1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

"% NIH Public Access
éf}}‘ Author Manuscript

2 Hepst

o NATIG,

Published in final edited form as:
Psychopharmacology (Berl). 2015 January ; 232(1): 275-284. doi:10.1007/s00213-014-3658-3.

The Role of 5-HT,,, 5-HT,c and mGlu2 Receptors in the
Behavioral Effects of Tryptamine Hallucinogens N,N-
Dimethyltryptamine and N,N-Diisopropyltryptamine in Rats and
Mice

Theresa M. Carbonaro!, Amy J. Eshleman?, Michael J. Forster!, Kejun Cheng3, Kenner C.
Rice3, and Michael B. Gatch?

1Department of Pharmacology & Neuroscience University of North Texas Health Science Center
3500 Camp Bowie Blvd Fort Worth, TX 76107-2699

?Research Service, Portland Veterans Affairs Medical Center and Psychiatry and Behavioral
Neuroscience, Oregon Health and Science University, Portland, Oregon

3Chemical Biology Research Branch National Institute on Drug Abuse and National Institute on
Alcohol Abuse and Alcoholism 9800 Medical Center Drive, Rm. 228 Bethesda, MD 20892 MSC
3373

Abstract

Rationale: Serotonin 5-HT,a and 5-HT,¢ receptors are thought to be the primary
pharmacological mechanisms for serotonin-mediated hallucinogenic drugs, but recently there has
been interest in metabotropic glutamate (mGIuR2) receptors as contributors to the mechanism of
hallucinogens.

Objective: The present study assesses the role of these 5-HT and glutamate receptors as
molecular targets for two tryptamine hallucinogens, N,N-dimethyltryptamine (DMT) and N,N-
diisopropyltryptamine (DiPT).

Methods: Drug discrimination, head twitch and radioligand binding assays were used. A 5-
HT,aR inverse agonist (MDL100907), 5-HT,cR antagonist (SB242084) and mGIluR2/3 agonist
(LY379268) were tested for their ability to attenuate the discriminative stimulus effects of DMT
and DiPT; an mGIuR2/3 antagonist (L'Y341495) was tested for potentiation. MDL 100907 was
used to attenuate head twitches induced by DMT and DiPT. Radioligand binding studies and
inosital-1-phosphate (IP-1) accumulation were performed at the 5-HT,¢cR for DiPT.

Results: MDL100907 fully blocked the discriminative stimulus effects of DMT, but only
partially blocked DiPT. SB242084 partially attenuated the discriminative stimulus effects of DiPT,
but produced minimal attenuation of DMT’s effects. LY 379268 produced potent, but only partial
blockade of the discriminative stimulus effects of DMT. LY 341495 facilitated DMT- and DiPT-
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like effects. Both compounds elicited head twitches (DiPT>DMT) which were blocked by
MDL1000907. DiPT was a low potency full agonist at 5-HT,cR in vitro.

Conclusions: The 5-HT,aR likely plays a major role in mediating the effects of both
compounds. 5-HT,c and mGIuR2 receptors likely modulate the discriminative stimulus effects of
both compounds to some degree.

Keywords

N,N-Diisopropyltryptamine; N,N-Dimethyltryptamine; hallucinogens; drug discrimination; 5-
HT,a; 5-HToc; MGIUR2; rat

Introduction

N,N-Dimethyltryptamine (DMT) and N,N-diisopropyltryptamine (DiPT) are structurally
similar hallucinogens, but produce somewhat different effects. DMT is an endogenous
compound that is also found in a variety of plants, and causes brief, episodic visual
hallucinations at high concentrations (Stoff et al. 1977; Strassman and Qualls 1994;
Strassman et al. 1994). DiPT, a synthetic analog of DMT, produces auditory effects
(primarily tone distortion) in people, according to anecdotal reports on user experience
websites such as erowid.org and in published accounts (Shulgin 1997; Shulgin and Carter,
1980; Strassman et al. 1996).

