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Abstract

Rationale—Synthetic hallucinogenic tryptamines, especially those originally described by

Alexander Shulgin, continue to be abused in the United States. The range of subjective

experiences produced by different tryptamines suggests that multiple neurochemical mechanisms

are involved in their actions, in addition to the established role of agonist activity at serotonin-2A

(5-HT2A) receptors.

Objectives—This study evaluated the interaction of a series of synthetic tryptamines with

biogenic amine neurotransmitter transporters and with serotonin (5-HT) receptor subtypes

implicated in psychedelic effects.

Methods—Neurotransmitter transporter activity was determined in rat brain synaptosomes.

Receptor activity was determined using calcium mobilization and DiscoveRx PathHunter® assays

in HEK293, Gα16-CHO, and CHOk1 cells transfected with human receptors.

Results—Twenty-one tryptamines were analyzed in transporter uptake and release assays, and 5-

HT2A, serotonin 1A (5-HT1A), and 5-HT2A β-arrestin functional assays. Eight of the compounds

were found to have 5-HT-releasing activity. Thirteen compounds were found to be 5-HT uptake

inhibitors or were inactive. All tryptamines were 5-HT2A agonists with a range of potencies and

efficacies, but only a few compounds were 5-HT1A agonists. Most tryptamines recruited β-arrestin

through 5-HT2A activation.

Conclusions—All psychoactive tryptamines are 5-HT2A agonists, but 5-HT transporter (SERT)

activity may contribute significantly to the pharmacology of certain compounds. The in vitro

transporter data confirm structure-activity trends for releasers and uptake inhibitors whereby

releasers tend to be structurally smaller compounds. Interestingly, two tertiary amines were found

to be selective substrates at SERT, which dispels the notion that 5-HT-releasing activity is limited

only to primary or secondary amines.
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Introduction

Synthetic hallucinogenic tryptamines such as N,N-diisopropyl-5-methoxytryptamine (Foxy,

1) and N-isopropyl-N-methyl-5-methoxytryptamine (Moxy, 2) shown in Figure 1 continue to

be abused in the United States, despite the recent emergence of synthetic “bath salt”

cathinone compounds. Many of these synthetic tryptamines were originally described by

Alexander Shulgin and synthesized as potential “entactogens” (Nichols 1986), intended

originally as candidates for augmentation of psychotherapeutic sessions, similar to early

efforts by Sandoz with lysergic acid diethylamide (3, LSD) (Busch and Johnson 1950) and

more recent efforts with 3,4-methylenedioxymethamphetamine (4, MDMA or “ecstasy”)

(Oehen et al. 2013; Parrott 2007). The therapeutic strategy for psychedelic-assisted therapy

is to find compounds that improve the outcome of psychiatric sessions by facilitating “the

production of memories, fantasies and insights and to enhance the therapeutic alliance”

(Grinspoon and Bakalar 1981; 1986) without inducing strong, possibly aversive

hallucinations. Recently, interest in the possible therapeutic effects of hallucinogens has

been rekindled. Psilocybin (5) is being explored in human laboratory experiments to explore

the “mystical” properties of these types of compounds (Griffiths et al. 2008; Griffiths et al.

2011), and has shown efficacy as a treatment for cluster headaches (Johnson et al. 2012), for

psychotherapy in general (MacLean et al. 2011), for smoking cessation (Johnson 2013), and

for alcohol abuse (Bogenschutz 2013).

The psychoactive properties of various tryptamines make them attractive to recreational

drug users. As with the “bath salt” cathinone compounds, non-medical misuse of

tryptamines appears to be driven by Internet availability and by increasing interest in

synthetic pharmaceutical and “designer” drugs in general (Carroll et al. 2012). Synthetic

tryptamines are based on natural product psychedelics such as psilocybin (5),

dimethyltryptamine (6, DMT), and N,N-dimethyl-5-methoxytryptamine (7, 5-MeO-DMT).

These compounds all contain an indole ring, a structural theme shared by psychedelics

including LSD (3) and ibogaine (8). The unique psychoactive properties of psychedelics

have generally been attributed to agonist activity at 5-HT2A receptors. However, the wide

range of subjective experiences produced by these compounds suggests that multiple

neurochemical pathways are involved.

Most psychedelics have a high affinity for 5-HT2A receptors, but not all 5-HT2A agonists are

psychedelics, as highlighted by the existence of 5-HT2A agonists such as lisuride (9).

Lisuride is not psychoactive in humans or animals (Callahan and Appel 1990; Halberstadt

and Geyer 2013; White and Appel 1982), indicating that some type of functional selectivity

at the 5-HT2A receptor may be responsible for eliciting psychedelic effects. One recent study

described a hallucinogen-specific signaling pathway mediated by the 5-HT2A receptor in

cortical neurons whereby both hallucinogenic and non-hallucinogenic compounds induced
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c-fos expression and activated Gαq/11 proteins, while only hallucinogenic compounds

induced egr-2 expression and activated Gαi/o proteins (Gonzalez-Maeso et al. 2007).

Additional reports have implicated a 5-HT2A-metabotropic glutamate 2 receptor (5-HT2A-

mGluR2) heterodimeric complex as being responsible for a unique hallucinogen-specific

downstream signaling pattern, but more studies are warranted in order to fully understand

the biological role of this complex (Delille et al. 2012; Fribourg et al. 2011; Gonzalez-

Maeso et al. 2008; Moreno et al. 2011). Other studies have examined 5-HT2A receptor

function and shown that hallucinogens such as 2,5-dimethoxy-4-iodoamphetamine (DOI)

and 5-MeO-DMT (7) activate downstream effectors independently of β-arrestin-2, while the

non-hallucinogenic endogenous agonist 5-HT requires β-arrestin-2 for activation of the same

downstream effectors (Schmid and Bohn 2010; Schmid et al. 2008). Collectively, these

reports suggest that functional selectivity at the 5-HT2A receptor is important in mediating

the psychoactive behavioral effects of hallucinogenic compounds.

