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Abstract—The interactions of the indolealkylamine N,N-dimethyltryptamine (DMT) with 5-
hydroxytryptamine, , (5-HT,,) and 5-HT, receptors in rat brain were analyzed using radioligand binding
techniques and biochemical functional assays. The affinity of DMT for 5-HT,, sites labeled by [*H]-8-
hydroxy-2-(di-n-propylamino)tetralin ([*H]-8-OH-DPAT) was decreased in the presence of 10™*M
GTP, suggesting agonist activity of DMT at this receptor. Adenylate cyclase studies in rat hippocampi
showed that DMT inhibited forskolin-stimulated cyclase activity, a 5-HT,, agonist effect. DMT
displayed full agonist activity with an ECs, of 4 X 107* M in the cyclase assay. In contrast to the agonist
actions of DMT at 5-HT,, receptors, DMT appeared to have antagonistic properties at S-HT, receptors.
The ability of DMT to compete for [*H]-ketanserin-labeled 5-HT, receptors was not affected by the
presence of 10 *M GTP, suggesting antagonist activity of DMT at 5-HT;, receptors. In addition, DMT
antagonized 5-HT,-receptor-mediated phosphatidylinositol (PI) turnover in rat cortex at concentrations
above 10-7M, with 70% of the 5-HT-induced PI response inhibited at 10*M DMT. Micromolar
concentrations of DMT produced a slight PI stimulation that was not blocked by the 5-HT, antagonist
ketanserin. These studies suggest that DMT has opposing actions on 5-HT receptor subtypes, displaying
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agonist activity at 5-HT,, receptors and antagonist activity at 5-HT, receptors.

The presence of multiple 5-hydroxytryptamine (S5-
HT) receptors in the central nervous system is now
well established [1,2]. In general, tryptamine
derivatives such as S-HT display agonist effects at
all known S-HT receptor subtypes [3-5]. On the
other hand, ergot derivatives such as methysergide,
metergoline, lisuride and d-lysergic acid diethylamide
(d-LSD) have been reported to display differential
effects (i.e. agonism versus antagonism) at various
5-HT receptor subtypes [3, 4, 6-8]. For example, d-
LSD has been shown to be a full agonist at central
5-HT, 4 receptors linked to inhibition of adenylate
cyclase [9], while it has been reported to display no
direct agonist effects [7,10] or only weak partial
agonist activity [11] at 5-HT, receptors. In cortical
electrophysiological studies, d-LSD inhibits 5-HT,-
mediated neuronal depolarizations produced by 5-
HT, whereas d-LSD alone does not produce a
depolarization, suggesting a 5-HT, antagonist action
of d-LSD [12].

In contrast to d-LSD, the effects of the
indolealkylamine N,N-dimethyltryptamine (DMT)
on second-messenger systems linked to S-HT
receptors have not been analyzed extensively to
date. Such information may be important since DMT
and d-LSD share the ability to induce hallucinations
yet belong to different chemical classes. Therefore,
the purpose of the present study was to determine
the agonist versus antagonist properties of DMT at
central 5-HT,, and 5-HT,; receptors using receptor
binding techniques and biochemical functional
assays.

* Correspondence: Dr. Stephen J. Peroutka, Neurology
Service (127), VA Medical Center, 3801 Miranda Ave.,
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MATERIALS AND METHODS

Radioligand studies. Receptor binding assays were
performed as described previously [13, 14]. Briefly,
adult rat brains were obtained immediately following
decapitation and the frontal cortex of each was
dissected as needed. Tissues were homogenized in
20 vol. of SO0 mM Tris-HCI buffer (pH 7.7 at 25°)
using a Brinkmann Polytron and then centrifuged in
an IEC B20A centrifuge at 49,000 g for 10 min. The
supernatant was discarded and the pellet resuspended
in the same volume of Tris-HCl buffer and incubated
at 37° for 10 min prior to a second centrifugation at
49,000 g for 10 min. The final pellet was resuspended
in 70vol. of TrissHCl buffer containing 10 uM
pargyline, 4 mM calcium chloride and 0.1% ascorbic
acid. The suspensions were used immediately in the
binding assay.

