is an efficient method to
examine drug effects on learning and memory in rodents
(Anagnostaras et al. 2000, 2010; Carmack et al. 2014; Pan-
toni et al. 2022; Wood and Anagnostaras 2011; for a brief
review, see Anagnostaras et al., 2010). In prior research,

Fig. 1 Chemical structure of
6-APB and MDMA. Made with
MolDraw (Ugliengo et al. 1993;
Ugliengo 2006)
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we have found that, in mice, MDMA produces amnesia on
this task at doses similar to those that seem to produce anti-
depressant effects, as well as those used recreationally and
therapeutically in humans (i.e., around 1 mg/kg; Pantoni et
al. 2022).

Flinch, vocalize, jump (FVJ) is a pain threshold sensi-
tivity test that measures a rodent’s response to a series of
ascending foot shocks. Studies have shown that mice that
are given analgesics will elicit these three behaviors (flinch,
vocalize, and jump) at a higher shock threshold (Anagnosta-
ras et al., 1999; Kimble 1955; Kovacsics and Gould, 2010).

To assess motor coordination and potential ataxia, we
used the Accelerating Rotarod task, which measures gross
motor skill acquisition and retention (Anagnostaras et al.,
2000; DeLorey et al., 1998a; Lee et al. 2023).

Lastly, we tested for behavioral sensitization, condi-
tioned place preference, and drug-environment condition-
ing to establish an understanding of 6-APB’s potential for
addiction. Behavioral sensitization is an increase in respon-
siveness to a drug after repeated administration over time
(Anagnostaras et al. 1996; 2002; Carmack et al. 2017; Pan-
toni et al. 2022; Robinson and Berridge 1993).

No studies to our knowledge have examined the effects
of 6-APB on behavior such as fear memory, pain sensitiv-
ity, motor coordination and memory, or addiction-related
behavior. The present study looks at a large range of doses
of 6-APB and its effects on behaviors related to memory,
analgesia, motor coordination, and addiction. Because evi-
dence suggests that 6-APB is similar to MDMA (Fig. 1) and
more potent at producing increases in dopamine and nor-
epinephrine, we expected it to produce memory deficits as
MDMA did in our previous work (Pantoni et al. 2022), as
well as place preference and sensitization similar to psy-
chostimulants. However, its increased potency could poten-
tially dissociate these effects at lower doses, making it more
therapeutically useful than MDMA.

Methods
Subjects
A total of 218 hybrid C57BL/6Jx129S1/Svim]J (129B6;

Jackson Laboratory, West Sacramento, CA, USA) male
(n=110) and female (n=108) were used. Mice were weaned
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at approximately 3 weeks of age and were group housed
(2-5 mice per cage) with unlimited access to food and water.
Mice were at least 10 weeks old at the beginning of testing.
Each mouse was handled for three days (1 min/day) prior to
testing. The vivarium was on a 14:10-h light: dark schedule
and all testing occurred during the light phase. All experi-
mental methods and animal care procedures were conducted
in accordance with the NRC Guide for the Care and Use
of Laboratory Animals (8th ed.) and were approved by the
University of California Institutional Animal Care and Use
Committee.

Drug

6-APB HCI (CAS No. 286834-85-3; Cayman Chemical,
Ann Arbor, MI, USA) was dissolved in 0.9% saline and was
given intraperitoneally (i.p). The doses were either O (saline
control), 0.01, 0.1, 1, or 5 mg/kg (salt weight) and given
10 ml/kg.

Fear conditioning

The VideoFreeze system (Med Associates Inc., St. Albans,
VT, USA) was used as described previously (Anagnostaras
et al., 2010; Carmack et al. 2014; Pantoni et al. 2022) and
consists of a Skinner box within a sound-attenuated chamber.
Each box had stainless-steel rod floors and side walls, white
acrylic rear walls, and clear polycarbonate front walls. Four
mice were tested concurrently in individual conditioning
chambers (32x25x%25 cm). Groups were counterbalanced
by sex and conditioning chamber. During training, the mice
(n=107; male=>54, female=>53) were injected 15 min prior
with their randomly assigned dose: 0 (saline control, n=22),
0.01 (n=21),0.1 (n=22), 1 (n=21), or 5 (n=21) mg/kg, i.p.

The training context consisted of an illuminated chamber
with moderate (~80 Ix) white light and near-infrared light
(980 nm) and was cleaned and scented with 7% isopropanol.
Training began with a 2-min baseline followed by one tone-
shock pairing, consisting of a 30-sec pure tone (2.8 kHz,
85 dBA) that co-terminated with a 2-sec scrambled, AC
constant current foot shock (0.75 mA, RMS). Ninety sec-
onds after the shock was administered, a 5-min short-term
memory test was conducted. Movement during the 2-min
baseline and the 2-sec foot shock was used to measure loco-
motor activity and shock reactivity, respectively, while per-
cent freezing after the tone-shock pairing measured on-drug
short-term memory.

One week after training, the mice returned to the same
context, without drug, for 5-min. Freezing behavior during
this test served as a proxy for measuring long-term context
memory. One day later, mice were placed into an alternate
context, off-drug, for 5-min. The alternate context consisted

of a black triangular teepee with black polycarbonate
flooring (both transparent to infrared light) covering the
rod floor. No white light was on in the chambers, only a
near-infrared light (980 nm), creating a dark environment.
The chambers were cleaned and scented with a 5% vinegar
solution. Tone testing consisted of a 2-min baseline,
followed by the presentation of 3, 30-sec tones identical
to the training tone each separated by 30-sec. Freezing
behavior during the tone presentations was used to measure
long-term tone memory.

