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Differences in potency and efficacy of a series of
phenylisopropylamine/phenylethylamine pairs at 5-HT,, and
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1 The pharmacological profile of a series of (+)-2,5-dimethoxy-4-(X)-phenylisopropylamines
(X=1, Br, NO,, CHj3, or H) and corresponding phenylethylamines, was determined in Xenopus laevis
oocytes injected with cRNA coding for rat 5-HT,5 or 5-HT,c receptors. The efficacy and relative
potency of these drugs were determined and compared to classical 5-HT, receptor agonists and
antagonists.

2 The rank order of agonist potency at the 5-HT,s receptor was: a-methyl-5-HT =5-HT > m-
CPP>MK-212; at the 5-HT,c receptor the order was: 5-HT > a-methyl-5-HT > MK-212 > m-CPP.
All these compounds were full agonists at the 5-HT,c receptor, but o-methyl-5-HT and m-CPP
showed lower efficacy at the 5-HT, receptor.

3 4-(4-Fluorobenzoyl)-1-(4-phenylbutyl)piperidine (4F 4PP) was 200 times more potent as a 5-
HT,4 antagonist than at 5-HT,c receptors. Conversely, RS 102221 was 100 times more potent as a
5-HT,c antagonist, confirming their relative receptor selectivities.

4 The phenylisopropylamines were partial agonists at the 5-HT,5 receptor, with I, relative to 5-
HT in the 22 +7 to 58 +15% range; the corresponding phenylethylamines had lower or undetectable
efficacies. All these drugs had higher efficacies at 5-HT,c receptors; DOI was a full 5-HT,c agonist.
2C-I and the other phenylethylamines examined showed relative efficacies at the 5-HT,c receptor
ranging from 44+10% to 76+ 16%.

5 2C-N was a 5-HT, receptor antagonist; the mechanism was competitive at the 5-HT,, but non-
competitive at the 5-HT,c receptor. The antagonism was time-dependent at the 5-HT,¢ receptor but
independent of pre-incubation time at the 5-HT,4 receptor subtype.

6 The a-methyl group determines the efficacy of these phenylalkylamines at the 5-HT,, and 5-
HT,c receptors.
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2C-B, 4-bromo-2,5-dimethoxyphenylethylamine; 2C-CF3, 2,5-dimethoxy-4-trifluoromethylphenylethylamine; 2C-
D, 2,5-dimethoxy-4-methylphenylethylamine; 2C-H, 2,5-dimethoxyphenylethylamine; 2C-I, 2,5-dimethoxy-4-
2,5-DMA, (+)-1-(2,5-dimethoxy)-2-
aminopropane; DOB, (+)-1-(4-bromo-2,5-dimethoxyphenyl)-2-aminopropane; DOCF3;, (+)-1-(2,5-dimethoxy-
4-trifluoromethylphenyl)-2-aminopropane; DOI, (+)-1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane; DOM,
(£)-1-(2,5-dimethoxy-4-methylphenyl)-2-aminopropane; DON, (+)-1-(2,5-dimethoxy-4-nitrophenyl)-2-amino-
propane; I.x, maximal current generated; 4F 4PP, 4-(4-fluorobenzoyl)-1-(4phenylbutyl) piperidine; LSD, d-
lysergic acid diethylamide; m-CPP, 1-(3-chlorophenyl)piperazine dihydrochloride; MK-212, 6-chloro-2-(1-
piperazinyl)pyrazine; PEA, phenylethylamine; PIA, phenylisopropylamine; RS 102221, 8-[5-(2,4-dimethoxy-5-
(4-trifluoromethylphenylsulphonamido)phenyl-5-oxopentyl]-1,3,8-triazaspiro[4,5]decane-2,4-dione
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Introduction

Studies on the pharmacodynamics of phenylalkylamines
have focused largely on the identification of the brain
receptors involved in their psychotropic actions. An
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abundance of evidence for the participation of the 5-HT,
receptors in the action of hallucinogenic phenylalkylamines
has accumulated (Nichols, 1997; Sanders-Bush & Mayer,
2001). Although radioligand displacement experiments show
a correlation between 5-HT, receptor affinity in rat brain
membranes and the human hallucinogenic potency of several
phenylisopropylamines (PIAs), these compounds are not
generally subtype-selective (Glennon et al., 1992; Nelson et
al., 1999).



C. Acuna-Castillo et al

Hallucinogenic phenylalkylamines at 5-HT2, /2c receptors 511

The observation that ring-substituted psychotropic PIAs
are more potent than the corresponding phenylethylamines
(PEAs), that lack an a-methyl group, was the main impulse
to study PIAs rather than PEAs. In humans, psychotropic
ring-substituted PIAs are usually 2—10 times more potent
than their PEA counterparts (reviewed by Shulgin & Shulgin,
1991), and similar results have been obtained in behavioural
studies in rats (Nichols, 1997). More recently, the 2,5-
dimethoxy-4-substituted PIAs have been the main subject of
interest in this area because of their greater potency in
rodents and in humans (Nichols, 1997). In particular, (4)-1-
(2,5-dimethoxy-4-bromophenyl)-2-aminopropane (DOB) and
(+)-1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane  (DOI)
(Figure 1) were quickly identified as potent hallucinogens
(see review by Shulgin, 1981) and have since been extensively
used as 5-HT, receptor agonists (Baxter ez al., 1995; Barnes
& Sharp, 1999). Nevertheless, the influence of the o-methyl
group on the direct interaction of these compounds at 5-
HT,4 receptors has not been sufficiently documented.