Although 5-HT2A receptor activity plays a major role in the pharmacology of psychedelic

compounds, additional signaling pathways have been shown to be significant as well. As

recently outlined in an excellent review on the pharmacology of hallucinogens (Nichols

2004), serotonin 2C receptor (5-HT2C) agonism, 5-HT1A agonism, and SERT uptake

inhibition have all been implicated in the activity of hallucinogens. Dopamine (DA)

receptors (Marona-Lewicka et al. 2009; Marona-Lewicka et al. 2005; Seeman et al. 2005),

the trace amine receptor (Bunzow et al. 2001) and the sigma-1 receptor (Fontanilla et al.

2009; Su et al. 2009) have also been suggested to modulate the effects of hallucinogenic

compounds. The hallucinogen salvinorin A (10), a natural product derived from Salvia

divinorum or “magic mint” was unexpectedly found to be a highly selective kappa opioid

receptor agonist (Roth et al. 2002), providing yet another possible neurochemical pathway

for psychoactivity. More recent evidence suggests cannabinoid receptor involvement in the

behavioral effects of salvinorin A (Braida et al. 2008; Walentiny et al. 2010).

Synthetic psychoactive tryptamines are close analogs of the neurotransmitter 5-HT.

Accordingly, tryptamines may block 5-HT uptake by the SERT or may be SERT substrates

which induce 5-HT release via reversal of normal transporter flux. Indeed, several

tryptamines have already been shown to interact with SERT (Cozzi et al. 2009; Nagai et al.

2007). It is well known that MDMA (4) is a SERT-mediated releaser (Callaway et al. 1990),

as is trifluoromethylphenylpiperazine (11), which has been used in conjunction with

benzylpiperazine to mimic MDMA as so-called “Legal X” (Baumann et al. 2004). The

precise role of SERT-mediated release in the psychotropic actions of most of these

compounds is not known, but likely includes indirect activation of 5-HT receptor subtypes

by released neurotransmitter. It is certainly intriguing that the two compounds most

commonly investigated for use in psychotherapy are LSD and MDMA, compounds with

different primary mechanisms of action (5-HT2A agonist activity vs SERT substrate

activity). An understanding of the pharmacology of LSD, MDMA and related compounds is

needed to develop novel therapeutics, for psychotherapy as well as other clinical

applications. Psychoactive tryptamines represent a good starting point for the study of

hallucinogenic and psychedelic mechanisms because they are simple chemical structures

that are relatively easy to synthesize, when compared to more complicated substances such
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as LSD and ibogaine. To date, a comprehensive investigation of the interactions of

tryptamines with biogenic amine transporters has not been reported. Here, we describe the

transporter and 5-HT receptor activities of a group of synthetic tryptamines, many of which

are known to have psychedelic properties.

Methods

Dopamine Transporter (DAT), Norepinephrine Transporter (NET), and SERT Assays

Rats were euthanized by CO2 narcosis, and brains were processed to yield synaptosomes as

previously described (Baumann et al., 2013b; Rothman et al., 2003). Synaptosomes were

prepared from rat striatum for the DAT assays, whereas synaptosomes were prepared from

whole brain minus striatum and cerebellum for the NET and SERT assays. For uptake

inhibition assays, 5 nM [3H]DA, 10 nM [3H]norepinephrine (NE) and 5 nM [3H]5-HT were

used to assess transport activity at DAT, NET, and SERT, respectively. The selectivity of

uptake assays was optimized for a single transporter by including unlabeled blockers to

prevent uptake of [3H]transmitter by competing transporters. Uptake inhibition assays were

initiated by adding 100 µl of tissue suspension to 900 µl Krebs-phosphate buffer (126 mM

NaCl, 2.4 mM KCl, 0.83 mM CaCl2, 0.8 mM MgCl2, 0.5 mM KH2PO4, 0.5 mM Na2SO4,

11.1 mM glucose, 0.05 mM pargyline, 1mg/mL bovine serum albumin, and 1 mg/mL

ascorbic acid, pH 7.4) containing test drug and [3H]transmitter. Uptake inhibition assays

were terminated by rapid vacuum filtration through Whatman GF/B filters, and retained

radioactivity was quantified by liquid scintillation counting. For release assays, 9 nM [3H]1-

methyl-4-phenylpyridinium ([3H]MPP+) was used as the radiolabeled substrate for DAT

and NET, while 5 nM [3H]5-HT was used as a substrate for SERT. All buffers used in the

release assay methods contained 1 µM reserpine to block vesicular uptake of substrates. The

selectivity of release assays was optimized for a single transporter by including unlabeled

blockers to prevent the uptake of [3H]MPP+ or [3H]5-HT by competing transporters.

Synaptosomes were preloaded with radiolabeled substrate in Krebs-phosphate buffer for 1 h

(steady state). Release assays were initiated by adding 850 µl of preloaded synaptosomes to

150 µl of test drug. Release was terminated by vacuum filtration and retained radioactivity

was quantified as described for uptake inhibition.

Calcium Mobilization Assays

Cells stably expressing the desired human receptor were plated into 96-well black-walled

assay plates in growth medium. 5HT2A HEK293 cells were plated at 35,000 cells/well

(plates precoated with PEI) in DMEM-HG supplemented with 10% fetal bovine serum, 100

units of penicillin and streptomycin, 15mM HEPES, and 100 µg/mL normocin™. 5-HT1A

Gα16-CHO cells were plated at 25,000 cells/well in Ham’s F12 supplemented with 10%

fetal bovine serum, 100 units of penicillin and streptomycin, and 100 µg/mL normocin™.