Flinch, vocalize, jump (FVJ)

The chamber used was the same as the training and con-
text test described above. Rod floors were exposed so the
mice could receive the series of foot shocks. The box was
cleaned with 10% ethanol, a different scent than the mice
experienced in fear conditioning. Two weeks following fear
conditioning, a subset of the same mice (n=28; males=14,
females=14) used to test fear conditioning were used to
measure FVJ. Based on prior research of MDMA admin-
istration (Pantoni et al. 2022), mice were injected 15 min
prior and were assigned the same dose as fear condition-
ing: 0 (control, n=7), 0.01 (n=6), 0.1 (n=5), 1 (n=5), or 5
(n=5) mg/kg, i.p.

One mouse was placed in the conditioning box at a time.
Two-sec foot shocks started at 0.05 mA and increased by
0.05 mA every 20 s until all three behaviors (flinch, vocal-
ize, and jump) were observed. Flinch was defined as any
observable reaction to the shock (typically lifting or shaking
their paws or orienting toward the grid floor). Vocalize was
operationalized as an audible squeak when shocked. Jump-
ing was characterized as all of the animal’s paws leaving
the grid floor (Anagnostaras et al., 1999; Kim et al., 1991;
Sneddon et al., 2023). A blind observer scored FVJ by the
lowest current (i.e., threshold) that elicited each behavior.

Accelerating Rotarod

The Rotarod consists of a 10-cm-diameter rubber-coated
cylinder with 5 slots that accelerate at 3 to 30 RPM across
5-min. A new set of mice (n=>50; males=25, females=25)
were given saline or 6-APB 15 min prior to the initial train-
ing trial. Three sessions were completed within 90 min of
injections to ensure the drug was still on board. Mice were
allowed to get accustomed to the stationary Rotarod prior to
training. Groups were counterbalanced by sex and randomly
assigned a dose: 0 (saline control, n=10), 0.01 (n=10), 0.1
(n=10), 1 (n=10), or 5 (n=10) mg/kg, i.p.

One week later, mice were given the same dose of 6-APB
and were tested for rotarod memory retention. They were
given one session of the same protocol of 3 to 30 RPM

@ Springer
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across 5-min during training. On the next day, mice were
given the same test off drug.

Behavioral sensitization, conditioned place
preference, and conditioned responding

Seven mice were tested concurrently in individual place
preference chambers (Med Associates Inc., Georgia, VT,
USA). As described previously (Carmack et al. 2014, 2017;
Pantoni et al. 2022), chambers (43 x43 x31 cm) consisted
of two visually and tactilely distinct sides, separated by a
black wall (transparent only to infrared light) with a remov-
able insert in the middle of the wall. The two sides were
visually and tactilely different from one another; the floor
was made up of either steel rods or wire mesh, while the
walls were either decorated with stickers or white translu-
cent material. Chambers were counterbalanced by the differ-
ent context combinations and by drug-paired and unpaired
side assignments. Each chamber was cleaned with diluted
(10%) glass cleaner (Zep Inc., Atlanta, GA, USA) between
trials. Activity Monitor software (Med Associates Inc.) used
the interruption of multiple rows of infrared beams to iden-
tify mouse position in order to score locomotion (distance),
rearing, and stereotypy (counts of small repetitive move-
ments in the same location).

A new set of mice (n=33; males=17, females=16) were
randomly assigned to a drug dose: 0 (control, n=13), 1
(n=9), and 5 (n=11) mg/kg, i.p. These doses were selected
because of previously reported results of an increase in
locomotor activity at 1 mg/kg (Brandt et al. 2020) and an
impairment of memory at 5 mg/kg we observed during the
fear conditioning task. Groups were counterbalanced by sex
and testing chamber. Two mice in the 1 mg/kg group were
2.5 SD above the mean and therefore were excluded.

Mice were habituated to their assigned testing chamber
for 15-min per side, two consecutive days prior to train-
ing. Four days following habituation, mice were trained
for five consecutive days. On each training day, mice were
first injected with saline and then immediately placed onto
the unpaired side for 30-min, and then removed, injected
with 6-APB, and immediately placed on the paired side for
another 30-min. Locomotor and stereotyped activity on the
paired side was scored and behavioral sensitization was cal-
culated as the difference between day 5 versus day 1.

One day after training day 5, mice were tested for off-
drug conditioned place preference. The inserts that previ-
ously divided the paired and unpaired side were removed
and mice were placed in the entryway between the two sides
of the chamber (direction of entry was counterbalanced) and
were allowed access to both sides for 15-min. Locomotor
activity and time spent on each side was scored and place

@ Springer

preference was calculated as the difference between time
spent on the paired side versus the unpaired side.

Forty-eight hours after training day 5, all mice received
two back-to-back challenge tests with saline and an inter-
mediate dose of 6-APB (2.5 mg/kg). Mice were injected
with saline and then immediately placed into their assigned
paired side for 15-min, then were removed and injected with
2.5 mg/kg of 6-APB, and placed back into their paired side
for 30-min. Locomotor activity and time spent on the drug-
paired side scored to evaluate the presence of conditioned
responding to the drug-paired side (saline challenge) and/or
sensitized responding to an intermediate dose of 2.5 mg/kg
6-APB (2.5 mg/kg challenge).

