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Abstract
Despite several studies suggesting the therapeutic use of 5-hydroxytryptamine receptors type 2A (5-HT2A) agonists in the treatment of substance use disorders, the neurobiological basis accounting for such effects are still unknown. It has been observed
that chronic exposure to drugs of abuse produces molecular and cellular adaptations in ventral tegmental area (VTA) neurons,
mediated by brain-derived neurotrophic factor (BDNF). These BDNF-induced adaptations in the VTA are associated with the
establishment of aversive withdrawal motivation that leads to a drug-dependent state. Growing evidence suggests that 5-HT2A
receptor signaling can regulate the expression of BDNF in the brain. In this study, we observed that a single systemic or intraVTA administration of a 5-HT2A agonist in rats and mice blocks both the aversive conditioned response to drug withdrawal and
the mechanism responsible for switching from a drug-naive to a drug-dependent motivational system. Our results suggest that 5HT2A agonists could be used as therapeutic agents to reverse a drug dependent state, as well as inhibiting the aversive effects
produced by drug withdrawal.

Introduction
Drug addiction is a chronically relapsing disorder involving substance dependence, loss of control, withdrawal, and serious longterm consequences such as physical and psychological disorders
(Leshner, 1997). Addiction to substances of abuse, including nicotine, alcohol, and illicit drugs, contributes to more than 10% of all
deaths worldwide (World Health Organization, 2011). Furthermore,
approximately two-thirds of drug addicts who attempt to quit will
relapse (NIDA, 2008), highlighting the urgent need to develop novel
and more effective treatments.
Drug addiction is a pathological state that involves a complex
interaction among cognitive, emotional, and motivational processes
with a substance of abuse (Leshner, 1997). Recent evidence shows
that neurobiological adaptations in brain reward circuitry occur after
substance abuse, leading to the aversive withdrawal experience,
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compulsive drug consumption, and relapse (Koob & Volkow, 2010;
Grieder et al., 2014; Vargas-Perez et al., 2014). Furthermore, it has
been observed that the transition from a nondependent to a drugdependent motivational state involves increased activity of brainderived neurotrophic factor (BDNF) in the ventral tegmental area
(VTA) of the brain reward system (Vargas-Perez et al., 2009a,b).
These BDNF-mediated adaptations in the brain reward circuit are
necessary and sufﬁcient to set up aversive motivational mechanisms
in response to drug withdrawal and, in turn, produce and maintain a
state of dependency (Grieder et al., 2014; Vargas-Perez et al.,
2014).
Recent research suggests that increased levels of BDNF in the
VTA induce the transition from a drug-naive to an opiate-dependent
and withdrawn state, as a consequence of switching the neuronal
substrates of drug motivation from a dopamine-independent motivational system involving the brainstem tegmental pedunculopontine
nucleus (TPP), to a dopamine-dependent pathway (Vargas-Perez
et al., 2009b). This transition is associated with a change in gammaaminobutyric acid type A (GABAA) receptor activity on VTA
GABA neurons: from hyperpolarizing (inhibitory) in naive animals,
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to depolarizing (excitatory) in drug-deprived animals or in drugnaive animals treated with intra-VTA BDNF (Vargas-Perez et al.,
2009b; Ting-A-Kee et al., 2013). Accordingly, the disruption of
intra-VTA BDNF signaling by means of selective knock down of
tropomyosin-receptor-kinase type B (TrkB) receptor expression in
the VTA, blocks this shift from inhibitory to excitatory GABAA
receptor signaling, and keeps animals in a drug naive-like motivational state (Vargas-Perez et al., 2014). Therefore, the manipulation
of intra-VTA BDNF signaling constitutes a promising target for
novel addiction treatments.
It has been suggested that the serotonin (5-Hydroxytryptamine, 5HT) neurotransmitter system regulates GABA neurons in the VTA
(Bankson & Yamamoto, 2004). 5-HT has long been implicated in
the modulation of aversive motivation (Cools et al., 2008) and the
transition to, and maintenance of, drug addiction (M€uller & Homberg, 2015). Furthermore, the 5-HT receptors type 2A (5-HT2A),
which are expressed on VTA dopaminergic and GABAergic neurons
(Doherty & Pickel, 2000; Nocjar et al., 2002), differentially regulates the expression of BDNF in the brain (Vaidya et al., 1999). It
has been suggested that 5-HT2A agonists could reduce the expression of BDNF in GABAergic interneurons (Vaidya et al., 1999;
Hamon & Blier, 2013). Thus, we hypothesized that the administration of a 5-HT2A agonist would block both the aversive conditioned
response to drug withdrawal and the development of the drugdependent state.
To test this hypothesis, we used the non-selective 5-HT2A agonist
4-Acetoxy-Dimethyltryptamine (4-AcO-DMT) in chronic opiate-,
chronic nicotine- or intra-VTA BDNF-treated but previously drug
naive rodents. We observed that the systemic or intra-VTA administration of 4-AcO-DMT prevented the switch from a drug-naive to a
drug-dependent motivational state, and also blocked the conditioned
aversive response to drug withdrawal.