An interesting contribution by Glennon ez al. (1992) was
the observation that a few identically ring-substituted PIA/
PEA pairs such as DOB/2C-B (Figure 1) have very similar
relative affinities for the 5-HT,s receptor in rat brain
membranes. This finding cannot account for the difference
of in vivo hallucinogenic potency observed within PIA/PEA
pairs. Shulgin (1981) proposed that the differences in potency
might be a consequence of the greater metabolic lability of
the PEAs compared to the corresponding PIAs. However,
little progress has been made in this area within the past two
decades, except for the observation that in some cases, the
duration of action of PIAs is considerably longer than that of
the corresponding PEAs (see Shulgin & Shulgin, 1991).
Regarding their pharmacodynamics, several investigations
suggest that activation of 5-HT,a»c receptors, either as full
or partial agonists, might underlie the psychotropic properties
of the hallucinogenic phenylalkylamines (Nichols, 1997). The
involvement of the 5-HT,g receptor in the hallucinogenic
action of the PIAs is controversial. In radioligand displace-
ment experiments, the affinities of a number of hallucinogenic
PIAs are at least an order of magnitude lower at 5-HT,g than
at 5-HT,p or 5-HT,c receptors (Nelson et al., 1999).
However, two independent studies measuring agonist-elicited
changes in intracellular calcium levels in two cell lines showed
that the rank order of potency for DOI and DOB is 5-
HTyo> 5-HTog> 5-HT,c (Porter et al., 1999; Jerman et al.,
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Figure 1 Structural formulae of the PIA/PEA pairs tested. PIAs:
R=CH;; DOI, X=I; DOB, X=Br; DON, X=NO,; DOM,
X=CHj; 2,5-DMA, X=H. PEAs: R=H; 2C-I, X=1I, 2C-B,
X =Br; 2C-N, X=NO»; 2C-D, X =CHs; 2C-H, X=H.

2001). Although the 5-HT,g receptor is closely related in
structure and pharmacology to the other receptor subtypes,
its expression in brain is limited (Choi & Maroteaux, 1996); it
has a clearly defined role in sympathetic outflow (Knowles &
Ramage, 1999, 2000), but its only documented behavioural
actions relate to anxiogenesis and hyperphagia (Kennett et
al., 1996). At present, we cannot discard the involvement of
the 5-HT,p receptor in the action of PIAs. The question of
which 5-HT, receptor subtypes participate in hallucinogenesis
must await properly controlled studies using subtype-selective
drugs or transgenic animals. It is obvious that neurochemical
studies alone cannot account for the behavioural basis of
drug action; combined in vivo studies with selective subtype
receptor ligands are necessary for a complete understanding
of hallucinogenesis.

Several years ago we showed that a series of 3,4- and 2,4,5-
ring substituted psychotropic PEAs are serotonergic agonists
(Lobos et al., 1992; Saez et al., 1994). Detailed studies
comparing the profile of 2,5-dimethoxy-4-substituted PIA/
PEA pairs have not been undertaken, with the exception of the
2,5-dimethoxy-4-trifluoromethyl-substituted phenylalkylamine
pair (Nichols et al., 1994). On the basis of the study of this
single PIA/PEA pair, they proposed that an o-methyl
substituent increases the efficacy of phenylalkylamines at the
5-HT;4 receptor but not at the 5-HT,¢ receptor. In view of the
strong hydrophobic character of the 4-trifluoromethyl group in
the PIA/PEA pair studied by Nichols et al. (1994) we were
motivated to test additional pairs with a broad range of
lipophilicities for the C-4 substituent. These compounds would
allow testing of the hypothesis that the relatively weaker
hallucinogenic potency of 2,5-dimethoxy-4-substituted PEAs,
as compared to their PIA counterparts, might be a conse-
quence, at least in part, of the differences in efficacy at the 5-
HT, receptor. With this aim, we compared the relative efficacy
and potency of a series of 2,5-dimethoxylated PIA/PEA pairs
with a variety of C-4 substituents (Figure 1) at rat 5-HT, or 5-
HT,c receptors, expressed in Xenopus laevis oocytes. The
Xenopus oocyte was chosen as this cell allow the expression of a
variety of non-endogenously present receptors, as the 5-HT,5
or 5-HT,c receptor subtypes. Furthermore, this model system
allows relatively simple determinations of drug potency and
efficacy based on single cell recording of the currents elicited by
5-HT and related agonists. These receptors are coupled to the
phospholipase C cascade, through Gq protein. The subsequent
synthesis of IP; releases intracellular calcium stores which, in
this particular cell, activate a chloride channel, generating
currents, which are easily detectable by the two-electrode
configuration (Dascal et al., 1986; Moran & Marty, 1989). This
model system has been used successfully to study the
mechanism of action of important psychoactive drugs such as
general anaesthetics (Yamakura et al., 2001), alcohol (Mihic et
al., 1997), sedative hypnotics including barbiturates and the
benzodiazepines (McKernan et al., 1995) as well as ALEPH-2,
a 2,5-dimethoxy-4-substituted PIA which proved to be a partial
5-HT,A agonist but a full 5-HT,c receptor agonist (Acuiia et
al., 2000).

The results presented herein demonstrate that some
psychoactive PEAs have weak or undetectable 5-HT,a
receptor efficacies compared with their PIA counterparts.
Furthermore, the lipophilicity of the C-4 substituent of these
paired phenylalkylamines is not directly related to their
intrinsic efficacy.