Statistical analyses

Data were analyzed using univariate or multivariate analy-
ses of variance (ANOVA/MANOVA) to identify overall
group differences. Post hoc comparisons were performed
after finding a significant group effect using Fisher’s pro-
tected least significant difference (PLSD) tests compared
to the control group. Group size generally followed prior
experience with each task; power analysis was conducted
with G*Power 3.1.9.6 (Faul et al. 2007, 2009). Power for
observed differences generally exceeded 0.9, unless other-
wise noted; in general it appeared appropriate group sizes
were used, although in future studies, we could slightly
increase the group sizes in CPP studies to improve power.
Finally, unlike high doses of MDMA (see supplemental data
in Pantoni et al. 2022), there was no evidence of sex differ-
ences in any measures (p values>0.2), so male and female
data were collapsed.

Results
Fear conditioning

Pavlovian fear conditioning was used to examine the effects
of 6-APB (0.01-5 mg/kg, i.p.) on fear learning and memory.
Mice were trained on-drug using a single tone-shock pairing
to evaluate short-term fear memory and on-drug locomo-
tion. Percent freezing was scored and used to measure mem-
ory. 6-APB did not affect baseline locomotion compared
to the controls [F(4, 102)=0.8, p=0.6; Fig. 2A]. On-drug
shock reactivity showed a significant effect of dose [F(4,
102)=2.6, p=0.04, Fig. 2A]. Only 0.01 mg/kg (p<0.05)
and 5 mg/kg (p<0.01) showed a significant decrease in
activity during the 2-sec shock compared to the control
group (all other p values>0.1). 6-APB dose-dependently
effects freezing during the post-shock short-term memory
test [F(4, 102)=7.3, p<0. 0001; Fig. 2B]; only mice on
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Fig. 2 Effects of 6-APB on fear learning and memory. (A) Two-min-
ute baseline locomotor activity during on-drug training and 2-s foot
shock. No groups differed from the control group during both base-
line and foot shock. Both 0.01 and 5 mg/kg had significantly reduced
shock reactivity. (B) On-drug short-term fear memory following shock
measured by percent freezing. Only 5 mg/kg significantly impaired
short-term fear memory. (C) Off-drug long-term context memory was
measured by percent freezing 1 week following training. Mice given 5
mg/kg during training have significantly diminished context memory

5 mg/kg showed a significant decrease compared to saline
control (p<0.001). One week later, an off-drug context and
a tone test examined long-term fear memory. 6-APB dose-
dependently modulated freezing in context memory [F(4,
102)=7.3, p<0.0001; Fig. 2C] with 5 mg/kg significantly
reducing memory (p<0.001). For the tone test, a two-way
ANOVA (dose x test period) found no significant main
effect of dose [F(4,102)=1.65, p=0.17], a main effect of
test period [F(1,102)=188.1, p<0.0001], and no dose x test
period interaction [F(4,102)=0.76, p=0.55]. Thus, the tone
increased freezing relative to baseline, but 6-APB had no
significant effect.

Flinch, vocalize, jump

FV1J] was utilized to examine the potential analgesic effects
that were suggested by the shock reactivity results in fear
conditioning. Mice were injected 15-min prior to being
placed in a chamber and were observed during ascending
levels of foot shocks. After each mouse flinched, vocalized,
and jumped they were placed back in their home cages. A
two-way ANOVA (dose x behavior type) was performed.
There was a main effect of dose [F(4, 69)=3.1, p=0.02] and
behavior type [F(2, 69)=176.1, p<0.0001], but no interac-
tion [F(8, 69)=0.98, p=0.46]. However, post-hoc analysis
found that only 0.1 mg/kg decreased (p<0.05) while 5 mg/
kg increased (p=0.02; Fig. 3A) shock threshold only for
jumping behavior compared to the control group. These
results suggest altered motion rather than analgesia, as only
jumping was affected.
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relative to saline controls. (D) Off-drug long-term tone memory was
measured by percent freezing and was tested one day after context
testing. There was no significant difference during baseline and aver-
age of the tones from saline controls. Each point represents the mean
+ 1 standard error. The gray bar indicates standard error range for the
comparison saline control group. Asterisks identify significant com-
parisons against the saline control group using Fisher’s PLSD (*p <
0.05, **p < 0.01, and ***p< 0.001)
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Fig. 3 Effects of 6-APB on pain thresholds and motor coordination.
(A) When comparing each behavior across doses, only mice given
0.1 and 5 mg/kg differed significantly from the control group only
during jumping. This suggests 6-APB specifically impaired jumping
rather than producing analgesia. (B) Motor coordination was assessed
with Rotarod. Only during session 1 was there a significant difference
between control and 5 mg/kg. See supplemental for other sessions and
retention test. Asterisks identify significant comparisons against the
saline control group using Fisher’s PLSD (*p<0.05, **p<0.01, and
**%p<0.001)

Accelerating Rotarod

We used an Accelerating Rotarod to examine potential
ataxia and motor learning impairments induced by 6-APB
(0.01-5 mg/kg). Mice had three consecutive sessions of
training within 90-min and were tested for retention of
motor learning both on and off drug a week later. Duration
of staying on the Rotarod was recorded. During training,
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all mice improved how long they could stay on from
Session 1 to Session 3 (p<0.0001; Supplementary Fig. 1).
We also saw a significant difference between our control
group and 5 mg/kg dose, but only during the first session
(p=0.045; power=0.7, Fig. 3B). This impairment of
locomotion is consistent with other measures examining
movement at the 5 mg/kg dose. There also seems to be
some evidence of an enhancement-like effect at the 1 mg/
kg dose, although this was not significant (p>0.05,
power=0.1). One week later, we tested for retention
of motor learning both on and off drug, but found no
significant differences across our doses from our control
groups (Supplementary Fig. 1), indicating that we did not
see an impairment of motor learning.