Materials and methods
Animals
Male Wistar rats (Charles River) weighing 350–500 g and male
C57BL/6 mice (Charles River) weighing 25–30 g were housed individually in Plexiglas cages in a room maintained at 22 °C and lit
from 7:00 A.M. to 7:00 P.M. Rats and mice were given food and
water ad libitum throughout the experiment. The University of Toronto Animal Care Committee approved all experiments in accordance with the Canadian Council on Animal Care guidelines.
Drugs and microinjection procedure
BDNF (Sigma) was dissolved in phosphate-buffered saline (pH
adjusted to 7.4) and infused intra-VTA. Alpha-ﬂupenthixol (Sigma)
and morphine sulfate (Almat Pharmachem) were dissolved in 0.9%
saline and injected intra-peritoneally (i.p.). Diacetylmorphine
hydrochloride (heroin; Almat Pharmachem) was dissolved in 0.9%
saline and injected subcutaneously (s.c.). Nicotine hydrogen tartrate
salt (Sigma) was dissolved in saline (pH 7.4) and administered via
osmotic minipumps (chronic nicotine, minipump model 1002, Alzet)
or subcutaneous (s.c.) injection (acute nicotine). 4-AcO-DMT
(Avanztec) was dissolved in 0.9% saline and injected i.p., or
dissolved in phosphate-buffered saline (pH 7.4) for intra-VTA
infusions.
VTA microinjections (0.5 lL volume per infusion) were performed over 1 min. Injectors were left in place for a further 1 min
to ensure adequate diffusion from the injector tip.

Blockade of dopaminergic system
The dopaminergic system was blocked with systemic administration
of the neuroleptic alpha-ﬂupenthixol (0.8 mg/kg, i.p.) which antagonizes both D1 and D2 type receptors, injected 2.5 h before conditioning in rats and 1 h before conditioning in mice.
Induction of drug dependence
To induce opiate dependence in rats, animals received 0.5 mg/kg
s.c. injections of heroin daily for 5 days prior to conditioning until
the end of the conditioning schedule (Laviolette et al., 2004). Opiate
dependent and withdrawal animals were conditioned for the motivational effects of morphine 21 h after their last heroin injection. During conditioning days, this dose of heroin was administered as a
maintenance dose 3.25 h after the termination of conditioning
sessions.
A group of mice was induced to a drug dependent-like effect by
means of a single intra-VTA BDNF (0.25 lg) infusion (VargasPerez et al., 2009a,b; Ting-A-Kee et al., 2013), Mice were left to
recover for 7 days before they were used in behavioral experiments.
Mice were made nicotine dependent by the implantation of subcutaneous osmotic mini pumps (Model 1002; Alzet) containing nicotine (7 mg/kg/day) dissolved in saline solution (pH 7.4; Grieder
et al., 2014). The pumps delivered nicotine for 12 days and then
experiments were performed 8 h following surgical removal of the
pumps, when the animal was experiencing peak somatic and motivational withdrawal (Grieder et al., 2010).
Surgery and histology
Animals were anesthetized with inhaled isoﬂurane (3–5% to induce
anesthesia and 2–3% to maintain anesthesia) and placed in a stereotaxic device. For microinfusion cannulae in rats, 22-gauge stainless
steel guide cannulae (Plastics One, Roanoke, VA, USA) were bilaterally implanted 2 mm dorsal to the VTA at a 10° angle using the
following coordinates relative to bregma: AP,
5.6 mm; ML,
2.3 mm and DV, 7.8 mm from the dural surface. At least
2 weeks were allowed for post-surgical recovery preceding behavioral training.
Infusions of BDNF were performed bilaterally by injecting
0.25 lL total of a 0.5 lg/lL concentration of BDNF dissolved in
phosphate buffered saline (PBS; pH = 7.4). Microinfusions were
performed with a 5 lL Hamilton microsyringe (VWR), needle blunt
point style (33-gauge), over a 5 min period after which the injector
was left in place for an additional 1 min to allow for diffusion of
the solution from the injector tip. The VTA injection coordinates,
from bregma, were: AP,
3.0 mm; ML,
0.6 mm; and DV,
4.1 mm from the dural surface. Animals were given 1 week of
recovery time before conditioning.
At the end of experiments, animals were deeply anesthetized with
sodium pentobarbital (Somnotol, 0.8 mL⁄kg, i.p.) and were perfused
transcardially with 0.9% saline followed by 10% formalin. Brains
were rapidly removed and stored for 12 h in 25% sucrose in a 10%
formalin solution. Brains were then ﬂash-frozen at 70 °C, sliced in
a freezing microtome at 20 °C into 40 lm-thick sections, and
mounted on gelatin-coated slides. Sections from the VTA were processed for cresyl violet staining and subsequently examined by light
microscopy to ensure correct placement of cannulae.
For the implantation of osmotic minipumps in mice, animals were
anesthetized by inhalation of 5% isoﬂuorane in oxygen (1–2% maintenance), an incision made between the scapulae, and the minipump
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placed subcutaneously between the scapulae parallel to the spine.
After minipump implantation, the surgical incision was sutured and
treated with antibiotic cream.