After incubating at 37°C, 5% CO2 overnight, the growth medium was removed and the cells

were gently washed with 100 µL of pre-warmed (37°C) assay buffer (1X HBSS, 20 mM

HEPES, 2.5 mM probenecid, pH 7.4 at 37°C). The cells were incubated for 45 minutes at

37°C, 5% CO2 in 200 µL of a calcium-sensitive fluorescent dye (½ the manufacturer’s

recommended concentration, calcium 5 assay kit, Molecular Devices). During the incubation

period, 8-point concentration curves of the test compounds (10X) were prepared in assay
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buffer/1% DMSO and aliquoted into 96-well polypropylene plates. After 45 minutes, 25 µL

of pretreatment (assay buffer/10% DMSO) was added to the wells and, following a 15

minute incubation period at 37°C, the plate was read in a FlexStation II (Molecular

Devices). Calcium-mediated changes in fluorescence were monitored every 1.52 seconds

over a 60 second time period, with the FlexStation II adding 25 µL of test compound at the

19 second time point (excitation at 485 nm, detection at 525 nm). Peak kinetic reduction

(SoftMax, Molecular Devices) relative fluorescent units (RFU) were plotted against

compound concentration. Data were fit to a three-parameter logistic curve to generate EC50

values (Prism, version 6.0, GraphPad Software, Inc., San Diego, CA). EC50 and % Emax

values are reported as means ± SEM and are the result of three independent experiments

performed in duplicate unless otherwise noted.

β-Arrestin Recruitment Assay (PathHunter Detection Kit, DiscoveRx)

CHOk1 cells stably expressing the 5HT2A receptor fused to the Prolink gene were plated

into 96-well white-walled assay plates at a density of 15,000 cells/well in Cell Plating

Reagent 21 (DiscoveRx) and incubated at 37°C, 5% CO2 overnight. The next day, test

compounds were prepared at 10X concentration in DPBS/1% DMSO and 10 µL was added

to the cells. Following a 3 hour incubation at 37°C, detection reagent (prepared according to

the manufacturer’s specifications) was added to each well. Luminescence was measured at

1hr post detection reagent addition using a FlexStation III (Molecular Devices, 1000ms

integration time). Relative luminescence units (RLU) were plotted against compound

concentration. Data were fit to a three-parameter logistic curve to generate EC50 values

(Prism, version 6.0, GraphPad Software, Inc., San Diego, CA). EC50 and % Emax values are

reported as means ± SEM and are the result of three independent experiments performed in

duplicate unless otherwise noted.

Compounds

Compounds 1, 2, 6, 7, 19, 20, 21, 22, 23, 25, 26, and 28 were synthesized as described by

Shulgin (Shulgin and Shulgin 1997). Compounds 15, 17, 18, and 27 were synthesized using

similar methods. Compounds 12 and 13 were purchased commercially. Compounds 14, 16,

and 24 were procured from the National Institute of Drug Abuse Drug Supply program.

Results

A set of twenty-one tryptamines was studied in biogenic amine uptake inhibition and release

assays, as well as in 5-HT2A and 5-HT1A calcium mobilization and 5-HT2A β-arrestin

recruitment assays (Tables 1 and 2). The compounds were procured commercially, obtained

from the National Institute of Drug Abuse Drug Supply program, or synthesized either as

reported (Shulgin and Shulgin 1997) or following a similar synthetic route as reported.

These compounds differed by N-substitution and indole ring substituents. Ten of the

compounds were unsubstituted, nine contained methoxy groups in the 5-position, one had a

hydroxyl in the 5-position and one had a hydroxyl in the 4-position. In the unsubstituted and

5-methoxylated series, compounds were synthesized such that their N-alkyl groups increased

in size and complexity from unsubstituted to the N,N-diisopropyl groups found on Foxy. As

shown by Shulgin (Shulgin and Shulgin 1997; Shulgin and Carter 1980), these simple
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structural changes induce a variety of psychoactive effects, involving both auditory and

visual systems, making them ideal for a pharmacological mechanistic study. Some

highlights of their reported psychoactivity are listed in Tables 1 and 2 as described in

TiHKAL (Shulgin and Shulgin 1997). In order to assess their activity at the biogenic amine

transporters, the compounds were characterized as substrates/releasers or uptake inhibitors

as previously described (Rothman et al. 2001; Rothman et al. 2002). Any release activity

was confirmed by substrate reversal. In order to assess the activity of compounds at 5-HT G

protein-coupled receptors (GPCRs), an in vitro calcium mobilization assay was used to

measure 5-HT2A receptor activation in HEK293 cells and 5-HT1A receptor activation in

CHO-Gα16 cells in stably transfected cell lines using the human receptors. 5-HT2A receptor

mediated β-arrestin recruitment was measured using CHO-β-arrestin-2 cells stably

expressing the human 5-HT2A receptor fused to the small enzyme fragment ProLink

(DiscoveRx PathHunter® technology).

The tryptamines binned into two groups, depending on their SERT activity. Eight of the

compounds were found to have 5-HT releasing activity (Table 1) and the remaining thirteen

compounds were found to be either 5-HT uptake inhibitors (Table 2), or were inactive (2
and 23). As expected, the smaller, less sterically encumbered compounds such as the

primary amines (12 and 13), the N-methyl derivatives (15 and 17), and N-ethyl derivatives

(15 and 18) were found to be releasers (Table 1). Most of the tryptamines in Table 2 were

found to be 5-HT uptake inhibitors, with very little activity at either DAT or NET. These

compounds have much larger N-alkyl groups and were uptake inhibitors, presumably

because the compounds were not transportable.