British Journal of Pharmacology vol 136 (4)
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Methods

Oocyte harvesting, microinjection of rat 5-HT», and
5-HT,c receptor clones and characterization of
5-HT responses

Xenopus laevis ovary lobes were surgically removed; stage V
and VI oocytes were manually defolliculated and further
treated with collagenase II as previously described (Acuiia et
al., 2000). Oocytes were then microinjected intracytoplasma-
tically with 10—20 ng of a cRNA for the rat 5-HT,a or 5-
HT,c receptor clones. The oocytes were incubated for 36—
48 h at 15°C in standard Barth’s solution supplemented with
10 ui/l penicillin-streptomycin and 2 mM pyruvate.

The oocytes were impaled using the two-electrode
technique in a voltage-clamp configuration using an OC-
725C oocyte clamp (Warner Instrument Corp.); the mem-
brane potential was fixed at —70 mV. To ascertain the
expression of the receptors following transfection, the oocytes
were challenged for 10 s with 100 nM 5-HT for the 5-HT;a
and 10 nM 5-HT for the 5-HT,c receptor every 20—30 min.
In case a significant current was recorded, the same
concentration of 5-HT was repeated several times until a
stable response was attained. 5-HT and related analogues
were applied by superfusion at a constant flow rate of 2 ml/
min~". Uninjected oocytes did not respond to applications of
5-HT or of the drugs tested.

Agonist concentration-response protocols

Different concentrations of 5-HT and other analogues,
including the PIAs and their corresponding PEAs, were used
to perform concentration-response protocols. To minimize
receptor desensitization, all agonists were added for 10 s at
20—-30 min intervals, a procedure that provided the most
reproducible results. In the majority of protocols, at least 6—
7 concentrations of each compound were tested to ensure
that the maximal response was attained. To compare the
potency of the 5-HT analogues, care was taken in each
oocyte to obtain a maximal 5-HT response, which was used
to normalize the currents attained with the 5-HT agonists.
This protocol allowed us to compare the relative potencies of
agonists independently of the magnitude of the current
evoked in each oocyte.

Median effective concentrations (ECsy) and the maximal
current generated (I,.,) by each of the agonists examined
relative to that elicited by 5-HT, including DOI, DOB, DON,
DOM, 2,5-DMA, and their PEA counterparts 2C-I, 2C-B,
2C-N, 2C-D, and 2C-H, in both receptor subtypes, were
derived from their respective concentration-response curves.
These curves were always normalized according to the
maximal 5-HT-evoked current attained in each single oocyte
tested.

Studies with selective 5-HT receptor subtype antagonists;
effect of pre-incubation

Two antagonists with different relative selectivities were used
to assess the pharmacology of the 5-HT responses evoked by
the 5-HT,4 and the 5-HT,c receptors. 4F 4PP was chosen as
a prototype drug with relative antagonist selectivity for the 5-
HT,4 receptor, while RS 102221 was studied as the prototype

antagonist of the 5-HT,c receptor. Antagonism was assessed
in two protocols, for both receptor subtypes: different
concentrations of these antagonists were either co-applied
with of 5-HT or they were pre-applied for 50 s and co-
applied for the next 10 s with the test 5-HT concentration, a
value close to the ECsy (100 nM for the 5-HT,5 and 10 nm
for the 5-HT,c receptor). Parallel experiments were also
performed using methysergide and ketanserin, drugs which
were co-applied with the 5-HT test concentration.

Pharmacological characterization of the antagonism of
5-HT; receptors by 2C-N

Several protocols were designed to characterize the mechan-
isms of 2C-N-induced 5-HT receptor blockade. Sets of
parallel experiments were performed in oocytes transfected
with either the 5-HT,5 or the 5-HT,c receptor subtypes.

Antagonist activity To test whether 2C-N blocked the 10 s
5-HT-induced responses at either receptor subtype, the test
concentration of 5-HT for each receptor subtype was co-
applied with 0.1 nMm—100 um 2C-N. After each 2C-N
application, the recovery of the 5-HT current was examined
ensuring that the 5-HT response reached its standard value
before the next concentration of 2C-N was evaluated.

Time-dependence We next assessed whether the 2C-N-
induced 5-HT, receptor blockade was dependent on pre-
application of this drug. For this purpose, the oocytes were
pre-exposed to 2C-N for 10—-300 s prior to the 5-HT testing
concentrations used for each receptor subtype.

Mechanism of 2C-N antagonism (a) 5-HT,a receptors. To
examine the nature of the 2C-N blockade, a full 5-HT
concentration-response curve was obtained prior to and
following co-application of 0.04, 1 or 10 um 2C-N. A first
control 5-HT concentration-response curve was obtained,
followed by a second, in the presence of each concentration
of 2C-N (n=4 oocytes per curve). In all cases, the recovery of
the 5-HT-evoked current was mandatory prior to application
of the next concentration of 5-HT plus 2C-N. A Schild plot
was derived according to Arunlakshana & Schild (1959). (b)
5-HT,c receptors. To test the antagonist properties of 2C-N,
we pre-applied 50, 100 or 150 nMm 2C-N for 3 min prior to
each 5-HT concentration required to perform a concentra-
tion-response protocol (n=5-6, per curve). The same
oocytes had previously been tested with a full 5-HT response
curve. Care was always taken to ensure that a standard 5-
HT-induced current recovered prior to the next 2C-N
application.