Binding assays for drug displacement studies
consisted of 0.1mL [*H]-ketanserin (final con-
centration of 0.4 to 0.8nM) or 0.1 mL [*H]-8-
hydroxy-2-(di-n-propylamino)tetralin ([*H]-8-OH-
DPAT) (final concentration of 0.2 to 0.4nM),
0.1 mL buffer or displacing drug, 0.1 mL buffer or
GTP (final concentration 10~* M) and 0.7 mL tissue
suspension. Following incubation at 25° for 30 min,
the assays were filtered rapidly under vacuum
through Whatman GF/B filters with two 5-mL
washes using 50 mM Tris~HCI buffer. Radioactivity
was measured by liquid scintillation spectroscopy in
SmL of Aquasol (New England Nuclear, Boston,
MA) at approximately 54% efficiency. Specific
binding was defined using 1 uM cinanserin for [*H}-
ketanserin studies and 10 uM 5-HT for [*H]-8-OH-
DPAT studies. The K; value of DMT in the presence
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of GTP was calculated using a K, value for [*H]-8-
OH-DPAT of 2.7nM, whereas a K, value of
0.75 nM was used to calculate the K; value of DMT
in the absence of GTP [14, 15].

Adenylate cyclase assay. Adenylate cyclase activity
was measured in rat hippocampal tissue as described
previously [16]. Frozen rat brains were thawed and
hippocampi removed and homogenized in 2.5 mL of
tissue medium [17]. The homogenate was then
centrifuged at 39,000 g for 10 min. The pellet was
resuspended in tissue medium, centrifuged, and then
resuspended in 9vol. of tissue medium. The
membrane homogenate (50 uL) was added to 125 uL.
of assay medium along with 10 uM forskolin (final
concentration) and various concentrations of the
drug to be tested. Assay medium, drug and
membrane homogenate were preincubated for 5 min
at 30° prior to the addition of [*’P]-adenosine-5-
triphosphate ([*’P]-ATP). The reaction proceeded
at 30° for 5 min and then was stopped by the addition
of 100 ul. stopping solution (2% sodium lauryl
sulfate, 45mM ATP and 1.3mM cAMP) and
incubated at 37° for Smin. [*H]-cAMP (8000 cpm)
was added to each sample to determine recovery.
The added [**P]-ATP and resulting [**P]-cAMP were
separated first on Dowex, and then on alumina
columns.

Phosphatidylinositol turnover. The methods used
in this study to determine phosphatidylinositol (PI)
turnover in cortical slices were modified slightly from
previously described methods [18]. Cortices were
dissected from Sprague—Dawley rats (100-200 g) and
cut into 350 X 350 um slices using a Brinkmann
Mcllwain Tissue Chopper. Slices were then incubated
at 37° for 45min in a shaking water bath with
modified Krebs solution and bubbled O,/CO, (95%/
5%). Aliquots (50 ul) of slices were transferred to
20-mL scintillation vials along with 1 uCi of [*H]-
myoinositol, 6 mM lithium chloride and 10uM
pargyline in modified Krebs buffer. Next, vials were
gassed, capped and incubated again for 45 min at
37°. Antagonists then were added if indicated and
incubated for 15min. 5-HT (107°M) or various
concentrations of DMT were then added, and the
vials were again gassed, capped and incubated at 37°
for 45min. A chloroform/methanol mixture was
added to each vial to stop the reaction. Distilled
H,0 and CHCI; were added to each vial to separate
the solution into phases. The vials were then vortexed
and set aside to allow phase separation.

Dowex ion-exchange columns (200—400 mesh)
were used for the extraction. The aqueous phase
from each vial was transferred to the columns. Two
washes were performed with 5mM unlabeled
myoinositol. When the washes were complete,
collection tubes were set up and the radiolabeled
inositol phosphates were eluted with 1 N ammonium
formate in 0.1 N formic acid. From each tube, the
eluate was transferred to scintillation vials along
with 10 mL of Aquasol scintillation fluid. The vials
were then placed in a liquid scintillation counter.
The amount of radioactivity was considered a
measure of PI turnover.

Drugs. Drugs were obtained from the following
sources: [*H]-ketanserin  (61.8 Ci/mmol; New
England Nuclear); [*H)-8-OH-DPAT (129 Ci/mmol;
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New England Nuclear); [*H]-myoinositol (15 Ci/
mmol; American Radiolabeled Chemicals Inc., St.
Louis, MO); [*2P]-ATP (10-50 Ci/mmol; Amersham
International, U.K.); [H}-cAMP (31.2 Ci/mmol;
New England Nuclear); cinanserin (E.R. Squibb &
Sons, Inc., Princeton, NJ); ketanserin (Janssen
Pharmaceutical, Piscataway, NIJ); (—)-pindolol
(Sandoz, East Hanover, NJ); and all other drugs
(Sigma Chemical Co., St. Louis, MO).