mice were pretreated with a single administration of 4-AcO-DMT
(10 mg/kg i.p.) 1 day before minipump implantation (Early) to
observe the effects of nicotine administration in nicotine dependent
animals (Fig. 1e and f).

Pretreatment with 4-AcO-DMT
4-AcO-DMT was used to test the effects of systemic (4 mg/kg in
rats, Walters et al., 1978; File, 1977; 10 mg/kg in mice, Shan &
Hedden, 1978) or intra-VTA (0.25 lg) acute administration of 5HT2A agonists in subjects experiencing an aversive motivational
state produced by drug withdrawal or the development of a drugdependent state.
Intra-VTA Infusions of 4-AcO-DMT were performed bilaterally
by injecting 0.25 lL total (Smyth et al., 1998) of a 0.5 lg/lL concentration of BDNF dissolved in phosphate buffered saline (PBS;
pH = 7.4). Sham controls received bilateral injections of PBS alone.
Microinfusions were performed with an internal cannulae (injector,
Plastics One, Roanoke, VA, USA), blunt point style (28-gauge),
over a 5 min period after which the injector was left in place for an
additional 1 min to allow for diffusion of the solution from the
injector tip.
Experimental design
The ﬁrst set of experiments was designed to test if a single 4-AcODMT administration can switch a subject from a dopamine mediated
opiate dependent state back to a nondependent (non dopamine mediated) state. Rats were made opiate dependent by administering daily
heroin injections by 5 days; a group of mice were intra-VTA
infused with BDNF (0.25 lg) to induce a dependent-like state.
Dependent rats were pretreated with a single administration of 4AcO-DMT (4 mg/kg i.p., or 0.25 lg intra-VTA) 1 day before conditioning sessions started. Intra-VTA BDNF-infused mice were pretreated with a single administration of 4-AcO-DMT (10 mg/kg i.p.)
1 day before conditioning sessions started. Place preference conditioning and testing were performed to observe whether opiate
reward was blocked by alpha-ﬂupenthixol administration. Thus, animals received a single dose of 4-AcO-DMT prior to morphine conditioning and alpha-ﬂupenthixol administration (Fig. 1a and b).
The second set of experiments was aimed to test the effects of
pretreatment with a single i.p., injection of 4-AcO-DMT on the
development of a drug-withdrawal induced aversive motivational
state in opiate dependent animals. Rats were made opiate dependent
by administering daily heroin injections by 5 days. Opiate dependent rats were pretreated with a single administration of 4-AcODMT (4 mg/kg i.p.) 1 day before conditioning sessions started.
Place preference conditioning and testing were performed to test the
motivational effects of spontaneous withdrawal from opiates in
dependent rats and naloxone-precipitated withdrawal (5 mg/kg) in
opiate dependent rats (Fig. 1c and d).
In the third set of experiments, we examined whether 4-AcODMT administration would prevent the conditioned motivational
responses to nicotine in nicotine-dependent mice. A group of nicotine naive mice were pretreated with a single administration of 4AcO-DMT (10 mg/kg i.p.) 1 day before minipump implantation
(Early group). A group of nicotine dependent mice received a single
injection of 4-AcO-DMT (10 mg/kg i.p.) just after minipump
removal (Late group). There was a group that received two injections (1 day before minipump implantation and just after minipump
removal = Early plus Late group) of 4-AcO-DMT (10 mg/kg i.p.)
before conditioning. These groups were tested for the motivational
effects of nicotine withdrawal. Finally, a group of nicotine naive

