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implicates the brain 5-HT, receptor as a site of action
for LSD and phenylisopropylamine hallucinogens
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Abstract. Alterations in brain serotonergic function have
been implicated in the mechanism of action of LSD, mesca-
line, and other similarly acting hallucinogenic drugs of
abuse such as STP (2,5-dimethoxyphenylisopropylamine;
DOM). In order to test the hypothesis that the mechanism
of action of LSD and phenylisopropylamine hallucinogens
is through stimulation of a specific brain serotonin receptor
sub-type, the affinities of these compounds for radiolabelled
5-HT,, 5-HT,4, 5-HT,y, and 5-HT receptors have been
determined using recently developed in vitro radioligand
binding methodologies. The 5-HT, receptor was labelled
with the agonist/hallucinogen radioligand *H-DOB (4-
bromo-2,5-dimethoxyphenylisopropylamine). The 5-HT 4,
5-HT,g, and 5-HT, receptors were labelled with *H-OH-
DPAT, ®H-5-HT, and *H-mesulergine, respectively. In gen-
eral, the phenylisopropylamines displayed 10-100 fold
higher affinities for the 5-HT, receptor than for the 5-HT, ¢
receptor and 100-1000 fold higher affinities for the 5-HT,
receptor than for the 5-HT,;, or 5-HT,g receptor. There
was a strong correlation between hallucinogenic potencies
and 5-HT, receptor affinities of the phenylisopropylamines
(r=0.90); the correlation coefficients for the S5-HT,,
5-HT,g, and 5-HT, . were 0.73, 0.85, and 0.78, respectively.
Because there is no evidence that 5-HT,,-selective or
5-HT g-selective agonists are hallucinogenic and because
the phenylisopropylamines are potent hallucinogens, a
5-HT, receptor interaction is implicated and supports our
previous suggestions to this effect. A secondary role for
5-HT,¢ receptors cannot be discounted at this time. These
results, when integrated with other receptor pharmacologi-
cal information, indicate that an important component of
the mechanism of action of LSD and the phenylisopropyl-
amine hallucinogens is through stimulation of brain 5-HT,
receptors.
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The mechanism of action underlying the hallucinogenic
and/or psychoactive properties of LSD has been an intrigu-
ing mystery for more than 40 years. Evidence pointing to
the involvement of serotonergic systems was provided by
the electrophysiological studies of Aghajanian et al. (1968,
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1970, 1972). However, the identification of a pharmacologi-
cally defined receptor as the specific site of action of LSD
accounting for its potent mind-altering effects has been elu-
sive.

The phenylisopropylamine hallucinogens produce a syn-
drome that is apparently very similar to the spectrum of
effects produced by LSD (Shulgin 1978). One strategy for
uncovering a specific hallucinogenic site of action for LSD
has been to identify a common site of action of the phenyl-
isopropylamine hallucinogens and LSD. Extensive struc-
ture-activity studies (SAR) have been pursued involving
testing the hallucinogenic and/or psychoactive potencies of
these compounds (Nichols and Glennon 1984). Also SAR
studies involving testing the potencies of the phenylisopro-
pylamines as behavioral cues in rats trained to bar-press
when administered the hallucinogenic phenylisopropyl-
amine DOM (2,5-dimethoxyphenylisopropylamine) have
been pursued (for review, see Glennon et al. 1984a). A
strong correlation has been demonstrated between the hal-
lucinogenic potencies of phenylisopropylamines and their
potencies in cueing DOM-trained rats (Glennon et al.
1984 b), indicating that the DOM drug-discrimination mod-
el involves a brain drug receptor that may be the key site
in the production of the psychoactive effects in humans.