Behavioral sensitization, conditioned place
preference, and conditioned responding

Potential 6-APB (1 and 5 mg/kg) addiction-related reward-
ing behaviors were analyzed using tests of behavioral sen-
sitization, conditioned place preference, and conditioned
responding. Mice were trained for 5 days in a two-sided
chamber, on each day they were first injected with saline
and placed into their assigned unpaired side for 30-min, then
injected with 6-APB and placed into their opposing paired
side. Locomotion, stereotypy, and verticality on the on-drug
paired side were scored, and a two-way ANOVA was per-
formed with significant day x dose interaction for stereotypy
and locomotion [F(8,116) values>4.5, p values<0.0001]
but not verticality [F(8,116)=1.2, p=0.3]. There was an
overall main effect of dose on locomotion and stereotypy
across five days of training [locomotion, F(2, 29)=3.4,
p<0.05, power=0.61; stereotypy, F(2, 29)=3.8, p<0.05,
power=0.67; Fig. 4A and C], but not in verticality, per-
haps due to low power [F(2, 29)=2.1, p>0.05; power=0.4;
Fig. 4E]. Mice on the 5 mg/kg dose showed an increase in
locomotion on Day 3, 4, (p=0.01) and 5 (»p=0.05). Com-
pared to saline controls, mice that were given 1 mg/kg only
showed a significant increase in locomotion (p=0.02) on
the last day of training, while showing a significant increase
in stereotypy on Day 1, Day 4, and Day 5 (p values<0.01).
Mice given 5 mg/kg began to show a significant increase
in both locomotion (p<0.001) and stereotypy (p»<0.005)
beginning on the third day of training and persisted until
the last day of training. Interestingly, mice given 5 mg/kg
significantly decreased verticality counts compared to con-
trols on Day 1 and Day 2 (p values<0.01). Lastly, there was
some evidence of behavioral sensitization in stereotypy on
Day 5 versus Day 1[F(2, 29)=3.8, p=0.03; Fig. 4D], and
when looking at doses, only the 5 mg/kg dose was signifi-
cantly different compared to the saline control (p=0.02, all
other p values>0.5).
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Fig. 4 Effects of 1 mg/kg and 5 mg/kg 6-APB during CPP training.
(A) Average locomotion across all 5 days of training. Mice on 5 mg/
kg increase locomotion over the 5 days of training. (B) Training Day
5-Day 1 to assess sensitization in locomotion. No significant sensiti-
zation. (C) Average stereotypy across 5 days of training. We see the
same pattern in Fig. 3A as we do in 3 C, mice on 5 mg/kg increase
stereotypy behaviors across 5 days of training, whereas mice on 1 mg/
kg decreased stereotypy across training. (D) Training Day 5-Day 1 to
assess sensitization of stereotypy. Mice trained with 5 mg/kg were sig-
nificantly different from control mice, but mice trained with 1 mg/kg
were not significantly different. (E) Average verticality across 5 days
of training. Mice given 5 mg/kg were significantly impaired during the
first two days of training, then increases after. (F) Training Day 5-Day
1. Asterisks identify significant comparisons against the saline control
group using Fisher’s PLSD (*p<0.05, **p<0.01, and ***p<0.001)

Twenty-four hours after the last training day, mice were
tested off-drug for conditioned place preference. The middle
divider was removed to allow free access to both sides, and
place preference was measured by the difference in dis-
tance traveled and time spent on the drug-paired sided com-
pared to the unpaired side. There were no significant group
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Fig. 5 Testing of conditioned place preference and conditioned and
sensitization responding following training. (A) Place preference mea-
sured by distance traveled (left) and time spent (right) on the drug-
paired side versus unpaired side. There were no significant group dif-
ferences and none of the groups exhibited a preference for either side.
(B) Saline challenge 24 h after CPP testing on both locomotion (left)
and stereotype (right). Mice that were trained on 1 mg/kg showed con-

differences in distance traveled [F(2, 29)=1.5, p=0.2;
Fig. 5A, left] or time spent on either side [F(2, 29)=1.6,
p=0.2; Fig. 5A, right].

Forty-eight hours after the last training day, mice were
challenged with saline and a moderate dose of 6-APB
(2.5 mg/kg) on the paired side. Locomotion and stereotypy
in response to the saline and moderate dose challenge were
scored to evaluate conditioned and sensitized respond-
ing, respectively. There was a significant group difference
in stereotypy during the saline challenge [F(2, 29)=4.8,
p<0.01; Fig. 5B], but not locomotion. Mice given 1 mg/
kg significantly differed in stereotypy from saline controls
(»<0.01, all other p values>0.5). Additionally, there were
significant group differences in locomotion [F(2, 29)=3.4,
p=0.05] and stereotypy [F(2, 29)=3.5, p=0.05] during
the 2.5 mg/kg challenge (Fig. 4C). Compared to the saline
controls, there was a significant difference in locomotion in
mice given 5 mg/kg only during the 2.5 mg/kg challenge
(»<0.01, all other p values>0.5), whereas mice given 1 mg/
kg significantly differed in stereotypy (p=0.02; although
mice on 5 mg/kg trended towards significance, p=0.051).
There were no overall group differences or individual dif-
ferences verticality scores during either challenge, therefore
the results were not graphed.