Because the subjective effects of hallucinogens seem to drive their use rather than effects on
the reward/reinforcement areas of the brain, drug discrimination is often used as an animal
model. Overall, the discriminative stimulus effects of these compounds are similar to those
of other hallucinogens, although there are asymmetries in cross-substitution. DMT fully
substituted in DOM-trained rats (Glennon et al., 1983; Glennon 1986), produced mixed
results in LSD-trained rats and pigeons (Appel et al. 1999; Helsley et al. 1998; Jarbe 1980),
but only around 50% drug-appropriate responding (DAR) in MDMA-trained rats (Gatch et
al., 2009); whereas DOM, LSD and MDMA all fully substituted in DMT-trained rats (Gatch
et al., 2009). Conversely, DiPT fully substituted in DOM-trained rats, produced around 70%
DAR in LSD-trained rats and failed to substitute in MDMA-trained rats (Gatch et al., 2011).
In DiPT-trained rats, LSD, DOM and MDMA produced full substitution (Carbonaro et al.
2013). However, DMT and DiPT did not fully cross-substitute for each other. DiPT fully
substituted in DMT-trained rats, but DMT only produced 65% DAR in DiPT-trained rats
(Gatch et al. 2011; Gatch et al. 2009). Further, DMT is unusual as it produces little or no
head twitch response (Fantegrossi et al. 2006), which is thought to be a 5-HT;x receptor-
mediated behavior produced primarily by hallucinogens. Taken together, the differences in
cross-substitution, the putative differences in subjective effects in humans, and the lack of a
head twitch response to DMT may indicate that these compounds have different
mechanisms of action.

Currently, the precise mechanism of action for hallucinogens is still unknown. The 5-HT,a
receptor is thought to be necessary, but not sufficient for hallucinogenic effects, and 5-HTo¢
and 5-HT1 5 receptors may play important roles as well (see review by Nichols 2004). DMT
was reported to bind to 5-HT 5 (Pierce and Peroutka 1989), 5-HT, (Lyon et al. 1988;
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Pierce and Peroutka 1989, Smith et al. 1998) and 5-HT,¢ receptors (Smith et al. 1998),
whereas DiPT was found to be an agonist at 5-HT,a receptors, a weak partial agonist at 5-
HTq 4 receptors, and an inhibitor of the serotonin transporter and VMAT2 (Nagai et al.
2007; Cozzi et al. 2009; Gatch et al. 2011). DiPT has not yet been tested at 5-HT,¢
receptors. Although it is likely that the 5-HT1 5 receptor plays a role in mediating the effects
of tryptamine hallucinogens, the role of the 5-HTq receptor was not investigated due to
DiPT having low potency and low efficacy at this receptor (Gatch et al. 2011). However,
recent work has suggested that Group Il glutamate receptors (mGIluR2/3) may be potential
target sites for mediating hallucinogenic effects (Gonzales-Maeso et al 2007; 2008; Delille
et al. 2012, Moreno et al. 2011; Winter et al. 2004).

mGlu2/3 receptor agonists act presynaptically to suppress glutamate release, whereas
antagonists increase the amount of glutamate in the synapse, creating a potentiation of
hallucinogenic effects (Cartmell et al. 1999; Forsythe and Barnes-Davies 1997; Ohishi et al.
1994; Shigemoto et al. 1997). A mGIuR2 agonist blocked the discriminative stimulus effects
of LSD, whereas a mGIuR2 antagonist facilitated the discriminative stimulus effects of LSD
(Winter et al., 2004). Further, mGluR2 knock-out mice showed little or no head twitch
following DOI, and some signaling was disrupted, which may mean that mGlu2 receptors
are necessary for hallucinogenic activity (Moreno et al. 2011). A possible explanation for
these effects is that mGlu2 receptors co-localize with 5-HT, receptors to form hetero-
receptor complexes (Delille et al. 2012; Gonzalez-Maeso et al. 2008; Gonzalez-Maeso et al.
2007). It has been suggested that the hetero-receptors induce a hallucinogen-specific second
messenger cascade (Gonzalez-Maeso et al. 2008; Gonzalez-Maeso et al. 2007), although this
has not been definitely established (Delille et al. 2012).