RESULTS

Effect of 10~* M GTP on DMT competition for 5-
HT\4 and 5-HT, binding sites labeled by [*H]-8-OH-
DPAT and [*H)-ketanserin in rat frontal cortex. Drug
competition studies using DMT were performed
with [*H]-8-OH-DPAT (K, = 0.75 nMinthe absence
of GTP and 2.7 nM in the presence of GTP) [14, 15]
or[*H]-ketanserin (K, = 0.65 nM){19]in the absence
or presence of 107*M GTP. This concentration of
nucleotide has been reported to decrease the potency
of agonists, but not antagonists, for 5-HT receptor
binding sites [14, 20]. As shown in Fig. 1A, 107*M
GTP significantly decreased the ability of DMT to
compete for [*H]-8-OH-DPAT-labeled S5-HT,A
receptor binding sites. In the absence of GTP, the
apparent affinity constant (K;) of DMT was
130 * 6 nM, whereas in the presence of 107*M GTP
the K;was 464 = 10 nM. Thus, the additionof 10 *M
GTP significantly decreased the affinity of DMT for
[*H]-8-OH-DPAT-labeled 5-HT;, binding sites
(P < 0.001; Student’s t-test).

In marked contrast, DMT competition for [*H]-
ketanserin-labeled 5-HT; receptor binding sites was
essentially the same in the absence or presence of
10~*M GTP (Fig. 1B). DMT displayed a K; value
versus [*H]-ketanserin binding of 440 + 20 nM in the
absence of GTP and 455 * 10 nM in the presence of
107*M GTP. These values were not significantly
different (P > 0.05; Student’s t-test).

Effects of DMT and 8-OH-DPAT on forskolin-
stimulated adenylate cyclase. In rat hippocampi,
10 uM forskolin caused an approximately 7-fold
increase in adenylate cyclase activity. In our system,
the 5-HT) 5 selective agonist 8-OH-DPAT produced
a 26 = 3% inhibition of cyclase activity at 10 M
(N =5), a value similar to that obtained by other
investigators [9,21]. The effect of DMT on
forskolin-stimulated adenylate cyclase activity in rat
hippocampi is shown in Fig. 2. DMT caused a
concentration-dependent decrease of forskolin-
stimulated adenylate cyclase with a maximum
inhibition of 30 + 4% occurring at 10™*M DMT.
The ECsg of DMT was approximately 4 x 1078 M.

In addition, experiments were performed with
increasing concentrations of DMT in the presence
of 107®M (—)-pindolol, a potent 5-HT,;, receptor
antagonist which has been reported to inhibit the
effect of 8-OH-DPAT on forskolin-stimulated
adenylate cyclase [16]. As shown in Fig. 2, 107*M
(-)-pindolol blocked the DMT-induced inhibition
of adenylate cyclase activity. At 10-*M DMT and
107°M (-)-pindolol, cyclase activity was 97 = 3%
of the baseline forskolin signal.

Effects of DMT on Pl turnover and 5-HT-
stimulated PI turnover in rat cortex. Rat cortical
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Fig. 1. Effect of 10~*M GTP on DMT competition for 5-
HT,, receptors labeled with [*H}-8-OH-DPAT and 5-HT,
receptors labeled with ['H]-ketanserin in rat cortex. (A)
Specific binding of [*H]-8-OH-DPAT was defined as the
excess over blanks taken in the presence of 10~ M 5-HT,
with a final assay concentration of 0.2 to 0.4 nM [*H]-8-
OH-DPAT. In the presence of 10~*M GTP, tctal specific
[*H]-8-OH-DPAT binding was reduced by 75%, averaging
880 = 150 cpm in the absence and 200 + 60 cpm in the
presence of GTP. The K; value of DMT in the presence
of GTP was calculated using a K, value of 2.7 nM, whereas
a Kp value of 0.75 nM was used to calculate the K; value
of DMT in the absence of GTP [14, 15]. The presence of
GTP significantly decreased the affinity of DMT for 5-
HT,, cites (P < 0.001, Student’s -test). (B) Specific [*H]-
ketanserin binding was defined as the excess over blanks
taken in the presence of 1 uM cinanserin with a final assay
concentration of 0.4 to 0.8nM [*H]-ketanserin. GTP
(107*M) did not affect total specific [*H]-ketanserin
binding, which averaged 2900 + 200 cpm in the absence
and 3000 * 200 cpm in the presence of GTP. Results are
the means * SEM of three experiments performed in
triplicate.

slices were incubated for 45 min in the presence of
various concentrations of DMT (Fig. 3). In the
control condition, PI stimulation produced by 107> M
5-HT averaged 60 = 4% above baseline levels. DMT
began to stimulate PI turnover at approximately
107"M with and ECsy value of 3 x 10°M. DMT
induced a maximal stimulation of 12 + 1% above
baseline at 107°%M (i.e. 20% of the 107°M S5-HT
signal).