Discussion

As psychedelics gain popularity in therapeutic and recre-
ational settings, it is important to investigate their derivatives
to see if there are any potential advantages to conventional
substances such as LSD, psilocybin, ketamine, or MDMA.

ditioned responding in stereotypy. (C) Moderate dose challenge fol-
lowing saline challenge on locomotion (left) and stereotypy (right).
Mice trained on 5 mg/kg displayed an increase in both locomotion
compared to controls, whereas mice trained on 1 mg/kg only shows
a significant difference in stereotypy. Asterisks identify significant
comparisons against the saline control group using Fisher’s PLSD
(*p<0.05, **p<0.01, and ***p<0.001)

6-APB is structurally similar to MDMA, an illicit drug that
has been found to be an effective but potentially unsafe ther-
apeutic for post-traumatic stress disorder (Kupferschmidt,
2024b). However, little research has been done to examine
the effects of 6-APB, a MDMA analogue that may be less
toxic than MDMA (Chan et al. 2013; Monte et al. 1993;
Rickli et al. 2015).

We first examined short- and long-term memory using
Pavlovian fear conditioning, with training on-drug and
testing one week later off-drug. We found that only a high
dose of 6-APB (5 mg/kg) significantly impaired short-term
fear memory on drug, while one week later, off-drug, long-
term context memory was also deficient only at that dose.
Together, this seems to suggest that 6-APB produces amne-
sic effects on both short-term and long-term fear memory
only at fairly high (5 mg/kg) doses. We also examined
baseline locomotion prior to the tone-shock pairing and
shock reactivity as potential confounds to impaired fear
conditioning. There was no significant difference in base-
line locomotion, however there was a significant decrease in
shock reactivity at 0.01 and 5 mg/kg. Further investigation
using the flinch, vocalize, jump task suggests that 6-APB
does not have an analgesic effect. However, this task was
developed around opioid analgesia, and as such may not
detect drug effects selectively affecting suffering (with-
out affecting nociception or pain perception), such as the
relief in suffering caused by many antidepressants. Hence,
it is possible that 6-APB could induce a state incompatible
with suffering, and therefore produce an apparent amnesia
of fear conditioning (e.g., Loeser 2000). This is beyond the
scope of this study, but should be considered. Nonetheless,
in terms of nociception, this data was inconsistent with an
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antinociceptive effect. In observing the mice walking on the
steel rod floors during fear conditioning, mice on 6-APB
seemed to have a low body posture and difficulty walking
on the rod floors on 5 mg/kg. This suggests that 6-APB may
have an ataxic effect that hinders the ability to jump or rear.
In order to further evaluate this potential motor impairment,
we examined gross motor skill acquisition and retention
with the Accelerating Rotarod. Mice on the high dose of
6-APB (5 mg/kg) had an impairment only on the first trial,
suggesting that this dose produces an acute motor impair-
ment but does not affect motor skill acquisition. Thus, fur-
ther exploration of this motor impairment is required, as
this result suggests that high doses of 6-APB could be quite
intoxicating.

For the most part, we did not see effects of 6-APB simi-
lar to psychostimulants in reward-seeking behaviors. There
was no significant conditioned place preference and weak
sensitization, but mice trained with 1 mg/kg displayed con-
ditioned responding during the saline challenge in measures
of stereotypy; a lack of conditioned responding to 5 mg/kg
could be due to a memory impairment previously observed
in fear conditioning. These findings imply 6-APB has some
potential to produce addiction, but the findings are fairly
similar to what we found with MDMA (Pantoni et al. 2022)
and dissimilar to those of classical psychostimulants (Car-
mack et al. 2010; Wood et al. 2007; Wood and Anagnostaras
2009). Brandt et al. (2020) demonstrated that 6-APB signifi-
cantly elevates extracellular dopamine levels in rat nucleus
accumbens using microdialysis. The nucleus accumbens has
been widely accepted as the brain region that is associated
with reward circuitry and drug abuse. More investigation
into 6-APB and other addiction-related paradigms is needed
in order to determine if 6-APB is habit forming, but it is
likely similar to MDMA in this respect, i.e., of lower risk of
producing addiction than amphetamine (Pantoni et al. 2022;
Pantoni and Anagnostaras 2019).

6-APB seems to impair short-term and long-term mem-
ory around 5 mg/kg, which is a higher dose compared to
MDMA, where memory impairment begins at 3 mg/kg
(Pantoni et al. 2022). According to one study, 6-APB was
able to elicit a significant elevation of dopamine in the
nucleus accumbens of rat brains at just 0.3 mg/kg (Brandt et
al. 2020). This finding is consistent with our studies, as we
saw some behavioral effects even at 0.01 mg/kg. This sug-
gests that there is a larger gap between potential therapeutic
doses and amnesic doses of this compound as compared to
MDMA, which increases its potential usefulness in applied
therapeutic settings.

Regarding the potential benefits and harms of this sub-
stance, more research is still needed, but 6-APB appears
to be similar to MDMA in many aspects (see Pantoni et
al. 2022). However, 6-APB seems to be more potent and
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potentially carries an added motor impairment. Due to its
reported entactogen-like effects, it might serve as a pro-
spective substitute for MDMA when looking specifically at
memory impairment (Brandt et al. 2020; Chan et al. 2013;
Welter et al. 2015). However, since there is an ataxic effect
that inhibits the ability to jump and rear at very low doses,
6-APB could pose a greater risk to users. In all, the pres-
ent data does not provide enough evidence to conclude that
6-APB could be a useful therapeutic, suggesting it is not the
desired low risk alternative that is currently sought after in
therapeutic contexts.

Supplementary Information The online version  contains
supplementary material available at https://doi.org/10.1007/s00213-0
26-07123-7.