The goal of the present study was to identify receptor mechanisms that account for
differences in the behavioral effects produced by DMT and DiPT. Based on data from
previous studies, we hypothesized that the 5-HT, and mGlu2 receptors would both play an
important role in the discriminative stimulus of both DMT and DiPT, and that the 5-HT,cR
would contribute to the effects of DiPT, but to a lesser degree than either the 5-HT,4 or
mGlu2 receptors. MDL100907 (5-HT,p inverse agonist), SB242084 (5-HT,cR antagonist)
and LY379268 (mGIlu2/3 receptor agonist) were used to block the discriminative stimulus
effects of DMT and DiPT and LY341495 (mGlu2/3 receptor antagonist) was used to
facilitate the discriminative stimulus effects. We tested whether DiPT, like most
hallucinogens, produces a head twitch response, and MDL100907 was used to block the
head-twitch response. Finally, the ability of DiPT to bind to and activate the 5-HT,¢
receptor (inosital-1-phosphate (IP-1) accumulation) was assessed.

Male Sprague—-Dawley rats and male C57BL/6 mice were obtained from Harlan Sprague—
Dawley (Indianapolis, IN). All rats were housed individually and were maintained on a
12:12 light/dark cycle (lights on at 7:00AM). Body weights were maintained at 320-350 g
by limiting food to 20 g/day, which included the food received during training sessions.
Water was freely available in the home cages. Three-month-old C57BL/6 mice weighing
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approximately 25-30 g were used. Mice had ad libitum food and water access and were
group housed (2-4 per cage). All housing and procedures were in accordance with the
Guidelines for the Care and Use of Mammals in Neuroscience and Behavioral Research
(National Research Council 2003), and were approved by the University of North Texas
Health Science Center Animal Care and Use Committee.

Drug discrimination procedures

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

A group of 16 rats were trained to discriminate N,N-dimethyltryptamine (DMT, 5 mg/kg, 5
min) from saline by using a two-lever choice methodology. Another group of 16 rats was
trained to discriminate N,N-diisopropyltryptamine (DiPT, 5 mg/kg, 15 min) from saline.
Food (45 mg sucrose pellets; Bio-Serve, Frenchtown, NJ) was available under a fixed-ratio
10 schedule of reinforcement when responding occurred on the injection-appropriate lever.
There were no consequences scheduled for incorrect responses. Half of the rats were trained
with drug as the cue on the right lever; half were trained with drug on the left lever. Training
sessions occurred in a double alternating fashion (D-D-S-S-D, etc.), and tests were
conducted between pairs of identical training sessions (i.e., between either two saline or two
drug-training sessions).

During each training session, the rats received an intraperitoneal injection of either saline or
the appropriate training drug. The training dose was 5 mg/kg for both DMT and DiPT,;
pretreatment time was 5- or 15-min, respectively. After the pretreatment time, the rats were
placed in the experimental chamber. During the session, the rats could earn up to 20 food
pellets by responding under an FR10 schedule of food presentation. If all 20 food pellets
were delivered before the end of the 10-min response period, the house lights were turned
off and responding had no scheduled consequences for the remainder of that response
period. Animals received approximately 60 training sessions in total before use in any
behavioral experiment. Animals were selected for use in experiments when they had
achieved 85% injection-appropriate responding for both the first reinforcer and for the total
session during nine of their last ten training sessions.

The ability of MDL100907, SB242084, LY 341495 and LY 379268 were tested in groups of
seven rats trained to discriminate DMT and DiPT from saline. A repeated-measures design
was used, such that each rat was tested at all doses of the test compounds. Test sessions
lasted for a maximum of 20 min to allow for potentially delayed effects of test compounds.
In contrast with training sessions, both levers were active, such that 10 consecutive
responses on either lever led to reinforcement. Data were collected until 20 food pellets were
obtained, or for a maximum of 20 min. Rats were tested only if they had achieved 85%
injection-appropriate responding for both first reinforcer and total session during the two
prior training sessions. At least 3 days elapsed between test sessions.
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Head Twitch Response

Groups consisted of at least 7 mice. Test sessions included a vehicle control, a positive
hallucinogen control (2,5-dimethoxy-4-iodo-amphetamine, DOI; 1 mg/kg) and doses of
either DMT or DiPT (2.5, 5 and 10 mg/kg). Mice were kept in their home cages until testing
began and weighed immediately before test sessions. Mice were given the 5-HT,a inverse
agonist (MDL100907; 0.003 or 0.03 mg/kg) or vehicle (0.9% saline) 10 min prior to
injection of the test compound (DMT, DiPT), vehicle or positive control. Subsequently,
mice were placed into a separate holding cage, the same size as their home cage (8”x10")
containing clean bedding, where their behavior was recorded for 10 min after the last
injection of DMT or DiPT or vehicle. When DOI was tested, the animals were recorded 10
min after administration, based on data suggesting maximal head twitch occurrence.
Multiple observers later viewed the recordings and the number of head twitches were
counted. A head twitch was defined as a rapid rotational jerk that was not contiguous with
any grooming behavior.