Discussion

Our findings with the tryptamine compounds fit with the general hypothesis that psychedelic

compounds are serotonergic in nature. Specifically, all of the compounds were active as 5-

HT2A agonists and most were either SERT uptake inhibitors or transporter substrate

releasers. SERT-mediated release potencies varied widely between the 5-methoxy and

unsubstituted compounds. The unsubstituted indole compounds were more active as 5-HT

releasers with EC50 values in the 18.6 to 32.6 nM range. Tryptamine (12),-methyltryptamine

(13), and N-methyltryptamine (14) also displayed releasing activity at DA transporters and

NE transporters, although with much lower potency when compared to activity at the SERT.

The most potent and selective 5-HT releaser was N-ethyltryptamine (15, NETP), which had

an EC50 for SERT-mediated release of 18.6 nM and was relatively inactive at the other two

transporters. The 5-methoxylated version of DMT (5-MeO-DMT, 7) was a weak 5-HT

uptake inhibitor (IC50 value = 2184 nM). This was somewhat surprising since the 5-hydroxy

analog, 16, was a potent SERT-mediated releaser with an EC50 value of 30.5 nM. 5-OH-

DMT (16), also known as bufotenin, is a compound reportedly found in schizophrenics and

proposed as a possible disease biomarker (Emanuele et al. 2010; Faurbye and Pind 1968). 5-

MeO-DMT (7) and DMT (6), are also found naturally in psychoactive plants such as

Psychotria viridis and Virola calophylla (Freedland and Mansbach 1999). The N,N-

dimethyl-4-hydroxy analog (24, psilocin), is the active metabolite of psilocybin (5), the O-

phosphoryl analog of psilocin and the hallucinogenic component of the psychoactive
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Psilocybe genus of mushrooms which is currently being studied clinically. Psilocin was

found to have reasonable uptake inhibitory properties at the SERT, with an IC50 value of

662 nM. The transposition of the hydroxyl group from the 5-position (16) to the 4-position

(24) changed the activity from a SERT-mediated releaser to a SERT uptake inhibitor,

meaning the 5-substituted compound was a substrate, but the 4-substituted analog was not.

The uptake inhibition data for 5-MeO-DIPT (1), 5-MeO-MIPT (2) and 5-MeO-DMT (7) in

Table 2 correlates well with data reported by Nagai et al. who used a similar assay protocol

with rat brain synaptosomes (Nagai et al. 2007). None of the 5-methoxy compounds had

appreciable DA or NE uptake inhibitory properties. In all three cases, the IC50 values for 5-

HT uptake inhibition were slightly lower than reported previously, 646 nM, >10,000 nM,

and 2184 nM, respectively (see Table 2), compared to 2200 nM, 6400 nM and 4100 nM

(Nagai et al. 2007), though the rank order of potency was the same. Nagai et al. also studied

AMT (18) and found that it was a fairly potent releaser at transporters for DA, NE and 5-

HT, with EC50 values of 180 nM, 68 nM, and 79 nM respectively. Our findings with AMT

were similar to those of Nagai et al., as shown in Table 1. Sogawa et al. have also reported

that 5-MeO-DIPT is a potent and selective 5-HT uptake inhibitor using rat brain

synaptosomes with an IC50 value of 1800 nM (Sogawa et al. 2007). Their value is 3-fold

higher than our observation of 646 nM.

As with the releasers, the 5-methoxy analogs were much less potent at the SERT when

compared to their unsubstituted counterparts. For example, 5-MeO-DET (26) was found to

have an IC50 of 2184 nM, whereas DET was 10-fold more potent (258 nM). In general,

increasing the overall size of a chemical structure was associated with lower potency at

SERT uptake inhibition. However, the diisopropyl compounds, DIPT (22) and 5-MeO-DIPT

(1), inhibited 5-HT uptake much better than their mono-substituted analogs. NIPT (20) and

5-MeO-NIPT (27) were found to be weak 5-HT uptake inhibitors with IC50 values of 1487

nM and 5442 nM respectively. The addition of a second isopropyl group (DIPT and 5-MeO-

DIPT) improved SERT activity by almost an order of magnitude, to 288 nM and 646 nM

respectively. Even more surprising was the finding that substitution of one of the isopropyls

with a methyl group to form MIPT (23) and 5-MeO-MIPT (2, Moxy) rendered the

compounds totally inactive as 5-HT uptake inhibitors.

Our findings also fit with the general hypothesis that releasers are transporter substrates,

similar to 5-HT, while uptake inhibitors are not. This hypothesis posits that structurally

small compounds tend to be releasers because they are able to be transported and hence

induce transporter-mediated release. On the other hand, larger compounds cannot be

substrates because steric interactions with the transporter prevent translocation. These

compounds either bind at the surface of the transporter, thereby blocking reuptake of

neurotransmitter, or do nothing. As noted above, N-ethyltryptamine (15) was a SERT-

mediated releaser, but the addition of a second N-ethyl group caused the compound to

become a modestly potent 5-HT uptake inhibitor (19, DET) with an IC50 for inhibition of

258 nM. This finding reinforces the notion that bulky substituents render compounds that

are too large to be transported. Presumably, both NETP and DET bind to the site of

translocation, but the second ethyl group of DET prevents the transporter from making the

required conformational changes to induce translocation.
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One of the most interesting structural observations with the transporter data involve the N,N-

dimethyl analogs. Both N,N-dimethyltryptamine (6, DMT) and N,N-dimethyl-5-

hydroxytryptamine (16) were found to be SERT-selective releasers, with EC50 values of 114

nM and 30.5 nM, respectively. This observation was somewhat surprising because our

previous experience has demonstrated that the vast majority of transporter substrates are

primary or secondary amines. Cozzi, et al. also observed substrate activity for DMT, as well

as for DPT (21), DIPT (22), and MIPT (23) which are also N,N-dialkyl analogs and much

larger than DMT (Cozzi et al. 2009). Our assay protocol uses rat synaptosomes and

compares activity in SERT release and uptake inhibition. Using this protocol the latter 3

compounds were found to be SERT uptake inhibitors (Table 2). Mechanistically, substrate-

type releasers are active in both release and uptake inhibition assays, while uptake inhibitors

are only active in the uptake inhibition assay. The protocol used by Cozzi et al. to identify