Acknowledgements We gratefully acknowledge the various research
assistants in the Molecular Cognition Lab for their hard work dur-
ing this project. We also thank Roy Jungay and Gilberto Sanchez for
exceptional animal care.

Author contributions K.W. wrote the manuscript, prepared all figures,
helped with study design, and conducted the experiments. K. V. assisted
with experimental protocols and aided in experiments. L.C. assisted in
experiments. J.K. assisted with in experimental protocol. S.A. helped
design and plan the studies. All authors reviewed the manuscript.

Funding This work was supported by funding from the National In-
stitute of Health National Institute on Drug Abuse (grant DA020041
to S.G.A.), and the University of California, San Diego Altman Clini-
cal and Translational Research Institute, via the National Institute of
Health National Center for Advancing Translational Sciences (pro-
gram grant UL1TR001442).

Data availability Data is provided within the supplementary informa-
tion files.

Declarations
Clinical trial number Not applicable.

Competing interests The authors declare no competing interests.

References

Anagnostaras SG, Josselyn SA, Frankland PW, Silva AJ (2000) Com-
puter-Assisted Behavioral Assessment of Pavlovian fear condi-
tioning in mice. Learn Mem 7(1):58-72. https://doi.org/10.1101
/lm.7.1.58

Anagnostaras, S., Maren, S., Sage, J. et al. Scopolamine and Pavlovian
Fear Conditioning in Rats: Dose-Effect Analysis. Neuropsycho-
pharmacol 21, 731-744 (1999). https://doi.org/10.1016/s0893-1
33x(99)00083-4

Anagnostaras SG, Robinson TE (1996) Sensitization to the psychomo-
tor stimulant effects of amphetamine: Modulation by associative
learning. Behav Neurosci 110(6):1397—1414. https://doi.org/10.1
037/0735-7044.110.6.1397

Anagnostaras SG, Schallert T, Robinson TE (2002) Memory processes
governing amphetamine-induced psychomotor sensitization.


https://doi.org/10.1007/s00213-026-07123-7
https://doi.org/10.1007/s00213-026-07123-7
https://doi.org/10.1101/lm.7.1.58
https://doi.org/10.1101/lm.7.1.58
https://doi.org/10.1016/s0893-133x(99)00083-4
https://doi.org/10.1016/s0893-133x(99)00083-4
https://doi.org/10.1037/0735-7044.110.6.1397
https://doi.org/10.1037/0735-7044.110.6.1397

Psychopharmacology

Neuropsychopharmacology. ;26(6):703—15. https://doi.org/10.1
016/S0893-133X(01)00402-X.

Anagnostaras SG, Wood SC, Shuman T, Cai DJ, LeDuc AD, Zurn KR,
Zurn JB, Sage JR and Herrera GM (2010) Automated Assessment
of Pavlovian Conditioned Freezing and Shock Reactivity in Mice
Using the Video Freeze System. Front. Behav. Neurosci. 4:158.
https://doi.org/10.3389/fnbeh.2010.00158

Brandt SD, Walters HM, Partilla JS, Blough BE, Kavanagh PV,
Baumann MH (2020) The psychoactive aminoalkylbenzofuran
derivatives, 5-APB and 6-APB, mimic the effects of 3,4-methy-
lenedioxyamphetamine (MDA) on monoamine transmission in
male rats. Psychopharmacology 237(12):3703-3714. https://doi
.0rg/10.1007/300213-020-05648-z

Carmack SA, Howell KK, Rasaei K, Reas ET, Anagnostaras SG
(2014) Animal model of Methylphenidate’s long-term memory-
enhancing effects. Learn Mem 21(2):82—89. https://doi.org/10.1
101/lm.033613.113

Carmack SA, Koob GF, Anagnostaras SG (2017) Learning and mem-
ory in addiction. Learn Memory: Compr Ref 523-538. https://do
i.org/10.1016/b978-0-12-809324-5.21101-2

Carmack SA, Wood SC, Anagnostaras SG (2010) Amphetamine and
extinction of cued fear. Neurosci Lett 468(1):18-22. https://doi.o
1rg/10.1016/j.neulet.2009.10.049

Chan WL, Wood DM, Hudson S, Dargan PI (2013) Acute psychosis
associated with recreational use of benzofuran 6-(2-aminopropyl)
benzofuran (6-APB) and cannabis. J Med Toxicol 9(3):278-281.
https://doi.org/10.1007/s13181-013-0306-y

Clemens KJ, Cornish JL, Li KM, Hunt GE, McGregor IS (2005)
MDMA (‘Ecstasy’) and methamphetamine combined: order of
administration influences hyperthermic and long-term adverse
effects in female rats. Neuropharmacol 49:195-207. https://doi.
org/10.1016/j.neuropharm.2005.03.002

Dawson P, Opacka-Juffry J, Moffatt JD, Daniju Y, Dutta N, Ramsey
J, Davidson C (2014) The effects of Benzofury (5-APB) on the
dopamine transporter and 5-HT2-dependent vasoconstriction in
the rat. Prog Neuropsychopharmacol Biol Psychiatry 48:57-63.
https://doi.org/10.1016/j.pnpbp.2013.08.013

DeLorey TM, Handforth A, Anagnostaras SG, Homanics GE, Minas-
sian BA, Asatourian A, Fanselow MS, Delgado-Escueta A,
Ellison GD, Olsen RW (1998a) Mice lacking the B3subunit of
the GABAareceptor have the epilepsy phenotype and many
of the behavioral characteristics of Angelman syndrome.
J  Neurosci  18(20):8505-8514.  https://doi.org/10.1523/jn
eurosci.18-20-08505.1998