Statistical analysis

Results are presented as mean+s.e.mean corresponding to
experiments performed with 4—9 oocytes from at least two
separate batches of cells. Based on standard deviation values,
parallel experiments revealed that inter- was larger than intra-
assay variability for 5-HT, receptors, which in some cases
may reach 25-40%.

The currents generated by 5-HT or the other agonists
tested were plotted against concentration using Graph-Pad
Software (Graph-Pad Inc., San Diego, CA, U.S.A.) to obtain
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the median effective concentration (ECs), relative maximal
current (I,.y) (Acufia et al., 2000). In the case of antagonists,
each median effective concentration (ICsy) was interpolated
from an antagonist concentration plot, which was also
analysed using the same software. Nonparametric analysis,
Kruskal-Wallis, Mann-Whitney and Friedman & Quade tests
were also used for statistical analysis. In all cases, significance
was set at a P value <0.05.

Drugs and chemicals used

Most of the (+)-PIA (DOI, DOB, DOM, DON and 2,5-
DMA) and their PEA counterparts (2C-1, 2C-B, 2C-D, 2C-N
and 2C-H) (Figure 1) were synthesized as detailed by Shulgin
& Shulgin (1991), and prepared as the hydrochloride salts.
DON and 2C-N were synthesized by direct nitration of 2,5-
DMA or 2C-H, respectively, in aqueous solution, and were
used as the nitrates. 2C-B was obtained by bromination of
2C-H in acetic acid with Br, and used as the hydrobromide.
5-HT, a-methyl-5-HT, 1-(3-chlorophenyl)piperazine dihydro-
chloride (m-CPP), ketanserin tartrate and methysergide
maleate were purchased from RBI (Natick, MA, U.S.A.).
6-Chloro-2-(1-piperazinyl)pyrazine (MK-212), 4-(4-fluoro-
benzoyl)-1-(4-phenylbutyl) piperidine (4F 4PP), and 8-[5-
(2,4-dimethoxy-5- (4-trifluoromethylphenylsulphonamido)phe-
nyl-5-oxopentyl]-1,3,8-triazaspiro [4,5]decane-2,4-dione (RS
102221) were from Tocris (Ballwin, MO, U.S.A.).

Results
Potency of 5-HT and related synthetic agonists

5-HT was five times more potent at the 5-HT,c than at the 5-
HT,a receptor subtype. The rank order of potency of several
agonists for the 5-HT,5 receptor was: o-methyl-5-HT > 5-
HT >m-CPP>MK-212. In contrast, at the 5-HT,¢c receptor,
the relative rank order of potency of these compounds
was: 5-HT >a-methyl-5-HT > MK-212>m-CPP. Their corre-
sponding ECsos and I, are detailed in Table 1. The
concentration-response curves of all these agonists were
parallel (Figure 2). Full agonism was observed with all these
drugs at the 5-HT»c receptor, while only partial agonism was
attained with o-methyl-5-HT and m-CPP at the 5-HT,u
receptor (Table 1 and Figure 2).

Selective receptor subtype antagonism

4F 4PP was more potent than RS 102221 as a 5-HTja
receptor antagonist, whereas RS 102221 was more potent

than 4F 4PP in reducing the 5-HT evoked responses at the 5-
HT,c receptor. The potency of these antagonists increased at
least 50 fold following 1 min pre-incubation as compared to
their co-application with 5-HT, and indication that these
antagonists have a rather slow onset of action. 4F 4PP is a
weak 5-HT,c antagonist; its potency does not increase
significantly after pre-incubation for 1 min. The ICsq values
of these antagonists co- and pre-applied are detailed in Table
2. Representative tracings of 5-HT-evoked currents and their
selective blockade by these drugs are shown in Figure 3A,D.

Parallel studies examined the antagonism by ketanserin or
methysergide, classical 5-HT, receptor antagonists. Different
concentrations of the antagonists were co-applied with
100 nM 5-HT. Their Icso from these protocols were 4.2+ 1.3
and 5.1+ 1.7 uMm, respectively (n=4). The blockade caused by
these antagonists was not easily reversible, in spite of
prolonged drug washouts. We did not examine the interac-
tion of these compounds with 5-HT,c receptors.

Comparison of the agonist potencies and efficacies of
PIA|PEA pairs

At the 5-HT,4 receptor, the efficacies of all the PIAs were
significantly greater than those of their corresponding PEAs;
in contrast, the efficacies were not significantly different at the
5-HT,c receptor, with the exception of the DOI/2C-I pair.
Each PEA was much less efficacious at the 5-HT,4 than at
the 5-HT,c receptor. However, the PIAs did not show very
marked differences in efficacy between both receptor
subtypes. Only DOI and DOM were almost full agonists at
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Figure 2 Relative potency and efficacy of 5-HT and related agonists
at 5-HT, receptors. Agonist concentration-response curves were
obtained using oocytes injected with either the 5-HT,A (A) or 5-
HT,c (B) receptor cRNAs. The agonist curves were normalized with
respect to the maximal response attained by 5-ht in each oocyte. 5-
HT (n=83-90); a-methyl-5-HT (n=35), MK-212 (n=5); m-CPP
(n=4).