Recently a highly significant correlation was demon-
strated between the potencies of the phenylisopropylamines
as either hallucinogens or behavioral cues and their affini-
ties for 3H-antagonist radiolabelled 5-HT, receptors (Glen-
non et al. 1984b). However, there are at least three addi-
tional distinct serotonin receptor binding sites in rat brain
detectable with radioligand binding assays. For this reason,
it was important to investigate the relationships between
the biological potencies of the phenylisopropylamines and
their affinities for the radiolabelled 5-HT receptor sub-
types. Furthermore, a radioactive hallucinogen, *H-DOB,
that apparently labels the 5-HT, receptor with high affinity
and specificity has recently been developed (Titeler et al.
1985; Lyon et al. 1987). Agonist interactions with 5-HT,
receptors are 10-100 fold more potent using this radioli-
gand than the antagonist radioligands previously used to
label the 5-HT, receptor. Serotonin displays nanomolar af-
finity for the 5-HT, receptor when *H-DOB is used as the
radiolabel (Titeler et al. 1985; Lyon et al. 1987). It is pre-
sumed that the 5-HT), receptor radioligands are also label-
ling an agonist high affinity state, as serotonin displays
a nanomolar affinity for these receptors. Thus, it was of
interest to determine if phenylisopropylamine hallucinogens
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would display higher affinities using *H-DOB as the 5-HT,
radioligand rather than *H-ketanserin.

Materials and methods

Tissue preparation and radioligand binding assays proce-
dures were as described previously with minor modifica-
tions (Battaglia et al. 1984; Lyon et al. 1987). Following
decapitation the brains of male Sprague-Dawley rats were
removed and placed in 0.9% ice-cold saline and then dis-
sected over ice until the tissue was prepared. Tissues were
stored in ice-cold saline for no longer than 1 h and following
blot drying and weighing they were prepared and frozen
at —30° C until used. Freshly dissected tissue was homoge-
nized (Polytron setting 6 for 20 s) in 30 vol ice-cold buffer
containing 50 mM Tris-HCl (pH 7.4 at 37° C), 0.5 mM
Na,EDTA an 10 mM MgSO, and centrifuged at 30000 g
for 15 min. The supernatant was discarded and the pellet
resuspended and pre-incubated for 15 min at 37° C. The
homogenate membranes were washed twice by centrifuga-
tion and resuspension. The final suspension buffer con-
tained 10 uM pargyline and 0.1% ascorbate and was added
last to the assay incubation medium. The agonist high affin-
ity state of the 5-HT, receptor was labelled with 0.4 nM
*H-DOB and 20 mg homogenized rat frontal cortical tissue
(Lyon et al. 1987). Cinanserin 10~ % M was used to define
non-specific binding. The 5-HT,, receptor was labelled
with 0.1 nM *H-8-OH-DPAT and 2.5 mg rat hippocampal
homogenates. 8-OH-DPAT 10" M was used to define
non-specific binding. The 5-HT, g receptor was labelled with
2.0 nM *H-serotonin and 2.5 mg rat striatal membrane ho-
mogenates. 5S-HT 10~ ° M was used to define non-specific
binding and 107 M 8-OH-DPAT and 10”7 M mesulergine
were included to block 5-HT;, and 5-HT, receptors, re-
spectively. 5-HT, receptors were labelled with 1.0 nM *H-
mesulergine in the presence of 20 nM spiperone with 20 mg
pig cortical membranes. Non-specific binding was deter-
mined using 10 uM 5-HT. Eleven concentrations of non-
radioactive competing drugs were made {resh daily in assay
buffer. Following incubation with membranes and radioli-
gand at 37° C for 15 min (for H-DOB assays) or 30 min
(for 5-HT, assays) samples were rapidly filtered over glass
fibre filters and washed with 10 ml ice-cold 50 mM Tris-
HCI buffer. Individual filters were inserted into vials and
equilibrated with 5 ml scintillation fluid for 6 h before
counting at 50% efficiency. Results were analyzed using
an updated version of the program EBDA (McPherson
1983) and statistically analyzed using RS1 (BBN Software).
Serotonin receptor affinities were determined using 3H-
DOB (5-HT,), *H-8-OH-DPAT (5-HT,,), *H-5-HT
(5-HT,p) and *H-mesulergine (5-HT,c). The values re-
ported are the K, values determined from experimentally
determined Ics, values, adjusted for the presence of radioli-
gand using the Cheng-Prusoff equation (Cheng and Prusoff
1973).