Place preference conditioning
Mice and rats were conditioned as described previously (VargasPerez et al., 2014). Brieﬂy, mice were conditioned in an apparatus
consisting
of
two
different
environments
measuring
15 9 15 9 15 cm (Med Associates, SOF-700RA-25). One environment was black with a metal rod ﬂoor and the other was white with
a wire mesh ﬂoor. These conditioning environments are motivationally balanced such that animals show no initial preference for either
environment before conditioning (Grieder et al., 2010). An intermediate gray area housed a removable partition. Each cage was cleaned
between animals and each group was fully counterbalanced. During
preference testing, the dividing partition was removed and mice
were given free access to both environments. A single 10 min preference-testing session was performed at least 2 days after the last
conditioning day, when mice were drug- and withdrawal-free.
Behavioral testing for rats consisted of three phases: pre-exposure,
conditioning, and testing. The pre-exposure phase comprised a single 20-min session in separate boxes (41 9 41 9 38 cm) painted
gray with a gray ﬂoor. Conditioning took place in one of two distinct environments (41 9 41 9 38 cm), which differed in color,
texture, and smell. One environment was white, with a wire mesh
ﬂoor. The other environment was black, with a smooth Plexiglas
ﬂoor that was wiped down with a 12% acetic acid solution before
each conditioning session. These conditioning environments are
motivationally balanced such that animals show no initial preference
for either environment before conditioning (Laviolette et al., 2004).
During testing, each rat was placed in the neutral gray zone
(41 9 10 cm) that separated the two compartments and was allowed
to explore both environments freely for a period of 10 min.
The conditioning phase consisted of four to eight sessions of
40 min each for rats. The conditioning phase in BDNF-treated mice
consisted of eight sessions of 15 min, and in nicotine-treated mice
conditioning consisted of a single session of 1 h. All place conditioning and tests were performed between 08:30 and 19:00 h.
Procedure B (both drug and withdrawal pairing). In this procedure, animals were exposed to both conditioning environments in a
fully counterbalanced order. Thus, each animal experienced the
effects of a drug in one environment and the lack of drug, just the
vehicle saline injection (the effects of withdrawal), in the other environment. All experimental groups received four drug- environment
and four withdrawal-environment conditioning sessions over 8 consecutive days. Conditioning was performed immediately after drug
or saline injection. Testing was performed drug-free, at least 2 days
after the ﬁnal conditioning session. The difference score for each
animal was calculated by subtracting the time spent in the withdrawal-paired environment from the time spent in the drug-paired
environment. Under this place conditioning procedure we assessed
the motivational effects of i.p., morphine (10 mg/kg in mice and
rats) and naloxone-precipitated withdrawal (5 mg/kg in rats). In
dependent rats and BDNF-treated mice, morphine was administrated
after the blockade of the dopaminergic system with the neuroleptic
alpha-ﬂupenthixol (0.8 mg/kg, i.p.).
Procedure D (drug only) was a modiﬁed place conditioning procedure used to measure the motivational effects of drug administration
on its own. Conditioning took place in only the drug-paired environment of the place conditioning apparatus. Each animal was injected
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Fig. 1. Schematic descriptions of the experimental timelines. (a and b) First set of experiments. (c and d) Second set of experiments. (e and f) Third set of
experiments. [Colour ﬁgure can be viewed at wileyonlinelibrary.com].