[1251]DOI Binding
Binding to 5-HTy¢ receptors was tested in human embryonic kidney cells expressing the
human 5-HT ¢ receptor (HEK-h5HT2C) adapting methods described previously for 5-HTop
receptors (Knight et al., 2004, Gatch et al., 2011). The cDNA for the h5-HTy¢ receptor was
purchased from Missouri S&T cDNA Resource Center. The cells were grown until
confluent on 15-cm plates. Medium was removed, and cells were washed with phosphate-
buffered saline, scraped into 2 ml of phosphate-buffered saline, and frozen at —20°C until
needed. Cell suspension was thawed, 10 ml of assay buffer (50 mM Tris, pH 7.4 at 37°C,
with 0.1% ascorbic acid and 5 mM CaCly) was added per plate of cells and polytronned at
setting 6 for 5 s. The homogenate was centrifuged at 30,000 g for 20 min. To minimize the
residual serotonin concentration, the pellet was resuspended in buffer, polytronned, and
centrifuged twice as above. The final pellet was resuspended in 2 ml of buffer/plate of cells.

The binding assay included test compound, serotonin or buffer, cell homogenate, [12°1]1DOI
(~0.1 nM), and buffer in a final volume of 250 pl. Specific binding was defined as the
difference between total binding and binding in the presence of 10 uM serotonin. The
reaction was incubated for 1 h at 37°C and terminated by filtration through Wallac A
filtermats presoaked in 0.05% polyethylenimine using a Tomtec cell harvester. Radioactivity
was determined by liquid scintillation counting.

Inosital-1-Phosphate Accumulation

Activation of 5-HT,¢ receptors was tested by measuring the accumulation of inosital
monophosphate by using an IP-1 Elisa kit (Cisbio, Bedford, MA) as previously described
(Eshleman et al., 2013b). Cells were plated at a density of 400,000 cells per well in 24-well
plates in DMEM supplemented with 10% charcoal-stripped FetalClone and 450 pug G418/
ml.. The next day, medium was removed, cells were rinsed and then pre-incubated with
DMEM and 450 ug G418/ml.for 1 h. After removal of medium, stimulation buffer was
added. After 10-min incubation, agonists were added, and the plates incubated for 60 min.
Cells were lysed for 30 min, and 50-pl aliquots of the lysates were added to the IP-1 plate.
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The assay was conducted according to kit instructions. Stimulated IP-1 formation was
normalized to the maximal effect of serotonin, which was determined in each assay.

N,N,-dimethyltryptamine fumarate (DMT), and N,N-diisopropyltryptamine HCI (DiPT)
were provided by the National Institute on Drug Abuse. LY 379268, LY 341495, SB242084
were received from Tocris. DOI was purchased from Sigma-Aldrich. MDL100907 was
synthesized by Drs. Kejun Cheng and Kenner Rice at NIH. DMT, DiPT and DOI were
dissolved in 0.9% saline. LY 379268 (0.01-2.5 mg/kg) and LY 341495 (0.5-2.5 mg/kg) were
dissolved in deionized water with sodium hydroxide. SB242084 (0.5-5 mg/kg) was
dissolved in Tween80 and deionized water and MDL 100907 (0.01-1 mg/kg) was dissolved
in saline and HCI. All drugs were administered i.p. in a volume of 1 ml/kg.

Data analysis

Drug discrimination data were expressed as the mean percentage of responses on the drug-
appropriate lever in each test period. Response rates were expressed as a function of the
number of responses made divided by the total session time. Graphs for the percentage of
drug-appropriate responding and response rate were plotted as a function of dose of test
compound (log scale). Error bars show standard error of the mean. The percentage of drug-
appropriate responding was shown only if at least three rats completed the first fixed ratio.
Full substitution was defined as =80% drug-appropriate responding (DAR) and the
difference between the test data and the drug control was not statistically significant, and full
antagonism was defined as <20% DAR and not statistically different from the vehicle
control.