Results and discussion

Table 1 lists the K; values determined using the four radioli-
gand binding assays utilized in this study (see Materials
and methods). Table 1 also lists the approximate human
dosage of phenylisopropylamines that produce psychoac-
tive effects and the dosages that cue DOM-trained rats (Ni-
chols and Glennon 1984; Glennon et al. 1984b). LSD dis-

plays high affinity for all four serotonin receptor sub-types.
However, the potent hallucinogen DOB displays an approx-
imatley 100 fold higher affinity for the 5-HT, receptor than
for the 5-HT, ¢ receptor, 2000-fold higher affinity for the
5-HT, receptor than for the 5-HT,g and 5000-fold higher
affinity for the 5-HT, receptor than for the 5-HT, recep-
tor. This pattern is maintained throughout the entire series
of phenylisopropylamine hallucinogens (Table 1). These
data indicate that although LSD displays high affinity for
all the serotonin receptor sub-types, only the 5-HT, recep-
tor displays high affinity for both the potent phenylisopro-
pylamine hallucinogens and LSD.

The correlation coefficients (r) are also reported in Ta-
ble 1 for receptor affinities versus either psychoactive po-
tency (in humans) or behavioral potency (i.e., stimulus gen-
eralization in DOM-trained rats). While the 5-HT, receptor
affinities displayed the highest degree of correlation with
either human psychoactive potencies or DOM discrimina-
tion potencies, the affinities of the phenylisopropylamines
and LSD for the other serotonin receptor sub-types also
resulted in significant correlations. However, it should be
noted that the correlations involving the 5-HT,, and
5-HT,p receptors involved substances that displayed no de-
tectable affinities in vitro (K; values > 10000 nM) for the
receptors and yet produced significant effects in humans
and in DOM-trained animals (Table 1). In addition, results
of clinical trials with 5-HT,-selective (e.g., buspirone,
Gammans et al. 1986) and 5-HT,p-selective (e.g., mCPP,
Mueller et al. 1986) agonists suggest that these agents are
not hallucinogenic in humans. Furthermore, in drug dis-
crimination studies using animals trained to discriminate
various hallucinogens and serotonin agonists from vehicle,
stimulus generalization did not occur between the
hallucinogens and 5-HT,, or 5-HT,p agonists regardiess
of which was used as the training drug, and the effects
of hallucinogens (but not those of 5-HT, or 5-HT, g-selec-
tive agonists) can be antagonized by 5-HT, antagonists
(Glennon 1987). In addition, as indicated above, the affini-
ties of the phenylisopropylamines for the non-5-HT, recep-
tors were orders of magnitude lower than for the 5-HT,
receptor. Taken together, these observations indicate that
the correlations are due to some degrees of similarity in
the binding sites of these receptors, which is not surprising
as they are all receptors for the same neurotransmitter, sero-
tonin. Furthermore, the degree of similarity seems to be
greatest for the 5-HT, and 5-HT,¢ receptors, as they dis-
play the highest affinities for the phenylisopropylamines
and have the strongest degree of correlation (r=0.88 for
5-HT, versus 5-HT,¢). There were no statistically signifi-
cant correlations between K; values for the other receptors.
Supportive of the argument that the 5-HT, and the 5-HT,
receptor are more closely related to each other than to the
5-HT,, and 5-HT,g receptors are the observations that
both the 5-HT, and 5-HT, receptors apparently mediate
stimulation of phosphoinositol metabolism (Sanders-Bush
and Conn 1986). 5-HT,, receptors have been reported to
inhibit adenylate cyclase activity [14]. It is not yet known
what intracellular events are altered by 5-HT,p receptor
stimulation.

Significant correlations have been observed between
phenylisopropylamine hallucinogenic potencies and 5-HT,
receptor affinities using 2H-ketanserin, an antagonist, non-
hallucinogenic radiolabel (Glennon et al. 1984a). However,
the apparent affinities of the phenylisopropylamines were
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Table 1. Serotonin receptor affinities, human hallucinogenic potencies and drug-discrimination values