with drug and conﬁned to one of the environments immediately
after drug administration. On the alternate day, the animal was
injected with saline solution and immediately put back in their home
cage. Since the animals were never allowed to experience withdrawal in the other compartment of the place conditioning apparatus,
this procedure is thought to measure the conditioned motivational
effects for the drug itself (Bechara et al., 1995). After testing, the
difference score for each animal was calculated by subtracting
the time spent in the non-paired environment from the time spent in
the drug-paired environment. This procedure was used to assess the
effects of pretreatment with a single 4-AcO-DMT administration in
chronic nicotine dependent and withdrawn animals. During nicotine
withdrawal, 8 h after a nicotine-containing minipump was removed,
nicotine (1.5 mg/kg) or its control saline was administered and the
animals were immediately conﬁned to one of the conditioning

environments for 1 h. In this way, the motivational effects of
chronic nicotine in a dependent animal were assessed.
In procedure W (withdrawal only), conditioning took place in
only the withdrawal-paired environment of the place conditioning
apparatus. During a state of drug withdrawal, 16 h after the last
injection of opiate, each animal was injected with saline vehicle and
then exposed immediately to a distinct conditioning environment.
As a result, one of the two compartments was paired with the
absence a previously administered drug and the other was an unfamiliar, neutral environment. Animals were tested drug-free at least
2 days after the last conditioning session. The times spent in each
environment were recorded over 10 min test periods. The difference
score for each animal was calculated by subtracting the time spent
in the non-paired environment from the time spent in the withdrawal-paired environment. Under this procedure we tested the
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motivational effects of spontaneous withdrawal from opiates in
dependent rats (Bechara et al., 1995; Vargas-Perez et al., 2007,
2009a). Procedure W also was used for nicotine dependent and
withdrawn experiments in mice (Grieder et al., 2010). Mice received
a sham surgery in which the minipump was removed and replaced
immediately, controlling for any effects of surgery. For the remainder of the day, the animal was conﬁned to its home cage. On the
conditioning day, the minipump was removed and mice were conﬁned for 1 h to one of the conditioning environments for a single
session after 8 h, when the animal was experiencing the most
intense withdrawal (Grieder et al., 2010).
Statistical analyses
Results were analyzed using a one-way analysis of variance (ANOVA)
and Student’s t-tests where appropriate. In all cases, a normality test
and an equal variance test were performed before the ANOVA to
ensure its validity. Post hoc Duncan’s tests were used where appropriate. Data from each group are shown as a mean line, with dots
representing the scores of single individuals.

Results
4-AcO-DMT switches an animal back to a drug nondependent
motivational state
To examine if a single administration of 4-AcO-DMT could reverse
the switch to a dopamine mediated opiate dependent motivational
state, we made rats opiate dependent by administering daily heroin
injections and used the B procedure to test whether opiate reward
was blocked by alpha-ﬂupenthixol administration after the single 4AcO-DMT pretreatment. A one-way ANOVA showed a signiﬁcant
effect of treatment in both rats (F4,39 = 8.76, P = 0.00005, Fig. 2a)
and mice (F2,23 = 5.71, P = 0.01, Fig. 2b). Opiate-dependent rats
intra-VTA infused with saline and injected with systemic alpha-ﬂupenthixol did not show any place preference (n = 8, P = 0.63),
while opiate-dependent rats that received a single 4-AcO-DMT
injection into the VTA showed a place preference for an environment where they received morphine administration that was not
blocked by alpha-ﬂupenthixol (n = 8, P = 0.0008). These results
suggest that intra-VTA 4-AcO-DMT can switch a subject from a
dopamine mediated opiate dependent state back to a nondependent
(non dopamine mediated) state.
The speciﬁcity of this effect was demonstrated further by results
showing opiate-dependent rats that received intracerebral 4-AcODMT rostral, ventral, or lateral to the VTA (misplaced cannulae,
Fig. S1) did not show conditioned place preferences for the motivational effects of morphine after alpha-ﬂupenthixol pretreatment compared to the morphine control group (n = 8, P = 0.038). In addition, a
single administration of systemic 4-AcO-DMT had the same effect as
intra-VTA 4-AcO-DMT, such that the place preferences induced by
the motivational effects of morphine were not blocked by alpha-ﬂupenthixol pretreatment (n = 8, P = 0.85). These results suggest that a
5-HT2A agonist administered systemically can revert a drug dependent
animal back to a drug nondependent motivational state.
Similar to the rat results, when mice that were in a BDNFinduced-dependent state were pretreated with alpha-ﬂupenthixol,
they did not show a conditioned place preference for the motivational effects of morphine administration (n = 8, P = 0.01). However, BDNF-induced dependent mice pretreated with a single
systemic 4-AcO-DMT injection (n = 8, P = 0.53) showed conditioned place preferences for environments paired with the