The potencies of test compounds that fully substituted were calculated by fitting straight
lines to the individual dose—response data for each compound by means of TableCurve 2D
(Jandel Scientific, San Rafael, CA). Straight lines were fitted to the linear portion of dose—
effect curves, defined by doses producing 20% to 80% of the maximal effect, including not
more than one dose producing <20% of the maximal effect and not more than one dose
producing >80% of the maximal effect. Other doses were excluded from the analyses. The
EDsq values are expressed as the mean of seven rats + standard error of the means.
Response rates were expressed as a function of the number of responses made divided by the
total session time. Response rate data were analyzed by one-way, repeated measures
analysis of variance. Effects of individual doses were compared to the appropriate control
value by using a priori contrasts. Head twitch data were analyzed by using a three-way
analysis of variance (antagonist x agonist x dose) and post hoc pair-wise multiple
comparisons on significant effects and interactions by using Tukey’s honestly significant
difference test. The effects of vehicle, DOI, DMT and DiPT alone were analyzed by one-
way analysis of variance. Head twitch data are presented as mean + standard error of the
means. Criterion for significance was set a priori at p<0.05.
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Radioligand Binding and Functional Assay

DiPT bound with moderate affinity to the 5-HT,¢ receptor (Ki= 290 + 110 nM; Hill
coefficient = —0.72 £ 0.05) and was a full agonist in the IP-1 formation assay (ECsg = 2380
+ 340 nM), producing 107.4 + 2.5% of the maximal 5-HT effect.

Drug Discrimination

5-HT5a receptor—As shown in Figure 1, the 5-HT,a receptor inverse agonist
MDL100907 dose-dependently blocked the effects of DMT (EDsgg = 0.02+ 0.14 mg/kg),
reducing DMT-appropriate lever responding to 14.4 + 14.3% at 0.1 mg/kg (p<0.05).
Response rate was unchanged. MDL 100907 reduced DiPT-lever responding to 28.9 + 18.4
and 33.2 + 17.3% following 0.3 and 1.0 mg/kg, respectively (p<0.05). Response rate was
decreased following 0.3 and 1 mg/kg [F(5,30)=2.93, p=0.028].

5-HTyc receptor—In DMT-trained rats, SB242084 reduced drug-lever appropriate
responding to 63.2 £ 17.2% at 2.5 mg/kg, but this effect was not statistically different from
drug control, and higher doses produced progressively less effect (Fig. 2). SB242084 failed
to alter response rates. In DiPT-trained rats, SB242084 reduced drug-lever appropriate
responding to 28.9 + 18.4% at 1 mg/kg (p<0.05), but higher doses produced progressively
less effect. Response rates were increased following 0.5 and 1 mg/kg [F(4,24)=2.901,
p=0.043].

mMGlu2/3 receptors—LY 379268, a mGlu2/3 receptor agonist reduced DMT-appropriate
responding to a plateau of approximately 60% drug-appropriate responding (Fig. 3). DMT-
appropriate responding ranged from 44.3 + 19.7% to 71.5 + 18.3% in the dose range of
0.025 —-2.5 mg/kg, but these effects were not significantly different from drug control.
LY379268 altered response rates [F(8,48)=2.5, p=0.023], and suppressed responding in 4 of
7 rats following 2.5 mg/kg. Over the same dose range, LY 379268 failed to decrease DiPT-
appropriate responding, but decreased response rates [F(8,48)=8.551, p<0.001], and
suppressed responding following 1 and 2.5 mg/kg.