To determine the effect of DMT on 5-
HT-stimulated PI turnover, DMT concentration—
response curves were analyzed in the presence of
107°M 5-HT. As shown in Fig. 3, micromolar
concentrations of DMT decreased 5-HT-stimulated
PI turnover. In the absence of DMT, 5-HT (1075 M)
stimulated PI turnover to 60 + 4% above baseline.
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Fig. 2. Effect of increasing concentrations of DMT on
forskolin-stimulated adenylate cyclase in rat hippocampus.
The effect of increasing concentrations of DMT on
forskolin-stimulated adenylate cyclase was tested in the
absence and presence of 107 M (—)-pindolol. Data shown
are the means + SEM of 3-8 experiments, each performed
in triplicate. Bascline values for adenylate cyclase:
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Fig. 3. Effect of increasing concentration of DMT on PI
turnover in the absence and presence of 107°M 5-HT. The
S-HT (10~* M) PI signal averaged 60 + 4% above baseline
values (1600 = 100cpm) and is represented as 100%
response. Results are expressed as a percentage of this 5-
HT response. Data shown are the means * SEM of 34
experiments, each performed in triplicate.

DMT concentration-dependently antagonized 5-HT-
stimulated PI turnover at drug concentrations above
10"M, with 70+ 8% of the 5-HT-induced PI
response inhibited at a DMT concentration of
107*M.

Effects of 107°M ketanserin on Pl turnover
stimulated by 1075 M concentrations of 5-HT and
DMT. An attempt was made to determine if the
stimulating effect of 5S-HT and DMT on PI turnover
is mediated by 5-HT, receptors. The selective 5-HT,
antagonist ketanserin (107M) was added 15 min
before the addition of either 107M 5-HT or 105 M
DMT to the assay system (Fig. 4). The PI response
obtained with 107> M 5-HT averaged 50 + 3% above
baseline values. In the presence of 10-¢ M ketanserin
and 10-°M S5-HT, PI turnover was reduced
significantly to only 4.5 + 3% above baseline values
(P <0.001; Student’s r-test). By contrast, the PI
response to 1075 M DMT was essentially the same
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Fig. 4. Effects of 107*M ketanserin on S-HT and DMT
stimulation of PI turnover in rat cortex. Inositol phosphate
levels were measured in the absence and presence of 10° M
ketanserin. The 5-HT (10~° M) Pl signal averaged 50 + 3%
above baseline values (1600 + 100 cpm) and is represented
as 100% response. The effect of 107> M DMT is shown as
a percentage of the 107 M 5-HT response. Data shown
are the means + SEM of 34 experiments, each performed
in triplicate. Ketanserin significantly reduced the 5-HT
response (P < 0.001; Student’s r-test).

in the absence (11 + 2%) and presence (13 * 2%)
of 107°M ketanserin (P > 0.05; Student’s r-test).
Preliminary studies with ketanserin alone did not
show a PI turnover above baseline levels. Therefore,
the relatively low level of PI stimulation induced by
10->M DMT (200 = 10 cpm above baseline) does
not appear to be 5-HT, receptor mediated since it
was not blocked by 107®M ketanserin.

DISCUSSION

The major finding of the present study was that
the indolealkylamine hallucinogen DMT appeared
to have opposing actions on 5-HT,;, and 5-HT;
receptor subtypes in rat brain. The guanyl nucleotide
GTP (10~* M) significantly decreased the potency of
DMT in competing for 5-HT); 4 receptors (from a K
value of 130nM to 464 nM), a finding which has
been reported, but not proven, to indicate agonist
activity at this site [14,20]. In addition, agonist
activity of DMT at 5-HT,, receptors was demon-
strated directly by the ability of this agent to
concentration-dependently inhibit forskolin-stimu-
lated adenylate cyclase activity in rat hippocampus,
an effect mediated via 5-HT , receptors [4, 9). DMT
appears to be a full agonist since it was equally as
efficacious as the selective 5-HT;, agonist 8-OH-
DPAT in inhibiting cyclase activity. The 5-HT,,
antagonist (—)-pindolol blocked the DMT inhibition
of cyclase production. In addition, previous studies
have demonstrated agonist activity of DMT at S-
HT,, receptors. For example, DMT enhances the
acoustic startle response in rats [22], a 5-HTj,
agonist effect [23]. Furthermore, DMT has been
shown to inhibit firing of raphe neurons [24], an
action also linked to the activation of 5-HTja
receptors [25].