SERT substrates was an indirect method of determining mechanism by comparing binding

affinity to potency in uptake inhibition. Compounds with high binding-to-uptake ratios were

considered SERT substrate releasers. The binding-to-uptake ratio protocol was originally

developed by the Rothman laboratory (Rothman et al. 1999), but this method was found to

be inconsistent and replaced with a protocol similar to the release assays used here

(Rothman et al. 2002)

All of the neurotransmitter releasing tryptamines (Table 1) were potent and efficacious 5-

HT2A agonists as measured in a calcium mobilization assay. The most potent and efficacious

compound of this group is 5-methoxy-N-ethyltryptamine (18), which had an EC50 value of

1.9 nM with 112% efficacy. Compounds that exhibited Gαq/11 mediated functional

responses also promoted the recruitment of β-arrestin, except for NMT (14) and DMT (6),

which were inactive at 10 µM. The two methoxy derivatives (17 and 18) had similar

potencies in the β-arrestin recruitment assay, but 17 was 67% efficacious as a partial agonist

while 18 was fully efficacious. This difference in efficacy was also present in the 5-HT2A

calcium assay, where 17 was less efficacious than 18. Interestingly, compound 17 and 18
displayed similar 70% efficacy in the 5-HT1A receptor assay. These results indicate that

adding a methoxy group to the 5-position on the phenyl ring leads to small changes in 5-

HT2A potency but large changes in efficacy. One additional compound (16) was active at 5-

HT1A with an EC50 value of 366 nM and was 95% efficacious as opposed to 17 and 18.

All of the compounds in Table 2 were also potent and efficacious 5-HT2A agonists in the

calcium mobilization assay, with compounds 23 and 24 being the least efficacious (74 and

76%) and compound 25 being the most potent (EC50 of 0.5 nM) and efficacious (119%).

Interestingly, in contrast to their weak 5-HT uptake inhibiting properties, the compounds

containing a methoxy group on the phenyl ring (25, 7, 26, 27, 28, 1, 2) displayed low

nanomolar potency at the 5-HT2A receptor, as opposed to the unsubstituted compounds

which were less active. The methoxy compounds were also among the most potent in the β-

arrestin recruitment assay, a trend that was also observed for two of the 5-HT releasers as

well (17, 18). These compounds have a range of efficacies starting at 56% and increasing to

124%, which does not seem to follow any trend related to N-substitution patterns. Four of

the compounds (25, 7, 26, 28) were potent at 5-HT1A, but only partially efficacious (43–

66%).
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Functional selectivity is becoming an important aspect in GPCR ligand development

because of the possibility that an agonist might be able to activate one downstream signaling

pathway over another leading to differences in pharmacological effects (Schmid and Bohn

2010; Schmid et al. 2008). All of the compounds in Tables 1 and 2 were efficacious as 5-

HT2A agonists in the calcium mobilization assay, but interestingly the unsubstituted

compounds were weak agonists or inactive in the β-arrestin recruitment assay. The methoxy-

substituted compounds were all active in the β-arrestin recruitment assay, although several

(7, 17, 26, 28) exhibited lower efficacies (56% to 68%). The implications of these findings

are unknown since additional experimentation would be required to validate functional

selectivity, although such differences in β-arrestin recruitment could alter behavioral effects.

It would be interesting to extend these studies to other downstream signaling pathways such

as activation of Akt and/or Erk phosphorylation.

A description of reported psychoactive effects in humans has been included in Tables 1 and

2 tabulated from Shulgin reports (Shulgin and Shulgin 1997) in order to provide the reader

with a sense of the wide range of psychological effects produced by tryptamine agents.

There did not seem to be a correlation between in vitro activity and psychoactive effects for

SERT-mediated activity, 5-HT2A receptor activity or 5-HT1A receptor activity. The

psychoactive effects of five of the compounds have not been reported. Further

pharmacological characterization of these compounds would need to be conducted in order

to further understand their behavioral outcomes, in particular related to metabolism by

monoamine oxidases (Halberstadt et al. 2008; Reimann and Schneider 1993) and their

pharmacokinetic profiles (Shen et al. 2011), which could be critical. As noted above,

psychoactivity can also be influenced by a number of other receptors such as DA receptors,

trace amine-associated receptors, cannabinoid receptors, the sigma-1 receptor, and the kappa

opioid receptor. Future studies should employ more comprehensive pharmacological

screening to explore the role of additional biological targets in the mechanism of action for

psychoactive tryptamines.

In conclusion, we have synthesized and studied a set of tryptamines, most of which have

been reported to have psychoactivity in humans. Determining the pharmacology of

hallucinogens like the tryptamines will be necessary to fully understand the recent clinical

results with compounds like psilocybin noted above, and for the future design of new

analogs. Some of the psychoactive tryptamines were 5-HT releasers while others blocked 5-

HT uptake. All of the tryptamines were 5-HT2A agonists, but there was a mix of activity in

the β-arrestin recruitment and 5-HT1A assays. The in vitro transporter data confirm general

structure activity trends for releasers and uptake inhibitors. Releasers tend to be sterically

small compounds, likely because they undergo transporter-mediated translocation. Larger

compounds, which cannot be translocated and therefore cannot induce release, often block

neurotransmitter uptake, possibly because they fit in the site of translocation but are too

large to undergo translocation. Finally, we found no obvious relationships between the

receptor/transporter activity and the reported in vivo effects of the compounds examined.
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Figure 1.
Psychedelic and Non-Psychedelic Compounds

Blough et al. Page 13

Psychopharmacology (Berl). Author manuscript; available in PMC 2015 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Blough et al. Page 14