LY341495 produced a dose-dependent leftward shift in both the DMT and DiPT dose-effect
curves (Fig 4). In DMT-trained rats, one-way analysis of variance of the EDgg values
revealed a significant difference [F(2,28)=37.61, p<.001]. DMT alone produced a dose-
dependent increase in DMT-appropriate responding (ED5p=3.19 + 0.30 mg/kg). LY 341495
(0.5 mg/kg) did not alter the DMT dose effect curve (EDsg=2.47 + 0.24 mg/kg), but 2.5
mg/kg produced a leftward shift in the DMT dose curve (EDgp=1.24 + 0.06 mg/kg,
p=0.016). DMT alone or in combination with 2.5 mg/kg LY 341495 did not significantly
alter response rates, whereas DMT in combination with 0.5 mg/kg LY 341495 dose-
dependently decreased response rates [F(5,30)=3.102, p=0.017]. Similarly, one-way analysis
of variance of the EDsgq values revealed a significant difference in the DiPT-trained rats
[F(2,18)=5.286, p=0.016]. Increasing doses of DiPT produced a dose-dependent increase in
DiPT-appropriate responding (ED5¢=1.42 = 0.631 mg/kg). The 1.0 mg/kg dose of
LY341495 failed to shift the DiPT dose-response curve (ED5p=1.02 + 0.09 mg/kg), but 2.5
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mg/kg produced a leftward shift (EDg7=0.28 + 0.88 mg/kg, p=0.016). Response rates were
not altered at any dose.

Head Twitch Assay

Head twitch data is shown in Figure 5. Little or no head twitches were observed in saline-
treated animals or in those receiving MDL100907 alone, whereas DOI (1 mg/kg) produced
an average of 18.4 + 1.8 head twitches [F(3,24)=21.755, p<0.001]. There was an overall
effect of hallucinogen (DMT vs. DiPT) [F(1,115)=73.989, p<.001], hallucinogen dose
[F(2,115)=188.727, p<.001], and of antagonist dose [F(2,115)=27.765, p<.001]. There was
an interaction between antagonist dose and hallucinogen [F(2,115)=6.958, p=.001], and
interaction between hallucinogen and hallucinogen dose [F(2,115)=9.37, p<.001], and a
three-way interaction [F(4,115)=3.753, p=.007]. DMT and DiPT each dose-dependently
increased the number of head twitches (p<0.05), but DiPT produced two-fold more head
twitches at 10 mg/kg (11.9£2.0) than did DMT (5.4£1.8). The higher dose of MDL100907
(0.03 mg/kg) reduced head twitches elicited by 10 mg/kg of DMT and DiPT (p<0.05). There
was no difference in body weight of any of the treatment groups.

Discussion

The present study assessed the roles of 5-HT5a, 5-HTyc and mGlu2/3 receptors in mediating
the discriminative stimulus effects of DiPT. To clarify whether DMT and DiPT have
different effects at 5-HToa receptors, the effects of DMT and DiPT on head twitch were
assessed. Because molecular interactions of DiPT at the 5-HT,¢ receptor had not been
tested, 5-HT ¢ receptor binding and function were examined. Finally, because mGlu2/3
receptors have been implicated in the effects of hallucinogens, and because the differences
in effects of the serotonergic antagonists could not fully account for the differences in the
behavioral effects of DMT and DiPT, the effects of mGlu2/3 receptor compounds on
discriminative stimulus effects of DMT and DiPT were also tested.

5-HT,p receptors

The 5-HT,a receptor inverse agonist MDL100907 fully blocked the discriminative stimulus
effects of DMT, but did not completely block those of DiPT (29-33% DAR). Further, higher
doses of MDL100907 (0.3 and 1 mg/kg) were required to attenuate DiPT-appropriate
responding. These results are unexpected, as 5-HT,x receptors are generally thought to be
the primary receptor mediating the effects of hallucinogens (Nichols, 2004). Because the
head-twitch response is a hallmark sign of hallucinogens and is thought to be primarily
mediated through 5-HT,a receptors (e.g., Gonzalez-Maeso et al, 2007), the effects of DiPT
and DMT on head twitch were assessed. DiPT produced a similar amount of head twitches
as did the classic hallucinogen DOI. However, DMT produced markedly fewer head
twitches in the present study than did DiPT. In a previous study, DMT failed to produce
head twitches in Swiss Webster mice (Fantegrossi et al. 2006). However, the present study
used C57BL/6 mice, which generally show more head twitches than most strains, including
Swiss Webster (Canal et al. 2010), which may account for the disparate results.
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In contrast to the drug discrimination data, MDL 100907 dose-dependently attenuated head
twitches produced by both DMT and DiPT, which suggests that 5-HT,a receptors are
important in mediating the behavioral effects of both DMT and DiPT. The larger effect of
MDL100907 on DiPT-induced head twitch than on drug discrimination may be due to the
fact that DMT had a lower efficacy at the 5-HT,p receptor, as evidenced by DMT producing
half as much IP-1 release relative to serotonin as did DiPT (Eshleman et al. 2013; Gatch et
al. 2011). This might account for a 5-HT,x inverse agonist more fully blocking the effects
of DMT, as well as the lower number of head twitches elicited by DMT. Conversely, the
discriminative stimulus effects of DiPT may involve activation of several receptors, such
that attenuation of the effects would require blockade of multiple receptors. It is also
possible that the difference in the ability of MDL100907 to block the discriminative
stimulus effects of DMT and DiPT is because the doses of the two compounds are not
pharmacologically equivalent. Arguments against this possibility include: 1) the doses of
DMT and DiPT used for training were the peak doses in cross-substitution studies with other
hallucinogens (Gatch et al., 2009; 2011; Carbonaro et al., 2013) and produced similar
amounts of rate suppression, and 2) MDL100907 attenuated DMT- and DiPT—induced head
twitches proportionally. Finally, it is also possible that the difference is due to mice being
used for head twitch and rats for drug discrimination.