Fig. 2. 4-AcO-DMT can reverse a dependent motivational state. (a) Disruption of dopaminergic signaling with a broad spectrum neuroleptic (alpha-ﬂupenthixol, 0.8 mg/kg) blocked the rewarding effects of morphine (10 mg/kg)
in opiate dependent rats pretreated with Intra-VTA PBS n = 8, P = 0.0008,
compared to rats pretreated with single i.p., (4 mg/kg, n = 8, P = 0.85, or
intra-VTA (0.25 lg, n = 8, P = 0.53) administrations of 4-AcO-DMT, where
neuroleptics failed to block morphine place preferences. Compared to the
intra-VTA PBS control group which showed a morphine place preference,
opiate dependent rats receiving administration of 4-AcO-DMT through cannulae outside of the VTA (misplaced cannulae) did not show conditioned
place preferences for the motivational effects of morphine after neuroleptic
pretreatment (n = 8, P = 0.038) (b) Disruption of dopaminergic signaling
with a neuroleptic (alpha-ﬂupenthixol, 0.8 mg/kg) blocked the rewarding
effects of morphine (10 mg/kg) in BDNF-induced dependent mice (n = 8,
P = 0.01), but did not block the rewarding effects of morphine in a group
receiving a single i.p., (n = 8, P = 0.53) administration of 4-AcO-DMT
(10 mg/kg, n = 8). Each dot represents a single individual (*P < 0.05,
**P < 0.01). [Colour ﬁgure can be viewed at wileyonlinelibrary.com].

motivational effects of morphine, which were not blocked by alphaﬂupenthixol. These results lend support to the hypothesis that a single injection of the 5-HT2A agonist 4-AcO-DMT given systemically
can switch the motivational state of a subject back to a ‘drug-naive’
state, even after chronic opiate exposure or intra-VTA BDNF
administration has produced a dependent motivational state.
4-AcO-DMT prevents the conditioned aversive response to
opiate withdrawal
The effects of pretreatment with a single i.p. injection of 4-AcODMT on the development of a drug-withdrawal induced aversive
motivational state were tested using place conditioning. Using the
W procedure in opiate-dependent rats, t-tests showed that the conditioned place aversion associated with opiate withdrawal was blocked
in 4-AcO-DMT pretreated rats (t14 = 2.83, n = 8, P = 0.01, Fig. 3a)
compared with saline pretreated rats (which show conditioned place
aversions to an environment paired with 16 h of opiate withdrawal).
However, using the B procedure in dependent rats, the place aversions induced by the administration of the opioid antagonist naloxone (that are seen in both opiate-na€ıve as well as opiate-dependent
animals) were not blocked in 4-AcO-DMT pretreated rats
(t14 = 0.38, n = 8, P = 0.70, Fig. 3a), compared with control saline
pretreated rats. These results suggest that similar to what occurs with
the blockade of BDNF signaling (Vargas-Perez et al., 2014), 4AcO-DMT administration is able to prevent the development of the
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nicotine-paired environment (n = 8, P = 0.0001), suggesting that
nicotine is rewarding in a nicotine-dependent and withdrawn animal.
Pretreatment with a single injection of systemic 4-AcO-DMT prior
to chronic nicotine administration blocked the expression of both
the nicotine withdrawal aversion (n = 8, P = 0.01) and acute nicotine place preference (n = 8, P = 0.007), suggesting that 4-AcODMT administration may prevent the rewarding motivational effects
of nicotine in nicotine-dependent mice by blocking the aversion to
withdrawal (thus blocking negative reinforcement).

Discussion

Fig. 3. 4-AcO-DMT blocked the aversive motivation produced from spontaneous drug withdrawal. (a) Pretreatment with a single administration of 4AcO-DMT (4 mg/kg) blocked the place aversion for 16 h of abstinence from
morphine (3 mg/kg) in dependent rats (n = 8, P = 0.01), but not in opiate
dependent animals pretreated with saline (n = 8). In contrast, a single administration of 4-AcO-DMT did not block naloxone-conditioned (5 mg/kg) place
aversions (n = 8, P = 0.70). (b) Compared with saline pretreated animals,
pretreatment with 4-AcO-DMT (10 mg/kg), before (Early) nicotine minipump implantation (7 mg/kg/day, free base) and/or after (Late) minipump
removal, blocked the place aversions for environments paired at 8 h after
nicotine withdrawal in mice (P = 0.01). (c) The Early pretreatment with a
single administration of 4-AcO-DMT (i.p., 10 mg/kg) blocked both a nicotine withdrawal aversion (P = 0.01) and the reward (P = 0.007) produced by
a single dose of nicotine (1.75 mg/kg, s.c.) in nicotine dependent animals.
Each dot represents a single individual (**P < 0.01). [Colour ﬁgure can be
viewed at wileyonlinelibrary.com].