T
ab

le
 1

D
A

T
, S

E
R

T
, a

nd
 N

E
T

-m
ed

ia
te

d 
R

el
ea

si
ng

 P
ro

pe
rt

ie
s 

an
d 

5-
H

T
2A

, 5
-H

T
2A

 β
-a

rr
es

tin
, a

nd
 5

-H
T

1A
 A

ct
iv

ity
 o

f 
Ps

yc
he

de
lic

 T
ry

pt
am

in
e 

A
na

lo
gs

R
el

ea
se

 E
C

50
, (

nM
)a

5-
H

T
2A

b
5-

H
T

1A
b

5-
H

T
2A

 β
-a

rr
es

ti
nc

#
N

am
e

X
R

1
R

2
R

3
D

A
T

SE
R

T
N

E
T

E
C

50
,

(n
M

)
E

m
ax

,
(%

)
E

C
50

,
(n

M
)

E
m

ax
,

(%
)

E
C

50
, (

nM
)

E
m

ax
,

(%
)

P
sy

ch
oa

ct
iv

e
E

ff
ec

ts
e

12
T

H
H

H
H

16
4 

±
 1

6
32

.6
 ±

 2
.6

71
6 

±
 4

6
7.

36
 ±

 0
.5

6
10

4 
±

 4
IA

34
85

 ±
 2

34
10

8 
±

 1
6

Ps
yc

ho
ac

tiv
e,

 s
ho

rt
ac

tin
g 

du
e 

to
m

et
ab

ol
is

m
,

in
cr

ea
se

d 
bl

oo
d

pr
es

su
re

, s
im

ila
r 

to
L

SD

13
A

M
T

H
H

H
M

e
78

.6
 ±

 4
.0

21
.7

 ±
 1

.0
11

2 
±

 6
23

.1
 ±

 2
.4

10
3 

±
 3

IA
48

55
 ±

 1
41

6
95

 ±
 1

7
Ps

yc
he

de
lic

 b
ut

va
ri

ed
, f

as
t/s

lo
w

on
se

t, 
go

od
/b

ad
ex

pe
ri

en
ce

s,
 lo

ng
la

st
in

g,
 n

o 
vi

su
al

s,
sp

ee
d-

lik
e,

ta
ch

yc
ar

di
a,

 ja
w

cl
en

ch
in

g

14
N

M
T

H
M

e
H

H
32

1 
±

 2
3

22
.4

 ±
 1

.4
73

3 
±

 9
4

50
.7

 ±
 7

.1
96

 ±
 2

IA
IA

N
R

15
N

E
T

Pg
H

E
t

H
H

66
60

 ±
 5

51
18

.6
 ±

 1
.6

38
62

 ±
 6

35
d

38
.3

 ±
 2

.7
99

 ±
 2

IA
45

82
f

64
f

N
R

6
D

M
T

H
M

e
M

e
H

>
10

,0
00

11
4 

±
 1

5
41

66
 ±

 3
17

38
.3

 ±
 0

.8
1

83
 ±

 0
.4

IA
IA

H
ea

vy
 in

to
xi

ca
nt

 a
nd

ha
llu

ci
no

ge
n,

 v
is

ua
ls

,
in

te
ns

e 
co

lo
rs

16
D

im
et

hy
l -

 s
er

ot
on

in
O

H
M

e
M

e
H

>
10

,0
00

30
.5

 ±
 8

.6
>

10
,0

00
3.

49
 ±

 0
.0

8
10

0 
±

 2
36

6 
±

 6
7

95
 ±

 1
N

D
So

m
e 

vi
su

al
s 

(l
in

es
an

d 
do

ts
),

 ti
gh

tn
es

s 
in

ch
es

t, 
na

us
ea

,
br

ea
th

in
g 

is
su

es
,

m
in

d 
fe

el
s 

cr
ow

de
d

17
5M

eO
-N

M
T

O
M

e
M

e
H

H
>

10
,0

00
11

14
 ±

 7
00

>
10

,0
00

3.
78

 ±
 0

.7
3

84
 ±

 2
0

22
0 

±
 1

2
72

 ±
 4

61
1 

±
 1

49
66

 ±
 9

N
R

Psychopharmacology (Berl). Author manuscript; available in PMC 2015 October 01.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Blough et al. Page 15

R
el

ea
se

 E
C

50
, (

nM
)a

5-
H

T
2A

b
5-

H
T

1A
b

5-
H

T
2A

 β
-a

rr
es

ti
nc

#
N

am
e

X
R

1
R

2
R

3
D

A
T

SE
R

T
N

E
T

E
C

50
,

(n
M

)
E

m
ax

,
(%

)
E

C
50

,
(n

M
)

E
m

ax
,

(%
)

E
C

50
, (

nM
)

E
m

ax
,

(%
)

P
sy

ch
oa

ct
iv

e
E

ff
ec

ts
e

18
5M

eO
-N

E
T

O
M

e
E

t
H

H
>

10
,0

00
28

4 
±

 4
1.

6
>

10
,0

00
1.

92
 ±

 0
.2

9
11

2 
±

 3
26

2 
±

 2
7

70
 ±

 7
56

8 
±

 1
74

10
3 

±
 1

2
N

R

IA
 =

 I
na

ct
iv

e 
at

 1
0 

µM
 in

 a
go

ni
st

 s
cr

ee
n.