5-HT,c receptors

The 5-HTc receptor antagonist SB242084 produced a U-shaped dose-effect curve when
tested in combination with both DMT and DiPT, with one dose producing maximal
attenuation of drug-appropriate responding, and higher doses producing progressively less
attenuation. The maximal attenuation was statistically significant only for DiPT. In contrast,
both DMT (Smith et al. 1998) and DiPT (present study) bound to the 5-HT,¢ receptor and
were full agonists in stimulating IP-1 formation. It is not clear what caused the upturn in the
SB242084 dose-effect curve, but SB242084 was unable to fully block the discriminative
stimulus effects of either DMT or DiPT. These findings suggest that 5-HT, receptors are
not necessary for the discriminative stimulus effects of DMT and DiPT, but may play a
modulatory role in the discriminative stimulus effects of DiPT and DMT.

mGlu2/3 receptors

In the present study, a mGIuR2/3 agonist (LY379268) had no effect in DiPT-trained rats, but
produced a small, but statistically non-significant attenuation of the discriminative stimulus
effects of DMT. LY 379268 produced a rather more robust blockade of the discriminative
stimulus effects of LSD (Winter et al., 2004). To further investigate the possibility that
mGlu2/3 receptors may indeed modulate the stimulus effects of DMT and/or DiPT, a
different approach was used. The mGluR2/3 antagonist (LY 341495) was found to facilitate
the stimulus effects of both DMT and DiPT. Similarly, LY 341495 facilitated the
discriminative stimulus effects of LSD (Winter et al., 2004), although to a larger degree than
observed for DMT and DiPT in the present study.

Although there are two receptors in the group Il metabotropic glutamate receptors
(mGIuR2/3), it is likely that mGIuR2 is more important for the present results, based on co-
localization and genetic knockout studies (Gonzalez-Maeso et al. 2007) which show knock
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out of the mGIuR2, but not mGIuR3 block the production of hallucinogen-induced head
twitch response and mGIuR2 co-localize with the 5-HT>p in cortical regions. Taken
together, these findings suggest that mGlu2 receptors differentially modulate the stimulus
effects of hallucinogens, having the largest contribution to the effects of LSD and the least
to those of DiPT.