aversive motivational state induced by spontaneous withdrawal from
opiate administration.
4-AcO-DMT prevents the conditioned motivational responses
to nicotine in dependent mice
We next examined whether 4-AcO-DMT administration would prevent nicotine withdrawal aversions. Similar to opiate-dependent and
withdrawn rats, when nicotine dependent and withdrawn mice were
conditioned in the W procedure, a one-way ANOVA showed an effect
of treatment (F4,31 = 3.87, P = 0.01, Fig. 3b). Compared with saline
pretreated animals, the pretreatment with 4-AcO-DMT before (Early,
N = 8, P = 0.005) nicotine minipump implantation, after (Late,
N = 8, P = 0.006) minipump removal, or at both times (Early and
Late, N = 8, P = 0.01), blocked the place aversion for 8 h of nicotine withdrawal in mice. These results suggest that a single administration of 4-AcO-DMT can prevent the aversive motivational
response to nicotine withdrawal.
To investigate whether 4-AcO-DMT would also affect conditioned nicotine reward in nicotine-dependent and withdrawn mice,
we gave a single injection of nicotine to mice that were in nicotine
withdrawal in the D procedure. A one-way ANOVA showed an effect
of treatment (F4,31 = 12.15, P = 0.00003, Fig. 3c). Control mice
that received saline showed a conditioned place preference for the