In contrast to the agonist activity at 5-HT;a
receptors, DMT appears to have primarily antag-
onistic properties at 5-HT, receptors. In radioligand
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binding studies, GTP fails to alter the ability of
DMT to compete for 5-HT, receptors in rat brain,
suggesting a lack of agonist activity at this receptor
[20]. Antagonist activity of DMT at 5-HT, receptors
is also suggested by the effects of this drug on the
PI turnover system in rat cortex. DMT inhibited 5-
HT-stimulated PI turnover at concentrations above
10-7M and exhibited a 70 = 8% inhibition of the
5-HT response at 107*M DMT. Micromolar
concentrations of DMT alone produced a slight PI
stimulation which was not blocked by the 5-
HT, antagonist ketanserin, suggesting that DMT
activation of this biochemical pathway is not via 5-
HT, receptors.

The ability of DMT to antagonize 5-HT,-mediated
effects also has been reported in other systems.
DMT inhibits 5-HT-induced excitation of CNS
neurons [26], a putative 5-HT,-mediated effect [27-
29). Furthermore, application of DMT alone to cat
brainstem neurons produces no excitatory effects.
DMT also has been shown to inhibit S-HT-induced
platelet shape change, a 5-HT,-mediated effect
(30, 31]. DMT alone displayed weak agonist activity
in this system. In addition to this platelet effect,
DMT has been shown to display weak partial agonist
activity in two other peripheral tissues which contain
5-HT, receptors, the rabbit aorta and rat jugular
vein [32]. Therefore, DMT may possess very weak
partial agonist activity at 5-HT, receptors. In the
peripheral studies, however, 5-HT, antagonists were
not tested for their ability to block the agonist effect
of DMT. The PI stimulation produced by DMT in
the present study was not affected by the 5-
HT, antagonist ketanserin, suggesting that DMT
stimulation of PI turnover is not via the 5-HT,
receptor.

The data indicating that DMT both stimulated 5-
HT,, receptors and antagonized 5-HT, receptors
are similar to the results obtained with the structurally
related indolealkylamine hallucinogen, d-LSD.
Similar to the agonist actions of DMT at 5-HT 5
receptors, d-LSD also inhibits raphe firing [24],
enhances rat acoustic startle responses [33], and
potently inhibits forskolin-stimulated adenylate
cyclase production [9]. Likewise, d-LSD antagonizes
5-HT-stimulated PI turnover at 5-HT, receptors and
has also been shown to be an antagonist in numerous
other 5-HT,-mediated systems [7}. In addition, GTP
fails to affect the binding of [°"H]-LSD to 5-HT,
receptors yet significantly decreases the By, and the
affinity of [*H]-LSD binding to the 5-HT 4 receptor
[8]. The findings are analogous to the DMT results
presented in this report.

The ability of a drug to stimulate one subtype of
5-HT receptor and to antagonise another has been
reported for other compounds as well. For instance,
the piperazines m-trifiuoromethylphenylpiperazine
(TFMPP) and m-chlorophenylpiperazine (MCPP)
antagonize 5-HT,-mediated PI turnover in cortex,
yet both drugs stimulate S5-HT,c-mediated PI
turnover in the choroid plexus [34]. Behavioral
studies suggest that lisuride, TFMPP, imipramine
and dihydroergosine inhibit 5-HT,-mediated head
twitch and induce the 5-HT,;, receptor-mediated
behavioral syndrome in rats {6, 35].

To our knowledge, previously analyzed tryptamine
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derivatives have displayed only agonist activity in
biochemical studies of 5-HT receptor subtypes.
For example, the tryptamine derivates 5-HT, 5-
methoxytryptamine, 5-carboxyamidotryptamine, a-
methyl-5-HT and 1-methyl-5-HT have been shown
to be agonists at S-HT;,, 5-HT\¢ and/or 5-HT,
receptors [3-5]. However, the second-messenger
effects of dimethyltryptamine derivatives have been
studied only at 5-HT, 4 and 5-HT,c receptors. Similar
to the tryptamine derivates mentioned above, which
display full agonist activity at 5-HT,, and 5-HT)¢
receptors, the dimethyltryptamine derivatives 5-
methoxy-DMT and bufotenine behave as full agonists
at 5-HT, 5 receptors [4]. These dimethyltryptamines,
however, produce only 50% of the full agonist
response at 5-HT¢ receptors linked to PI turnover
[5]. In contrast to the full agonist and partial agonist
actions of dimethyltryptamines at 5-HT,, and $S-
HT,c receptors, respectively, the present study found
DMT to display antagonistic activity at 5-HT,
receptors. Future structure-activity studies may
elucidate the molecular properties underlying the
agonist, partial agonist and antagonist activities of
dimethyltryptamines at 5S-HT receptor subtypes.
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