In conclusion, the discriminative stimulus effects of DMT and DiPT are mediated through
similar mechanisms, but the degree to which each of these mechanisms contribute appear to
be different. None of the targets (5-HT,a, 5-HToc and mGlu2 receptors) were able to fully
block the discriminative stimulus effects of DiPT, whereas 5-HT,4 antagonism was
sufficient to block the discriminative stimulus effects of DMT. 5-HTx receptors did
mediate DiPT-induced head twitch, and may contribute to other behavioral effects on DiPT.
The role of 5-HT; A receptors in mediating the discriminative stimulus effects of DMT and
DiPT were not tested in the present study because an earlier study indicated that DiPT
interacts with low affinity and efficacy with the 5-HT 14 receptor (Gatch et al., 2011). It is
quite possible that at least some of the differences in the discriminative stimulus effects of
DMT and DiPT are due to DMT being a full agonist at 5-HTqa receptors whereas DiPT is
only a partial agonist. Taken together, it appears that the 5-HT,a receptor is most important
for the discriminative stimulus effects of DMT, whereas the 5-HTo¢ and mGlu2 receptors
may play modulatory roles. In contrast, none of the three sites may be sufficient for the
production of the effects of DiPT. It is possible that several receptors may contribute to the
discriminative stimulus effects of DiPT, so that combinations of targets should be studied in
future research to isolate which receptors are necessary and sufficient for the discriminative
stimulus effects of DiPT.
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Effects of the 5-HT,x receptor inverse agonist, MDL100907, on the discriminative stimulus
effects of DMT (left panels) and DiPT (right panels). Points represent the mean and error
bars represent the standard error of the mean. Top panel shows drug-appropriate responding
of the test compounds. The x-axis represents dose of MDL100907. The y-axis represents
percentage of drug-lever appropriate responding. Bottom panel shows rate of responding as
responses per second as a function of dose. Open circles- saline control; Open diamond-
drug control. N=7. Asterisk indicates points that are different from the drug control.
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Effects of the 5-HT,¢ receptor antagonist (SB242084) on the discriminative stimulus effects

of DMT (left panels) and DiPT (right panels). Points represent the mean and error bars

represent the standard error of the mean. Top panel shows drug-appropriate responding of

the test compounds. The x-axis represents dose of SB242084. The y-axis represents

percentage of drug-lever appropriate responding. Bottom panel shows rate of responding in

responses per second (y-axis) as a function of dose. Open circles- saline control; Open
diamond- drug control. N=7, except where shown. Asterisk indicates points that are

different from the drug control.
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Effects of the mGlu2/3 receptor agonist (LY379268) on the discriminative stimulus effects
of DMT (left panels) and DiPT (right panels). Points represent the mean and error bars
represent the standard error of the mean. Top panel shows drug-appropriate responding of
the test compounds in DMT/DiPT-trained rats. The x-axis represents dose of LY379268.
The y-axis represents percentage of drug-lever appropriate responding. Bottom panel shows
rate of responding in responses per second (y-axis) as a function of dose. Open circles-
saline control; Open diamond- drug control. N=7, except where shown. Asterisk indicates
points that are different from the drug control.

Psychopharmacology (Berl). Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Carbonaro et al.

DMT-Appropriate Responding (%)

0.5¢

Responses per Second
o

0.0

Fig. 4.

100+

80+

60

40+

20r

O,

n=5
o »>
n=6T
1
o N
=2 ® ‘FV/Y
Lt jprin \ )
Control 0.1 1 10
*
Cor‘1trol 0:1 1 1‘0
DMT (mg/kg)

DiPT-Appropriate Responding (%)

Responses per Second

100+

80+

60

40+

20}

(0)8

0.5

0.0

l I/l/i/é
/e
e

Control 0.1 1 10

<]

Control 0.1 1 10
DiPT (mg/kg)

Effects of the mGlu2/3 receptor antagonist (LY341495) at facilitating the effects of DMT
(left panels) and DiPT (right panels). Points represent the mean and error bars represent the
standard error of the mean. Top panel shows drug-appropriate responding of the test
compounds in DMT/DiPT-trained rats. The x-axis represents dose of DMT/DiPT. The y-
axis represents percentage of drug-lever appropriate responding. Bottom panel shows rate of
responding in responses per second (y-axis) as a function of dose. Open triangles- Dose-
effect curve of DMT and DiPT; Closed triangles- 0.5 mg/kg of LY341495; Closed circles-
2.5 mg/kg LY341495. Open circles- saline control; Open diamond- drug control; open
squares- LY341495 alone. N=7, except where shown. Asterisk indicates points that are
different from the saline control.
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Fig. 5.
Effects of the 5-HT,x receptor inverse agonist, MDL100907 on head twitches induced by

hallucinogens in C57BI/6 mice. The x-axis represents vehicle controls or dose of DOI,
DMT, or DiPT alone in combination with MDL100907. The y-axis represents mean head
twitches in a 10-minute period. Error bars show the standard error of the mean. MDL
indicates MDL100907. Sal indicates saline control. # indicates points different from
hallucinogen alone (light gray bars); Asterisk indicates points different from the saline
controls (Sal).
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