N
R

 =
 N

ot
 r

ep
or

te
d 

in
 T

iH
K

A
L

.
N

D
 =

 N
ot

 d
et

er
m

in
ed

.

a R
el

ea
se

 E
C

50
 v

al
ue

s 
ar

e 
re

po
rt

ed
 a

s 
m

ea
ns

 ±
 S

D
 a

nd
 a

re
 th

e 
re

su
lt 

of
 N

=
 3

 p
er

fo
rm

ed
 in

 tr
ip

lic
at

e.

b C
al

ci
um

 m
ob

ili
za

tio
n 

E
C

50
 a

nd
 E

m
ax

 v
al

ue
s 

ar
e 

re
po

rt
ed

 a
s 

m
ea

ns
 ±

 S
E

M
 a

nd
 a

re
 th

e 
re

su
lt 

of
 th

re
e 

in
de

pe
nd

en
t e

xp
er

im
en

ts
 p

er
fo

rm
ed

 in
 d

up
lic

at
e.

c β
-a

rr
es

tin
 r

ec
ru

itm
en

t E
C

50
 a

nd
 E

m
ax

 v
al

ue
s 

ar
e 

re
po

rt
ed

 a
s 

m
ea

ns
 ±

 S
E

M
 a

nd
 a

re
 th

e 
re

su
lt 

of
 th

re
e 

in
de

pe
nd

en
t e

xp
er

im
en

ts
 p

er
fo

rm
ed

 in
 d

up
lic

at
e.

d IC
50

 f
or

 u
pt

ak
e 

in
hi

bi
tio

n.

e T
ab

ul
at

ed
 f

ro
m

 a
ne

cd
ot

al
 r

ep
or

ts
 in

 T
iH

K
A

L
.

f Si
ng

le
 d

et
er

m
in

at
io

n.

g T
hi

s 
co

m
po

un
d 

is
 r

ef
er

re
d 

to
 a

s 
“N

E
T

” 
in

 T
iH

K
A

L
 b

ut
 w

as
 a

lte
re

d 
to

 a
vo

id
 c

on
fu

si
on

 w
ith

 th
e 

no
re

pi
ne

ph
ri

ne
 tr

an
sp

or
te

r.

Psychopharmacology (Berl). Author manuscript; available in PMC 2015 October 01.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Blough et al. Page 16

T
ab

le
 2

D
A

, 5
H

T
, a

nd
 N

E
 U

pt
ak

e 
In

hi
bi

tio
n 

Pr
op

er
tie

s 
an

d 
5-

H
T

2A
, 5

-H
T

2A
 β

-a
rr

es
tin

, a
nd

 5
-H

T
1A

 A
ct

iv
ity

 o
f 

Ps
yc

he
de

lic
 T

ry
pt

am
in

es

#
N

am
e

X
R

1
R

2

IC
50

, (
nM

)a
5-

H
T

2A
b

5-
H

T
1A

b
5-

H
T

2A
 β

-a
rr

es
ti

nc

P
sy

ch
oa

ct
iv

e
E

ff
ec

ts
d

D
A

T
SE

R
T

N
E

T
E

C
50

,
(n

M
)

E
m

ax
,

(%
)

E
C

50
,

(n
M

)
E

m
ax

,
(%

)
E

C
50

,
(n

M
)

E
m

ax
,

(%
)

19
D

E
T

H
E

t
E

t
>

10
,0

00
25

8 
±

 1
3

>
10

,0
00

67
.8

 ±
 4

.4
90

 ±
 6

IA
IA

Ps
yc

ho
ac

tiv
e,

 v
is

ua
ls

, v
er

tig
o

20
N

IP
T

H
iP

r
H

>
10

,0
00

14
87

 ±
 9

3
>

10
,0

00
11

6 
±

 8
.4

96
 ±

 3
IA

>
10

,0
00

L
ig

ht
-h

ea
de

d 
in

to
xi

ca
nt

,
pl

ea
sa

nt
 b

uz
z

21
D

PT
H

Pr
Pr

22
18

 ±
 1

68
15

7 
±

 1
6

32
02

 ±
 3

30
26

.1
 ±

 1
.9

97
 ±

 3
IA

16
92

 ±
 7

8.
9

63
 ±

 8
In

te
ns

el
y 

vi
su

al
, l

on
g 

la
st

in
g,

th
in

gs
 a

pp
ea

r 
fa

st
, r

el
ig

io
us

ex
pe

ri
en

ce
s

22
D

IP
T

H
iP

r
iP

r
47

88
 ±

 4
16

28
8 

±
 2

.3
>

10
,0

00
33

.5
 ±

 1
.5

11
0 

±
 2

IA
>

10
,0

00
A

ud
ito

ry
, n

ot
 v

is
ua

l, 
he

ar
d

vo
ic

es
, s

ou
nd

s 
ha

d 
“g

ol
de

n
sp

ik
es

”,
 r

el
ig

io
us

 o
ve

rt
on

es

23
M

IP
T

H
iP

r
M

e
>

10
,0

00
>

10
,0

00
>

10
,0

00
44

.9
 ±

 1
.7

74
 ±

 5
IA

IA
M

ild
 h

al
lu

ci
na

tio
ns

, s
tim

ul
an

t,
fa

st
 o

ns
et

, p
sy

ch
ed

el
ic

24
Ps

ilo
ci

n
4-

O
H

M
e

M
e

>
10

,0
00

66
2 

±
 4

1
>

10
,0

00
45

.2
 ±

 4
.1

e
76

 ±
 7

e
N

D
N

D
V

er
y 

vi
su

al
, l

ot
s 

of
 c

ol
or

s,
be

tte
r 

at
 n

ig
ht

25
5M

eO
-T

O
M

e
H

H
>

10
,0

00
40

00
>

10
,0

00
0.