Agent 5-HT, (nM) 5-HT ;4 (n™) 5-HT 5 (™) 5-HT,c (a™) 2 b
1. d-1.SD 0.54+ 0.07 043 + 0.02 6.6 + 0.03 38+ 0.6 6.70 7.0
2. R(—) DOB 0.39+ 0.11 2332 +188 683 + 46 47 + 10 5.80 6.5
3. DOI 0.70+ 0.07 2355 + 77 1261 +105 30 + 4 5.40 6.0
4, DOB 0.79+ 0.01 3770 +£118 831 + 37 69 + 16 5.35 6.19
5. DOPR 0904+ 0.19 2849 +170 2330 +101 14 + 1 5.26 6.21
6. R(—) DOM 1.80+ 0.40 4004 +107 1840 4172 94 + 17 5.15 6.06
7. DOET 1.50 + 0.30 3930 +115 2451 +226 101 + 20 4.98 6.05
3. DOM 8 + 040 5122 +140 2063 +112 193 + 20 4.85 5.75
9. S(+) DOB 230+ 0.20 4041 4156 883 + 49 81 + 7 4.80 5.58
10. DOBU 1.70+ 0.30 4178  +165 1211 + 86 26 + 5 4.46 5.49
11. 2,4,5 TMA 81 £+ 6 >10000 > 10000 2666 + 76 4.12 4.86
12. MEM 113 + 8 > 10000 >10000 2278 + 90 3.96 4.64
13. 2,5 DMA 268 +32 1131 + 55 8435 1668 1217 + 89 3.66 4.62
14. 2,4 DMA 234 +29 >10000 >10000 3152 + 83 3.59 4.68
15. R(—) MDA 198  +37 4167 +110 >10000 2079 + 48 3.49 5.42
16. MDA 387 454 5644  +114 > 10000 2932 + 88 3.24 5.10
17. 34,5 TMA 307 +32 >10000 >10000 5710 +150 3.14 4.61
Correlations:
Human potency (r) 0.90 0.73 0.85 0.78
Drug discrimination (r) 0.90 0.69 0.80 0.82

? log values of human hallucinogenic potencies (Lmole)

® log values of EDs, values in animal drug discrimination studies (umole/kg)

r refers to Spearman’s rank correlation coefficient. Structures of these compounds may be found in Shulgin (1978) and Shannon et al.
(1984). The receptors listed were radiolabelled as indicated in Materials and methods.

generally 10-100 fold lower using *H-ketanserin than is ob-
served using *H-DOB. Previous work has indicated that
the 5-HT, receptor is a two-state receptor capable of form-
g a complex with a GTP-binding protein (Battaglia et al.
1984; Titeler etal. 1984). SH-DOB apparently labels a
guanine nucleotide-sensitive agonist high-affinity state of
the 5-HT, receptor (Lyon et al. 1987). Experience with
many receptors that interact with GTP-binding proteins has
shown that the relative affinities of agonists at the two
states are identical; the absolute affinity is different (Titeler
1987). Therefore there should be a similar degree of correla-
tion between hallucinogenic potency versus *H-ketanserin
binding affinity and hallucinogenic potency and *H-DOB
binding affinity. The advantages of using *H-DOB in this
study derive from the ability to demonstrate the extremely
high affinities the phenylisopropylamines display in inter-
acting with the 5-HT, receptor and the fact that this radioli-
gand provides a direct demonstration of the high affinity
interaction of a radioactive phenylisopropylamine hallu-
cinogen with the 5-HT, receptor.

In summary, it has been demonstrated herein that the
phenylisopropylamine hallucinogens interact with high af-
finity and with a high degree of correlation (versus their
hallucinogenic and behavioral potencies) only with the
5-HT, receptor. A somewhat less significant correlation is
obtained with 5-HT, , and 5-HT, binding; however, other
pharmacological data suggest that these sites may not play
a primary role in the mechanism of action of hallucinogenic
agents. On the other hand, a role for 5-HT,¢ sites is unclear
at this time. As LSD has similar hallucinogenic and behav-
ioral effects as the phenylisopropylamines, and demon-
strates high affinity for the 5-HT, receptor, it seems likely
that the psychoactive effects of the phenylisopropylamine
hallucinogens and LSD are mediated through stimulation

of brain 5-HT, receptors. The extremely potent hallucino-
genic effects of LSD may indicate a secondary involvement
of a 5-HT; receptor sub-type in the mechanism of action
of LSD. The radioligand binding evidence also indicates
a degree of similarity between the binding interactions of
phenylisopropylamines to the 5-HT, and 5-HT, ¢ receptors
and suggests that these two receptors may be more closely
related to each other than to other serotonin receptor sub-

types.

Acknowledgement. This work was supported by PHS grant
#MH40716-01A2.