Faul F, Erdfelder E, Buchner A, Lang A-G (2009) Statistical power
analyses using G*Power 3.1: Tests for correlation and regression
analyses. Behav Res Methods 41:1149-1160

Faul F, Erdfelder E, Lang A-G, Buchner A (2007) G¥Power 3: A flex-
ible statistical power analysis program for the social, behavioral,
and biomedical sciences. Behav Res Methods 39:175-191

Itzhak Y, Ali SF, Achat CN, Anderson KL (2003) Relevance of MDMA
(ecstasy)-induced neurotoxicity to long-lasting psychomotor
stimulation in mice. Psychopharmacol 166:241-248. https://doi
.org/10.1007/s00213-002-1320-y

Iversen L, Gibbons S, Treble R, Setola V, Huang X-P, Roth BL (2013)
Neurochemical profiles of some novel psychoactive substances.
Eur J Pharmacol 700(1-3):147—151. https://doi.org/10.1016/j.ejp
har.2012.12.006

Kimble GA (1955) Shock intensity and avoidance learning. J Comp
Physiological Psychol 48(4):281-284. https://doi.org/10.1037/h
0047726

Kim, J. J., DeCola, J. P., Landeira-Fernandez, J., & Fanselow, M. S.
(1991). N-methyl-D-aspartate receptor antagonist APV blocks
acquisition but not expression of fear conditioning. Behavioral
Neuroscience, 105(1), 126—133. https://doi.org/10.1037/0735-70
44.105.1.126

Kovacsics CE, Gould TD (2010) Shock-induced aggression in mice is
modified by lithium. Pharmacol Biochem Behav 94(3):380-386.
https://doi.org/10.1016/j.pbb.2009.09.020

Kupferschmidt K (2024b) What’s next for psychedelics after MDMA
rejection? Science 385(6710):702—703. https://doi.org/10.1126/s
cience.ads4470

Ledberg A (2015) The interest in eight new psychoactive substances
before and after scheduling. Drug Alcohol Depend 152:73-78.
https://doi.org/10.1016/j.drugalcdep.2015.04.020

Lee C, Alstyne KR, Anagnostaras SG (2023) Effect of methylpheni-
date on Motor Skill Learning and consolidation. J Pharmacol Exp
Ther 385:403. https://doi.org/10.1124/jpet.122.538870del

Loeser JD (2000) Pain and suffering. Clin J Pain. ;16(2 Suppl):S2-6.
https://doi.org/10.1097/00002508-200006001-00002.

Monte AP, Marona-Lewicka D, Cozzi NV, Nichols DE (1993) Syn-
thesis and pharmacological examination of benzofuran, indan,
and tetralin analogs of 3,4-(methylenedioxy)amphetamine. ] Med
Chem 36(23):3700-3706. https://doi.org/10.1021/jm00075a027

Mueller M, Yuan J, McCann UD, Hatzidimitriou G, Ricaurte GA
(2013) Single oral doses of (+) 3,4-methylenedioxymetham-
phetamine (‘ecstasy’) produce lasting serotonergic deficits in
non-human primates: relationship to plasma drug and metabo-
lite concentrations. Int J Neuropsychopharmacol 16(4):791-801.
https://doi.org/10.1017/S1461145712000582

Pantoni MM, Anagnostaras SG (2019) Cognitive Effects of MDMA
in Laboratory Animals: A Systematic Review Focusing on Dose.
Pharmacol Rev. ;71(3):413—449. https://doi.org/10.1124/pr.118.0
17087. Erratum in: Pharmacol Rev. 2021;73(2):729. https://doi.or
2/10.1124/pr.118.017087.

Pantoni MM, Kim JL, Van Alstyne KR, Anagnostaras SG (2022)
MDMA and memory, addiction, and depression: dose-effect anal-
ysis. Psychopharmacology (Berl) 239(3):935-949. https://doi.org
/10.1007/500213-022-06086-9

Rickli A, Hoener MC, Liechti ME (2015) Monoamine transporter and
receptor interaction profiles of novel psychoactive substances:
Para-halogenated amphetamines and pyrovalerone cathinones.
Eur Neuropsychopharmacol 25(3):365-376. https://doi.org/10.1
016/j.euroneuro.2014.12.012

Robinson TE, Berridge KC (1993) The neural basis of drug craving:
An incentive-sensitization theory of addiction. Brain Res Rev
18(3):247-291

Schenk S, Newcombe D (2018) Methylenedioxymethamphetamine
(MDMA) in psychiatry. J Clin Psychopharmacol 38(6):632—-638.
https://doi.org/10.1097/jcp.0000000000000962

Simmler LD, Liechti ME (2018) Pharmacology of MDMA- and
amphetamine-like new psychoactive substances. New Psychoact
Substances 143—164. https://doi.org/10.1007/164 2018 113

Sneddon, E.A., Fennell, K.A., Bhati, S., Setters, J.E., Schuh, K.M.,
DeMedio, J.N. et al. (2023) Greater resistance to footshock pun-
ishment in female C57BL/6] mice responding for ethanol. Alco-
hol: Clinical and Experimental Research, 47, 678—686. Available
from: https://doi.org/10.1111/acer.15039

The 2024 Florida Statutes: DRUG ABUSE PREVENTION AND
CONTROL. Statutes & constitution: Online sunshine (2025). h
ttp://www.leg.state.fl.us/statutes/index.cfm?App_mode=Display
_ Statute&URL=0800-0899%2F0893%2F0893.html