50
3 

±
 0

.0
9

11
9 

±
 2

18
3 

±
 3

0
66

 ±
 4

53
5 

±
 1

23
13

5 
±

 2
0

N
ot

 p
ar

tic
ul

ar
ly

 a
ct

iv
e,

po
ss

ib
ly

 d
ue

 to
 m

et
ab

ol
is

m
si

m
ila

r 
to

 1
2

7
5M

eO
-D

M
T

O
M

e
M

e
M

e
>

10
,0

00
21

84
 ±

 2
22

>
10

,0
00

3.
87

 ±
 0

.3
5

10
1 

±
 4

79
1 

±
 1

33
68

 ±
 3

38
5 

±
 1

12
56

 ±
 6

T
im

e 
di

st
or

tio
ns

, s
to

ne
d

fe
el

in
g,

 h
al

lu
ci

no
ge

ni
c 

at
 h

ig
h

do
se

s

26
5M

eO
-D

E
T

O
M

e
E

t
E

t
>

10
,0

00
24

10
 ±

 2
22

>
10

,0
00

8.
11

 ±
 0

.3
6

10
1 

±
 0

.8
91

1 
±

 1
86

67
 ±

 2
10

65
 ±

 6
07

64
 ±

 8
A

ud
ito

ry
 c

ha
ng

es
, n

eg
at

iv
e

ex
pe

ri
en

ce
s,

 a
nx

ie
ty

Psychopharmacology (Berl). Author manuscript; available in PMC 2015 October 01.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Blough et al. Page 17

#
N

am
e

X
R

1
R

2

IC
50

, (
nM

)a
5-

H
T

2A
b

5-
H

T
1A

b
5-

H
T

2A
 β

-a
rr

es
ti

nc

P
sy

ch
oa

ct
iv

e
E

ff
ec

ts
d

D
A

T
SE

R
T

N
E

T
E

C
50

,
(n

M
)

E
m

ax
,

(%
)

E
C

50
,

(n
M

)
E

m
ax

,
(%

)
E

C
50

,
(n

M
)

E
m

ax
,

(%
)

27
5M

eO
-N

IP
T

O
M

e
iP

r
H

>
10

,0
00

54
42

 ±
 3

77
>

10
,0

00
9.

24
 ±

 1
.3

10
1 

±
 2

>
10

,0
00

10
75

 ±
 2

34
99

 ±
 6

N
R

28
5M

eO
-D

PT
O

M
e

Pr
Pr

16
99

8 
±

 2
19

2
10

31
 ±

 1
40

>
10

,0
0

6.
00

 ±
 0

.4
3

10
1 

±
 3

47
6 

±
 1

02
43

 ±
 5

99
3 

±
 4

21
68

 ±
 2

C
om

fo
rt

ab
le

 a
t l

ow
 d

os
es

,
os

ci
lla

tin
g 

go
od

 a
nd

 b
ad

so
un

ds
, n

eg
at

iv
e 

si
de

do
m

in
at

ed
 a

s 
bu

zz
 c

on
tin

ue
s

1
5M

eO
-D

IP
T

O
M

e
iP

r
iP

r
>

10
,0

00
64

6 
±

 4
8

>
10

,0
00

6.
22

 ±
 1

.1
10

9 
±

 5
>

10
,0

00
94

6 
±

 1
41

12
4 

±
 1

2
E

ro
tic

, s
en

se
s 

di
st

or
te

d,
 s

ho
rt

-
liv

ed
, c

ou
ld

 n
ot

 m
ak

e 
in

tu
iti

ve
le

ap
s

2
5M

eO
-M

IP
T

O
M

e
iP

r
M

e
>

10
,0

00
>

10
,0

00
>

10
,0

00
7.

82
 ±

 1
.5

10
1 

±
 3

>
10

,0
00

56
6 

±
 1

10
82

 ±
 1

3
Fa

st
 o

ns
et

, s
tim

ul
at

es
co

nc
ep

tu
al

 th
ou

gh
t,

de
pe

rs
on

al
iz

at
io

n

IA
 =

 I
na

ct
iv

e 
at

 1
0 

µM
 in

 a
go

ni
st

 s
cr

ee
n.

N
R

 =
 N

ot
 r

ep
or

te
d 

in
 T

iH
K

A
L

.
N

D
 =

 N
ot

 d
et

er
m

in
ed

.

a U
pt

ak
e 

in
hi

bi
tio

n 
IC

50
 v

al
ue

s 
ar

e 
re

po
rt

ed
 a

s 
m

ea
ns

 ±
 S

D
 a

nd
 a

re
 th

e 
re

su
lt 

of
 N

=
 3

 p
er

fo
rm

ed
 in

 tr
ip

lic
at

e.

b C
al

ci
um

 m
ob

ili
za

tio
n 

E
C

50
 a

nd
 E

m
ax

 v
al

ue
s 

ar
e 

re
po

rt
ed

 a
s 

m
ea

ns
 ±

 S
E

M
 a

nd
 a

re
 th

e 
re

su
lt 

of
 th

re
e 

in
de

pe
nd

en
t e

xp
er

im
en

ts
 p

er
fo

rm
ed

 in
 d

up
lic

at
e.

c β
-a

rr
es

tin
 r

ec
ru

itm
en

t E
C

50
 a

nd
 E

m
ax

 v
al

ue
s 

ar
e 

re
po

rt
ed

 a
s 

m
ea

ns
 ±

 S
E

M
 a

nd
 a

re
 th

e 
re

su
lt 

of
 th

re
e 

in
de

pe
nd

en
t e

xp
er

im
en

ts
 p

er
fo

rm
ed

 in
 d

up
lic

at
e.

d T
ab

ul
at

ed
 f

ro
m

 a
ne

cd
ot

al
 r

ep
or

ts
 in

 T
iH

K
A

L
.

e V
al

ue
s 

ar
e 

m
ea

ns
 ±

 S
D

 a
nd

 a
re

 th
e 

re
su

lt 
of

 tw
o 

in
de

pe
nd

en
t e

xp
er

im
en

ts
 p

er
fo

rm
ed

 in
 d

up
lic

at
e.

Psychopharmacology (Berl). Author manuscript; available in PMC 2015 October 01.