References

Aghajanian GK, Foote WE, Sheard MH (1968) Lysergic acid
diethylamide; sensitive neuronal units in midbrain raphe.
Science 161:706-708

Aghajanian GK, Foote WE, Sheard MH (1970) Actions of psycho-
togenic drugs on single midbrain raphe neurons. J Pharmacol
Exp Ther 171:178-187

Aghajanian GK, Haigler HJ, Bloom FE (1972) Lysergic acd
diethylamide and serotonin: direct actions on serotonin-con-
taining neurons in rat brain Life Sci 11:615-622

Battaglia G, Shannon M, Borgundvaag B, Titeler M (1984) Guanyl
nucleotide and divalent cation regulation of cortical 5-HT,
serotonin receptors. J Neurochem 43-1213-1219

Cheng YC, Prusoff WH (1973) Relationship between the inhibition
constant (K;) and the concentration of inhibitor which causes
50% inhibition (Is4). Biochem Pharmacol 22:3099-3108

DeVivo M. Maayani S (1986) Characterization of the 5-hydroxy-
tryptamine, , receptor-mediated inhibition of forskolin-stimu-
lated adenylate cyclase activity in guinea pig and rat hippocam-
pal membranes. J Pharmacol Exp Ther 238:248-253

Gammans RE, Mayol RF, Labudde JA (1986) Metabolism and
disposition of buspirone. Am J Med 80:41-51



216

Glennon RA (1987) Site-selective serotonin agonists as discrimina-
tive stimuli. In: Colpaert FC, Balster R (eds) Transduction
mechanisms of drug stimuli. Springer, Berlin Heidelberg New
York Tokyo (in press)

Glennon RA, Rosecrans JA, Young R (1984a) Drug-induced dis-
crimination: a description of the paradigm and a review of
its specific application to the study of hallucinogenic agents.
Med Res Rev 3:289-376

Glennon RA, Titeler M, McKenney JD (1984b) Evidence for
5-HT, receptor involvement in the mechanism of action of hal-
lucinogenic agents. Life Sci 35:2205-2511

Lyon RA, Davis KH, Titeler M (1987) *H-DOB (4-bromo-2,5-
dimethoxyphenylisopropylamine) labels a guanyl nucleotide
sensitive state of cortical 5-HT, receptors. Mol Pharmacol
31:194-199

McPherson GA (1983) A practical computer-based approach to
the analysis of radioligand binding experiments. Comput Pro-
grams Biomed 17:107-114

Mueller EA, Murphy DL, Sunderland T (1986) Further studies
of the putative serotonin agonist m-chlorophenylpiperazine: ev-
idence for a serotonin receptor mediated mechanism of action
in humans. Psychopharmacology 89:388-391

Nichols DE, Glennon RA (1984) Medicinal chemistry and struc-
ture-activity relationships of hallucinogens. In: Jacobs BL (ed)

Hallucinogens: neurochemical, behavioral and clinical perspec-
tives. Raven Press, New York, pp 95-142

Sanders-Bush E, Conn PJ (1986) Effector systems coupled to 5-HT
receptors in brain: 5-HT stimulated phosphatidylinositol hy-
drolysis. Psychopharmacol Bull 22:829-839

Shannon M, Battaglia G, Glennon RA, Titeler M (1984) 5-HT,
and 5-HT, binding properties of the hallucinogen 1-(2,5-di-
methoxyphenyl)2-aminopropane (2,5-DMA). Eur J Pharmacol
102:23-29

Shulgin AT (1978) Psychotomimetic drugs: structure-activity rela-
tionships. In: Iversen LL, Iversen SD, Snyder SH (eds) Hand-
book of psychopharmacology, vol 11. Plenum Press, New
York, pp 243-333

Titeler M (1987) Receptor binding theory and methodology. In:
Williams M, Glennon RA, Timmermans PBMW (eds) Receptor
pharmacology and function. Dekker, New York (in press)

Titeler M, Battaglia G, Shannon M (1984) Guanine nucleotides
modulate cortical 5-HT, receptors. J Receptor Res 7:705-712

Titeler M, Herrick K, Lyon RA, McKenney JD, Glennon RA
(1985) *H-DOB: a specific agonist radioligand for 5-HT, sero-
tonin receptors. Eur J Pharmacol 117:145-146

Received June 29, 1987 / Final version July 21, 1987