Ugliengo P (2006) MOLDRAW: A Program to Display and Manipu-
late Molecular and Crystal Structures, Torino available on the
web at: http://www.moldraw.unito.it

Ugliengo P, Viterbo D, Chiari G (1993) MOLDRAW: molecular
graphics on a personal computer. Z Kristallogr - Cryst Mater
207(1-2):9-24. https://doi.org/10.1524/zkri.1993.207.12.9

Welter J, Brandt SD, Kavanagh P, Meyer MR, Maurer HH (2015)
Metabolic fate, mass spectral fragmentation, detectability, and
differentiation in urine of the benzofuran designer drugs 6-APB
and 6-MAPB in comparison to their S5-isomers using GC-MS and

@ Springer


https://doi.org/10.1016/S0893-133X(01)00402-X
https://doi.org/10.1016/S0893-133X(01)00402-X
https://doi.org/10.3389/fnbeh.2010.00158
https://doi.org/10.1007/s00213-020-05648-z
https://doi.org/10.1007/s00213-020-05648-z
https://doi.org/10.1101/lm.033613.113
https://doi.org/10.1101/lm.033613.113
https://doi.org/10.1016/b978-0-12-809324-5.21101-2
https://doi.org/10.1016/b978-0-12-809324-5.21101-2
https://doi.org/10.1016/j.neulet.2009.10.049
https://doi.org/10.1016/j.neulet.2009.10.049
https://doi.org/10.1007/s13181-013-0306-y
https://doi.org/10.1016/j.neuropharm.2005.03.002
https://doi.org/10.1016/j.neuropharm.2005.03.002
https://doi.org/10.1016/j.pnpbp.2013.08.013
https://doi.org/10.1523/jneurosci.18-20-08505.1998
https://doi.org/10.1523/jneurosci.18-20-08505.1998
https://doi.org/10.1007/s00213-002-1320-y
https://doi.org/10.1007/s00213-002-1320-y
https://doi.org/10.1016/j.ejphar.2012.12.006
https://doi.org/10.1016/j.ejphar.2012.12.006
https://doi.org/10.1037/h0047726
https://doi.org/10.1037/h0047726
https://doi.org/10.1037/0735-7044.105.1.126
https://doi.org/10.1037/0735-7044.105.1.126
https://doi.org/10.1016/j.pbb.2009.09.020
https://doi.org/10.1126/science.ads4470
https://doi.org/10.1126/science.ads4470
https://doi.org/10.1016/j.drugalcdep.2015.04.020
https://doi.org/10.1124/jpet.122.538870del
https://doi.org/10.1097/00002508-200006001-00002
https://doi.org/10.1021/jm00075a027
https://doi.org/10.1017/S1461145712000582
https://doi.org/10.1124/pr.118.017087
https://doi.org/10.1124/pr.118.017087
https://doi.org/10.1124/pr.118.017087err
https://doi.org/10.1124/pr.118.017087err
https://doi.org/10.1007/s00213-022-06086-9
https://doi.org/10.1007/s00213-022-06086-9
https://doi.org/10.1016/j.euroneuro.2014.12.012
https://doi.org/10.1016/j.euroneuro.2014.12.012
https://doi.org/10.1097/jcp.0000000000000962
https://doi.org/10.1007/164_2018_113
https://doi.org/10.1111/acer.15039
http://www.leg.state.fl.us/statutes/index.cfm?App_mode=Display_Statute%26URL=0800-0899%2F0893%2F0893.html
http://www.leg.state.fl.us/statutes/index.cfm?App_mode=Display_Statute%26URL=0800-0899%2F0893%2F0893.html
http://www.leg.state.fl.us/statutes/index.cfm?App_mode=Display_Statute%26URL=0800-0899%2F0893%2F0893.html
http://www.moldraw.unito.it
https://doi.org/10.1524/zkri.1993.207.12.9

Psychopharmacology

LC-(HR)-MSN techniques. Anal Bioanal Chem 407(12):3457—
3470. https://doi.org/10.1007/s00216-015-8552-2

Wood SC, Anagnostaras SG (2011) Interdependence of measures in
pavlovian conditioned freezing. Neurosci Lett 505(2):134-9.
https://doi.org/10.1016/j.neulet.2011.10.006

Wood SC, Anagnostaras SG (2009) Memory and psychostimulants:
modulation of Pavlovian fear conditioning by amphetamine in
C57BL/6 mice. Psychopharmacology (Berl) 202(1-3):197-206.
https://doi.org/10.1007/s00213-008-1185-9

Wood SC, Fay J, Sage JR, Anagnostaras SG (2007) Cocaine and pav-
lovian fear conditioning: dose-effect analysis. Behav Brain Res
176(2):244-50. https://doi.org/10.1016/j.bbr.2006.10.008

@ Springer

Publisher’s note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.


https://doi.org/10.1007/s00216-015-8552-2
https://doi.org/10.1016/j.neulet.2011.10.006
https://doi.org/10.1007/s00213-008-1185-9
https://doi.org/10.1016/j.bbr.2006.10.008

	﻿Dose-effect analysis of 6-APB (“Benzofury”) on fear memory, motor behavior, and reward
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Subjects
	﻿Drug
	﻿Fear conditioning
	﻿Flinch, vocalize, jump (FVJ)
	﻿Accelerating Rotarod
	﻿Behavioral sensitization, conditioned place preference, and conditioned responding
	﻿Statistical analyses

	﻿Results