Activity of 5-HT and related agonists evaluated at 5-HT,5 and 5-HT,¢ receptors; summary of curve-derived parameters for

Table 1
each agonist
5-HT>,4
EC5() (HM) Imax (%)

5-HT 67+6 104+1
o-methyl-5-HT 2544 78+ 10*
m-CPP 1166+ 513* 38+ 12%
MK-212 6040 +3739%* 98+ 13

The values represent the average+s.e.mean. *P<0.05; **P<0.01.

5-HT>¢
ECsp (nMm) Lax (Y0)
83 13+1 107+1 90
5 81+ 15% 96+11 5
4 8354 159** 88+ 14 4
5 185+ 50* 101+9 5

British Journal of Pharmacology vol 136 (4)
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Table 2 Selective antagonism of 4F 4PP and RS 102221 on
5-HT-evoked current at 5-HT, and 5-HT,c receptors

ICsp X £ s.e.mean, uM

5'HT2A 5'HT2C

Co-applied 5.15+1.5 73.8+62.01
4F 4PP Pre-applied  0.084+0.015  17.14+1.5
Co-applied  11162+891.0  5.12+1.4

RS 102221 pre applied 3014022 0.032+0.014

Separate oocytes were used to assess the antagonism at the
5-HT;4 receptor subtype (n=7), and 5—6 ooctyes were used
to assess 5-HT,c receptor antagonism in each experimental
condition.

A D
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Figure 3 4F 4PP and RS 102221 selectively block 5-HT responses at
5-HT,a and 5-HT,c receptors. Upper panels: Representative tracings
from a single oocyte showing the selective inhibition of the currents
induced by 100 nM 5-HT at 5-HT,, receptors (A) and 10 nm 5-HT at
5-HT,c receptors (D) after 1 min pre-incubation with either 100 nm
4F 4PP (open rectangle) or 100 nm RS 102221 (shaded rectangle).
Applications of 5-HT are represented by the closed squares. Lower
panels: Blockade of the currents induced by 100 nm 5-HT at 5-HT,a
receptors by different concentrations of 4F 4PP (B), or RS 102221
(C), co-applied or pre-incubated for 1 min prior to 5-HT. Blockade
of the currents induced by 10 nm 5-HT at 5-HT,c receptors by
different concentrations of 4F 4PP (E), or RS 102221 (F) co-applied
or pre-incubated for 1 min prior to 5-HT. A complete antagonist
concentration-response curve was obtained per oocyte at the 5-HT,x
(n=7) and at the 5-HT,c receptor (n=5-6). Symbols indicate the
mean values; bars s.e.mean.

the 5-HT,c subtype, while their efficacies at the 5-HT,a
receptor relative to 5-HT were about 50%, like DOB and 2,5-
DMA (but not the less efficacious DON). The ECs, values
and the relative I,,,, for all these compounds are summarized

in Table 3. In contrast to the practically full agonism of DOI
at the 5-HT,c receptor, 2C-1 was a partial agonist at both
subtypes, showing a significantly lower efficacy at the 5-HT,4
receptor (Table 3 and Figure 4). Representative tracings
showing the partial agonism of DOI at the 5-HT,4 receptor
and full agonism at the 5-HT,c receptor are shown in Figure
4A.C.

DON is a partial agonist at both receptor subtypes, but
2C-N showed an almost complete lack of efficacy at 5-HT,x
receptors, while retaining partial agonism at the 5-HT,c
receptor (Figure 5 and Table 3). See representative tracings of
the effects of 2C-N at 5-HT,5 and at 5-HT,c receptors in
Figure 5A,C.

Comparing the 5-HT,¢/5-HT»4 potency ratios of the PIAs,
Table 3 shows that in most cases these were only 2 to 3, but
the corresponding ratio for DOM was about 15, suggesting
that a methyl group at C-4 may be unfavourable for 5-HT»c
receptor affinity.

2C-N is a competitive 5-HT> 4 receptor antagonist

Co-application of increasing concentrations of 2C-N plus
100 nM 5-HT, led eventually to the total suppression of the 5-
HT,4 receptor-gated current (Figure 6A). The blockade was
independent of the pre-exposure time of 2C-N, since 50 nM
2C-N induced 50% inhibition, which did not vary with
increasing pre-exposure times up to 5 min (Figure 6B). Co-
incubation of increasing concentrations of 2C-N with 5-HT
led to parallel shifts of the concentration-response curve to
the right (Figure 6C). The Schild plot pA, was 8.14+0.51
(inset), corresponding to a K, of 7.02+3.12 nM
(r=0.97+0.01 with a slope of 0.48+0.1).

2C-N is a non-competitive 5-HT,¢ receptor antagonist

Increasing concentrations of 2C-N co-applied with 10 nM
S5-HT only partially reduced the 5-HT,c receptor-induced
currents, reaching at 30 uM a maximal inhibition of 67 +7%.
2C-N alone generated a current that reached at 10 uM a
relative I, of 44+8%. (Figure 7A and Table 3). The
blockade caused by pre-application of 50 nM 2C-N was time-
dependent, reaching 100% inhibition after 5 min (Figure 7B).
2C-N applied for 3 min shifted the 5-HT concentration-
response curves downwards, in a concentration-dependent
manner, suggesting a non-competitive antagonism (Figure
7C). 50 nM 2C-N did not generate a current per se (Figure
7A), while effectively blocking 5-HT-evoked currents. 150 nM
2-CN, which caused a minor and transient current not
exceeding =~ 10% of the maximal 5-HT response, further
blocked the 5-HT-evoked currents (Figure 7D).