Several lines of evidence suggest that the aversive motivational state,
elicited by the withdrawal of a drug, constitutes one of the main drivers of addiction (Koob & Le Moal, 2001; Vargas-Perez et al., 2007,
2009a). In particular, it has been observed that the constant cycle of
drug administration required to ‘escape’ from the negative state of
drug withdrawal produces BDNF-related neural plasticity in the VTA,
which is itself necessary (Vargas-Perez et al., 2014) and sufﬁcient
(Vargas-Perez et al., 2009b) to develop a drug-dependent motivational
state. In this study using a place preference paradigm, we observed
that similar to what occurs with the blockade of BDNF signaling in
the VTA (Vargas-Perez et al., 2014), a single systemic or intra-VTA
administration of the 5-HT2A agonist 4-AcO-DMT is sufﬁcient to prevent or reverse the switch from a drug-naive to a drug-dependent motivational state. Pretreatment of 4-AcO-DMT prevents the switch to a
dopamine-dependent reward motivational system, regardless of
whether this dependent state was produced by chronic administration
of opiates or by intra-VTA BDNF administration. Furthermore, a single administration of 4-AcO-DMT was sufﬁcient to block the aversive
motivational effects produced by withdrawal from chronic opiate and
chronic nicotine administration. However, these last effects are not
related to a general loss in the ability to detect aversive events, as animals pretreated with 4-AcO-DMT were able to demonstrate conditioned place aversions induced by the opioid receptor antagonist
naloxone (which produces aversions in both the drug-na€ıve and drugdependent states; Vargas-Perez et al., 2014).
Remarkably, a single 4-AcO-DMT administration had a protective
effect against the development of aversive motivation – even if administered prior to chronic exposure to the drug of abuse. We observed
that drug-naive animals pretreated with 4-AcO-DMT did not demonstrate withdrawal aversions after chronic nicotine exposure. Furthermore, the capacity of acute nicotine administrations to change from
aversive (in drug-naive animals) to rewarding (in drug-dependent animals) was blocked. Acute nicotine was no longer able to relieve aversion in nicotine-withdrawn animals if they were pretreated with 4AcO-DMT. These results suggest that 4-AcO-DMT prevented the
development of nicotine withdrawal in these animals. These results
are in line with recent ﬁndings in human populations suggesting that
5-HT2A agonist administration is a potentially efﬁcacious adjunct to
current smoking cessation treatment models (Johnson et al., 2014).
The precise VTA adaptations induced by 4-AcO-DMT that could
lead to the longer term outcomes of preventing and reversing the development of a drug dependent motivation state currently are unclear. It is
known that BDNF and 5-HT2A signaling are closely intertwined, both
5-HT and TrkB signaling are involved in the modulation of longer term
neuronal survival and plasticity (Mattson et al., 2004). It is unknown if
these effects are caused by 5-HT2A/TrkB direct interactions or downstream 5-HT2A signaling/BNDF signaling interactions. Additionally,
some reports suggest that 5-HT2A receptor agonists are able to downregulate cyclic adenosine monophosphate (cAMP) production, which
could leads to a decrease in BDNF transcription in GABAergic
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interneurons (Vaidya et al., 1997; Martinowich & Lu, 2008). The
mechanism that may underlies this potential neural and cell type
dependent effects are still unknown. However, this neuronal change, in
addition to preventing and/or reversing a depolarizing GABAergic
response, could cause a substantial change in the inhibitory GABAergic signaling over VTA dopaminergic neurons, thereby altering considerably the activity of the mesolimbic dopaminergic system and
perhaps producing a robust and long-lasting positive motivational state
(White, 1996; Ting-A-Kee et al., 2013).
It has been observed that 5-HT2A is able to regulate aberrant glutamatergic activity, activity which is suggested to play an important role
in the neuronal changes associated with the development and progression of aversive motivational states that can lead to depression and
addiction (Marek et al., 2000). 5-HT2A receptors are capable of forming heteromeric complexes with metabotropic glutamate (mGlu)
receptors. 5-HT2A and mGlu receptors physiologically bind each
other, leading to reciprocal regulation of their functions (GonzalezMaeso et al., 2008; Moreno et al., 2012). Also, 5-HT signaling can
interact with N-Methyl-D-aspartate (NMDA) receptors, regulating
neuronal ﬁring (Yuen et al., 2008; Zhong et al., 2008). Indeed, it has
been observed that the regulation of glutamatergic activity with the
non-competitive NMDA antagonist ketamine causes rapid relief from
aversive motivational symptoms related to depression in as quickly as
a couple of hours (Lapidus et al., 2013; Niciu et al., 2014). However,
possibly due to dynamic trafﬁcking of synaptic NMDA receptors, the
duration of this effect is limited to less than a couple of weeks and in
the best of best of cases to 2 months (Lapidus et al., 2013; Niciu
et al., 2014). The potential therapeutic impact of 5-HT2A receptor
agonists may last signiﬁcantly longer, over 6 months and perhaps,
even years (Grifﬁths et al., 2008; Johnson et al., 2008, 2014). This
may suggest an important role for 5-HT2A receptors in the long-term
regulation of synaptic plasticity.
Taken together, our results suggest that a single administration of a
5-HT2A agonist can prevent and reverse the VTA neural modiﬁcations
controlling the switch from a drug-nondependent to a drug-dependent
motivational state, including the production of aversive withdrawal
motivation. A single administration of 4-AcO-DMT can reverse the
switch to a dependent motivational state, possibly by preventing the
up-regulation of BDNF and thus the key neural changes in the VTA
that mediate the aversive effects produced by drug withdrawal and the
development of a drug-dependent state. However, more research is
needed to conclude that the behavioral effects observed were caused
solely by regulation of BDNF and 5-HT2A receptor activation.
Our results are in agreement with pre-clinical studies suggesting
that the use of 5-HT2A agonists may be useful as therapeutic agents in
the treatment of addiction (de Rios et al., 2002; Thomas et al., 2013;
Johnson et al., 2014; Loizaga-Velder & Verres, 2014). Indeed, the
ﬁndings are consistent with data showing that administration of 5HT2A receptor agonists is negatively correlated with the development
of addictive behavior in human populations (Gable, 2007). Furthermore, 5-HT2A receptor agonists have been reported to be therapeutically useful (Vargas-Perez & Doblin, 2013) in producing long-lasting
relief from the negative symptoms associated with aversive motivational states such depression (de Lima Osorio et al., 2015) and addiction (Thomas et al., 2013; Loizaga-Velder & Verres, 2014).

Supporting Information
Additional supporting information can be found in the online version of this article:
Fig. S1. Schematic representation of the misplaced cannulae for the
4-AcO-DMT infusions in rats: cannulae that were rostral, ventral, or

lateral to the VTA. Xs mark the tips of representative misplaced
cannulae. The coordinates are relative to bregma. (CP, cerebral
peduncle; SN, substantia nigra; VTA, ventral tegmental area.)
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