Discussion

Using the Xenopus laevis oocytes as an assay to determine the
efficacies and relative potencies of a series of 2,5-dimethoxy-
4-substituted phenylalkylamines at 5-HT,n and 5-HT,c
receptors we demonstrate that psychotropic drugs such as
2C-I, 2C-B or 2C-D have a weak or practically undetectable
intrinsic efficacy at 5-HT,a receptors. In agreement with
Nichols (1997), the corresponding PIAs, are full or partial
agonists at these receptors, validating the use of this working
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Table 3 Activity of 5-HT and the 2,5-dimethoxy-4-substituted phenylalkylamines evaluated at 5-HT, and 5-HT,c receptors

5-HT>,4

ECJ'() (HM) Imax (0/0)
DOI 57424 46 +9**
DOB 50+ 157 57+ 117
DON 1848 +391%*,+ 22+ 7%
DOM 29+ 9%* 44+11%
2,5-DMA 1487+ 4831 58+ 15F
2C-1 26+6 17+ 4%*
2C-B 689+179 4+ 2%
2C-N 5908 +2286** 24 1**
2C-D 586+312 6+3*
2C-H > >10000** 0**

5-HT>¢
n EC50 (HM) Imux (0/0) n
6 177.8+46 90 +9+ 6
7 101.74+26 5843 6
5 605549931 3547 4
6 423+209 81+13 S
5 3144+ 562 76+ 17 6
6 71426 44+10 5
4 493+132 50+11 4
6 504111 44+8 5
5 1308 +793 48+7 5
4 3967+ 896 76+ 16 6

The values represent the average +s.e.mean. *P<0.05 and **P<0.01; statistically significant difference between 5-HT,5 and 5-HT,c
receptors. TP <0.05; statistically significant difference within PIA/PEA pairs.
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Figure 4 Concentration-response curves for DOI and 2C-I at 5-HT,
receptors. Upper panels: Representative tracings show partial DOI
agonism at 5-HT,, (A) and full agonism at 5-HT,c receptors (C).
Oocytes were challenged with 5-HT concentrations eliciting the
maximal current (600 nm at 5-HT,A receptors and 100 nm at 5-HT,c
receptors) to compare with partial DOI agonism. 5-HT applications
are represented by the closed squares; DOI by open squares. Lower
Panels: DOI and 2C-I concentration-response curves in oocytes
expressing 5-HT,5 (B) and 5-HT,c (D) receptors. The DOI or 2C-1
currents generated in each oocyte were normalized to the maximal 5-
HT current attained in each oocyte (n=12 for 5-HT,A; n=11 for 5-
HT,c receptor), DOI (n=6), 2C-1 (n=5-6) for each receptor
subtype. Symbols represent mean values; bars, s.e.mean.

model. The present results encompassing 2,5-dimethoxy-4-
substituted PIA/PEA pairs, set the stage for a general
pharmacological discussion of the activity of PIA/PEA pairs
at 5-HT, receptor subtypes. We are aware that the present
findings only describe the pharmacodynamic properties of
these drugs acting on 5-HT,a and 5-HT,c receptors. Parallel
behavioural studies using selective 5-HT receptor subtype
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Figure 5 DON and 2C-N concentration-response curve at 5-HT,
receptors. Upper panels: Representative tracings show the lack of
efficacy of 2C-N at the 5-HT,s receptor (A) as compared to its
partial agonism at the 5-HT,¢ receptor (C). Open squares represent
the 10 s 2C-N applications; closed squares indicate the additions of
600 or 100 nM 5-HT, which elicited the maximal 5-HT current at 5-
HT,A and 5-HT,c receptors respectively. Lower panels: 5-HT, DON
and 2C-N concentration-response curves at 5-HT,5 (B) or 5-HT,c
receptors (D). The currents generated by DON or 2C-N were
normalised using the maximal 5-HT-evoked current in each oocyte.
Four to six separate oocytes were studied per agonist for each
receptor subtype. Symbols represent the mean values; bars, s.e.mean.

ligands are required to complement the understanding of the
putative mechanisms involved in the psychotropic activity of
2,5-dimethoxy-4-substituted PIA/PEA pairs and other drugs.

The importance of the a-methyl group for drug activity in
the phenylalkylamines was recognized early in the pharma-
cology of PIAs as compared to PEA analogues (Piness et al.,
1930; Alles, 1933; Alles & Prinzmetal, 1933), but no clear
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Figure 6 2C-N is a competitive antagonist at the 5-HT,A receptor.
(A) The co-application of different concentrations of 2C-N plus
100 nM 5-HT blocked the 5-HT-induced currents in a concentration-
dependent manner; the sole application of 2C-N did not elicit
responses (n=15-—6). (B) The inhibition of the 100 nm 5-HT-induced
currents by 50 nm 2C-N was time-independent (n=4). (C) Rightward
displacements of the control 5-HT concentration-response curve by
the co-application of S5-HT plus 0.04 um (n=4); 1 um (n=4) or
10 um 2C-N (n=2). The insert shows a Schild plot. Symbols
represent mean values; bars, s.e.mean.

interpretation has been put forth at the molecular level. The
present study is the first focused on the comparison of
serotonergic actions of a series of hallucinogenic and non-
hallucinogenic PIA/PEA pairs. Nichols et al. (1994), using
the phosphatidylinositol turnover assay to characterize the
efficacy of the 2,5-dimethoxy-4-trifluoromethyl analogues
DOCF; and 2C-CF;, had observed that these compounds
are practically equipotent partial agonists at 5-HT,c
receptors. DOCF; is a full 5-HT,, receptor agonist while
2C-CF; is only a partial agonist. Their results were also
interpreted to indicate the crucial influence of the o-methyl
group in the 5-HT,4 receptor.

The investigation of drug pairs with identical ring substitu-
tion patterns, combined with our assays of a series of related
phenylalkylamines at 5-HT, and 5-HT,¢ receptors, allows us
to make novel proposals regarding the potency and efficacy of
these compounds. In general, the presence of the o-methyl
group is associated with significantly greater drug potency and
efficacy at the 5-HT,A receptor, while at the 5-HT,c receptor
the results are less clear-cut and may go in the opposite
direction. Therefore, we suggest that the 5-HT»,, but not the 5-
HT,c receptor may have a hydrophobic pocket near the
anionic binding site, which preferentially accommodates the o-
methyl group of one of the PIA enantiomers.

Although the Xenopus oocyte model bears no direct
relationship to the classical biochemical or behavioural
approaches used in the research of serotonergic mechanisms,
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Figure 7 2C-N is a non-competitive 5-HT,c receptor antagonist.
(A) Co-application of different concentrations of 2C-N plus 10 nm 5-
HT caused only a partial reduction of the 5-HT-induced currents;
2C-N alone evoked partial agonism (n=4-6 per concentration). (B)
The 50 nm 2C-N-induced blockade of the 10 nm 5-HT currents is
time-dependent (n=4). (C) Non-competitive blockade of the 5-HT
concentration-response curve: control 5-HT concentration-response
curve (n=17); following a 3 min pre-incubation with 50 nm (n=06);
100 nMm (n=6) or 150 nMm 2C-N (n=15). Symbols indicate mean
values; bars, s.e.mean. (D) Representative tracings show the 150 nm
2C-N agonist/antagonist effects. Open rectangle represents a 3 min
2C-N application, closed squares represent 10 s 5S-HT applications.

-log [5-HT], M

this system possesses two important advantages. First, it is
suited to test the action of drugs acting on defined receptor
subtypes, allowing the determination of relative drug
potencies and their intrinsic efficacies. Second, the Xenopus
laevis model system allows the performance of strictly
controlled protocols, comparing in a single oocyte a complete
drug concentration-response curve with its respective control,
thus reducing variability. We are aware nevertheless that the
density of the 5-HT, receptors expressed per oocyte is
variable, obliging us to normalize each protocol. Standard
deviations are at times larger than desired. On the other
hand, drug applications are limited to 10 s, minimizing
receptor desensitization. This is particularly relevant when
comparing our results on PIAs with those measuring the
accumulation of intracellular IP;. The latter technique
requires a 15—30 min agonist application (Newton et al.,
1996; Fitzgerald et al., 1999), a condition causing consider-
able 5-HT, receptor desensitization. Therefore, caution must
be exercised in the interpretation of IP; accumulation
protocols to determine serotonergic drug efficacies. Further
validating the use of this experimental model in the study of
serotonergic drugs, our results show that the rank potencies
of the PIAs are consistent with the reported 5-HT,5 and 5-
HT,c affinities obtained in radioligand displacement assays
using ['*I]-DOI (Nelson et al., 1999). Moreover, in the cases
of the three hallucinogenic PIAs studied by us for which
these affinities are available (DOI, DOB and DON), the 2C/
2A affinity ratios parallel the potency ratios reported in the
present work. Similarly, o-methyl-5-HT, m-CPP, MK-212, as
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S-HT receptor agonists, and methysergide, ketanserin, 4F
4PP and RS 102221 as 5-HT receptor antagonists, follow the
published rank order of potencies for these receptors
(Bonhaus et al., 1997, Herndon et al., 1992; Martin &
Humphrey, 1994; Baxter et al., 1995; Porter et al., 1999;
Jerman et al., 2001).

Considering that the psychotropic activity of PIAs is
believed to rely mainly on 5-HT,5 and to some extent 5-
HT,c activity, our present research was focussed on these
receptors, since a possible role of 5-HT,p receptors in the
actions of psychotropic PIAs derivatives has not yet been
established. Nelson et al. (1999) showed that the three
hallucinogenic PIAs representative of our series have 30—40
times lower affinities at 5-HT,p than at 5-HT,A receptors in
agonist radioligand displacement experiments and their
corresponding 2B/2C affinity ratios are 10 to 20. Never-
theless, the potencies of DOI and DOB are slightly greater at
5-HT,g than at 5-HT,c receptors in cell lines in which
agonist-elicited calcium increases were determined (Porter et
al., 1999; Jerman et al., 2001). The present study does not
exclude the participation of 5-HT,p receptors in the action of
these PIA/PEA pairs. In future studies we intend to
characterize our drugs at 5-HT,g receptors, combining the
use of a molecular approach with behavioural studies.

Regarding the influence of the C-4 substituents on the
pharmacodynamics of the 2,5-dimethoxy PIAs, it is evident
that iodine and bromine increase, and nitro decreases drug
potency as compared to hydrogen. This confirms a previously
observed trend relating the lipophilicity of the C-4 sub-
stituents to the affinities of these compounds at 5-HT;2c
receptors (Seggel et al., 1990; Nelson et al., 1999), although
the expectation that DOI should be more potent than DOB
does not hold. Also, DOM is unexpectedly potent at the 5-
HT,5 receptor. Regarding the PEAs, 2C-I is much more
potent than 2C-B at both receptor subtypes, as predicted. 2C-
N is as potent as 2C-B as a partial agonist at the 5-HT,c
receptor. As with DOM, the potency of 2C—D is greater at
the 5-HT,a receptor. Thus, a C-4 methyl group favours 5-
HT,, potency beyond predictions based on its lipophilicity.
A nitro group at C-4 decreases the potency of these drugs
except at the 5-HT,c receptor. The lack of a uniform
tendency accounting for drug potency, indicates that the
hydrophobic character of C-4 substituents with similar bulk,
and therefore able to occupy a common hydrophobic pocket
in the receptor, is not the only factor determining the potency
of these PIAs. Taken together, our results suggest that
additional factors such as the presence of an area of negative
charge around the C-4 substituents, could play a role in
agonist potency at these receptors. This proposal, however,
would have to be assessed using a combination of molecular
modelling and quantum-chemical approaches. Notwithstand-
ing this caveat, the present results allow us to conclude that
efficacy depends more strongly on the presence of an o-
methyl group than on the physical chemical properties of the
C-4 substituents, while potency is a complex function
involving both the chiral centre and substitution at C-4.
The latter suggestion reinforces the need of examining the
binding domain of 5-HT, receptors as a whole, rather than
considering individual interactions with specific aminoacid
side chains or subdomains.

Our finding that 2C-N is a competitive 5-HT,5 receptor
antagonist and a non-competitive 5-HT,¢ receptor antagonist

highlights the potential of the Xenopus laevis oocytes as a
model that can differentiate between the structural require-
ments of each receptor subtype. The antagonist property of
2C-N was an interesting confirmation of the work of Séez et
al. (1994), who reported that 2C-N blocked both norepi-
nephrine and serotonin vasoconstrictions in the isolated rat
thoracic aorta. However, the novelty of the present results is
the demonstration of the different mechanisms of 5-HT,a
versus 5-HT,c antagonism. Perhaps a slower dissociation rate
at the 5-HT,c receptor subtype might partially account for
the non-competitive blockage, while the competitive nature at
the 5-HT,, receptor might reflect a faster off rate. Moreover,
we have found that 2C-1 antagonizes the 5-HT, but not the
5-HT,c receptor-induced currents (Huidobro-Toro & Cassels,
2001). Villalobos et al. (personal communication), further
corroborated that 2C-I antagonizes the S5-HT-induced
vasomotor response in rings of human chorionic vessels;
these biopsies are rich in 5-HT, receptors and lack adrenergic
receptors. These results extend the oocyte findings to
functional studies highlighting the potential of these PEAs
as 5-HT, antagonists.

The present results clearly illustrate that 2C-B and 2C-D,
two well-established hallucinogens (Shulgin & Shulgin, 1991),
are practically devoid of 5-HT,5 receptor efficacy in the
Xenopus oocyte model, and the similarly hallucinogenic 2C-I
also has rather low efficacy at these receptors. LSD is
recognized as a partial 5-HT,5 and 5-HT,¢ receptor agonist,
while lisuride, a non-hallucinogenic congener of LSD, is also
an agonist at 5-HT,, and 5-HT,c receptors (Egan et al.,
1998), indicating that not all 5-HT,a»c receptor agonists
trigger hallucinogenic effects. 5-HT and the 5-HTa/c
receptor agonists DOB and LSD produce a biphasic
modulation of NMDA responses. This result led to the
proposal that phenylalkylamine and indoleamine hallucino-
gens may interact with different pre- and postsynaptic 5-
HT,5 receptor signalling pathways to modulate NMDA
receptor-mediated sensory, perceptual, affective and cognitive
processes (Arvanov et al., 1999). Although some psychotropic
ring-substituted PIAs are devoid of dopaminergic receptor
affinity, indirect dopaminergic mechanisms in the action of
these drugs cannot be discarded (Benloucif et al., 1993).
Likewise, the possibility that some of these 2,5-dimethoxy-4-
substituted phenylalkylamines could act in vivo releasing
bioamines, in conjunction with their direct actions at defined
receptors, might establish the final neuronal pathways leading
to hallucinogenesis. In addition, the recent report that novel
G-protein coupled receptors which are selectively activated by
tyramine and f-phenylethylamine, tryptamine and possibly
octopamine, must also be considered when evaluating the in
vivo actions of these phenylalkylamines (Borowsky et al.,
2001). Consequently, the role of non-serotonin receptors and
the possibility of different transduction pathways within the
5-HT, receptor type must be explored in order to understand
the mechanisms of hallucinogenesis by phenylalkylamines.

In summary, the study of this series of 2,5-dimethoxy-4-
substituted PIA/PEA pairs has allowed us to identify
structural features that separately determine potency and
efficacy at 5-HT, receptors. The present results highlight our
finding that activation of the 5-HT,5 receptor is not a
prerequisite to account for the hallucinogenic effects of
psychotropic PEAs. The Xenopus laevis oocyte model,
previously used to study the mechanism of central depressant
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drugs, has now been extended to the research of psychosti-
mulants acting directly on brain neurotransmitter receptors.
Our results demonstrate that certain 2,5-dimethoxy-4-sub-
stituted PEAs with weak intrinsic activity effectively antag-
onise 5-HT,5 receptors. The different nature of their
antagonism at 5-HT,c receptors also suggests that they
may serve as prototypes for the development of novel
subtype-selective drugs.
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