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Abstract
There are seemingly conflicting data in the literature regarding the role of serotonin (5-HT) 5-
HT2C receptors in the mouse head-twitch response (HTR) elicited by the hallucinogenic 5-HT2A/
2B/2C receptor agonist 2,5-dimethoxy-4-iodoamphetamine (DOI). Namely, both 5-HT2C receptor
agonists and antagonists, regarding 5-HT2C receptor-mediated Gq-phospholipase C (PLC)
signaling, reportedly attenuate the HTR response. The present experiments tested the hypothesis
that both classes of 5-HT2C receptor compounds could attenuate the DOI-elicited-HTR in a single
strain of mice, C57Bl/6J. The expected results were considered in accordance with ligand
functional selectivity. Commercially-available 5-HT2C agonists (CP 809101, Ro 60-0175, WAY
161503, mCPP, and 1-methylpsilocin), novel 4-phenyl-2-N,N-dimethyl-aminotetralin (PAT)-type
5-HT2C agonists (with 5-HT2A/2B antagonist activity), and antagonists selective for 5-HT2A
(M100907), 5-HT2C (SB-242084), and 5-HT2B/2C (SB-206553) receptors attenuated the DOI-
elicited-HTR. In contrast, there were differential effects on locomotion across classes of
compounds. The 5-HT2C agonists and M100907 decreased locomotion, SB-242084 increased
locomotion, SB-206553 resulted in dose-dependent biphasic effects on locomotion, and the PATs
did not alter locomotion. In vitro molecular pharmacology studies showed that 5-HT2C agonists
potent for attenuating the DOI-elicited-HTR also reduced the efficacy of DOI to activate mouse 5-
HT2C receptor-mediated PLC signaling in HEK cells. Although there were differences in
affinities of a few compounds at mouse compared to human 5-HT2A or 5-HT2C receptors, all
compounds tested retained their selectivity for either receptor, regardless of receptor species.
Results indicate that 5-HT2C receptor agonists and antagonists attenuate the DOI-elicited-HTR in
C57Bl/6J mice, and suggest that structurally diverse 5-HT2C ligands result in different 5-HT2C
receptor signaling outcomes compared to DOI.
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1. Introduction
Serotonin (5-hydroxytryptamine, 5-HT) type 2 receptors (5-HT2A, 2B, and 2C) regulate
many complex brain functions, including sleep, feeding, emotion, perception, cognition,
reward, and memory (Jensen et al., 2010; Landolt and Wehrle, 2009; Millan, 2005; Nichols,
2004). The functions of 5-HT2 receptors implicate them as potentially useful targets for
treating neuropsychiatric disorders, however, drug discovery programs have yielded only
one approved 5-HT2-selective medicine, the 5-HT2C-preferring agonist lorcaserin
(BELVIQ®), which was approved for obesity recently. A number of factors explain the lack
of drugs targeting 5-HT2 receptors. The amino acid sequences of the transmembrane regions
of 5-HT2 receptors are highly homologous, creating a challenge for designing and
developing ligands that activate very selectively one but not the other 5-HT2 receptor
subtypes. This is a serious issue, since most 5-HT2 receptor agonists that may have
clinically useful effects also produce hallucinations, mediated primarily by activation of the
5-HT2A receptor subtype (Nichols, 2004). Furthermore, prolonged activation of 5-HT2B
receptors on heart valve leaflets has been associated with the development of cardiac
pulmonary valvulopathy, as seen with fenfluramine (Hutcheson et al., 2011). Finally,
selective 5-HT2 antagonists including 5-HT2A antagonists proposed as novel medications to
treat schizophrenia, have exhibited only modest antipsychotic effects in clinical trials
(Ebdrup et al., 2011), yet are effective for treating L-DOPA-induced psychosis (Abbas and
Roth, 2008). Recent clinical studies have shown that 5-HT2A antagonists also increase slow
wave sleep, and thus may treat certain sleep disorders (Monti, 2010; Teegarden et al., 2008).

Specific (distinguished from “selective”) activation of 5-HT2C receptors may produce
neuropharmacotherapeutic effects with few side-effects. For example, drugs specific for
activating 5-HT2C receptors that have zero efficacy for activating 5-HT2A and/or 5-HT2B
receptors may be useful for treating schizophrenia (Rosenzweig-Lipson et al., 2007) and
substance abuse (Cunningham et al., 2011) by modulating central dopamine release. Extant
5-HT2C-selective agonists including BELVIQ®, however, produce 5-HT2C-dependent
hypolocomotion effects in preclinical animal models and similarly can produce somnolence
or fatigue in humans (Arena Pharmaceuticals, 2012; Halberstadt et al., 2009; Siuciak et al.,
2007). Importantly, at higher concentrations, nearly all reported 5-HT2C selective agonists
also activate 5-HT2A and/or 5-HT2B receptors, including BELVIQ® (Thomsen et al.,
2008). Thus, the challenge remains to develop compounds that are specific 5-HT2C receptor
agonists lacking sedative effects.

Most 5-HT2 receptor agonists (regardless of selectivity) produce a head-twitch response
(HTR) in rodents (Canal and Morgan, 2012). Genetic ablation of 5-HT2A receptors or
treatment with selective 5-HT2A antagonists abolishes the HTR in mice elicited by 5-HT2
agonist hallucinogens (Gonzalez-Maeso et al., 2007, 2003), such as 2,5-dimethoxy-4-
iodoamphetamine (DOI), providing strong evidence that activation of 5-HT2A receptors is
necessary for the HTR in rodents elicited by hallucinogenic 5-HT2 agonists. Several other
neurotransmitter receptors also appear to modulate DOI-elicited-HTRs in mice, including 5-
HT2C receptors (Canal et al., 2010; Fantegrossi et al., 2010). Interestingly, DOI produces
HTRs at doses that also potently and efficaciously activate 5-HT2C receptors, yet selective
5-HT2C agonists, with lower potency and efficacy for activating 5-HT2A receptors, dose-
dependently attenuate the DOI-elicited-HTR in rodents (Fantegrossi et al., 2010; Siuciak et
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al., 2007). Adding further intrigue, recent reports show that the selective 5-HT2C antagonist
SB-242084 also attenuates the DOI-elicited-HTR in C57Bl/6J and DBA/2J mice (Canal et
al., 2010). This effect was not observed, however, in NIH/Swiss mice, wherein SB-242084
actually enhanced the DOI-elicited-HTR (Fantegrossi et al., 2010).

One aim of the current studies was to resolve the seemingly conflicting observations in the
literature by comparing directly the effects of multiple 5-HT2C agonists and antagonists on
the DOI-elicited-HTR in a single animal model using identical experimental parameters and
conditions. It was hypothesized that both classes of compounds could attenuate the DOI-
elicited-HTR, and that the results could be in accordance with in vivo functional selectivity
(Milligan, 1993; Moya et al., 2007; Urban et al., 2007). This hypothesis involves the notion
that selective 5-HT2C agonists could activate 5-HT2C receptors in vivo in a different way
compared to DOI, similar to reports of other 5-HT2 agonists acting at 5-HT2A receptors
(Schmid and Bohn, 2010; Schmid et al., 2008). Therefore, like antagonists, selective 5-
HT2C agonists could interfere with 5-HT2 receptor signaling that leads to the DOI-elicited-
HTR by acting as functional antagonists of DOI in vivo.

Functional selectivity in vivo may indeed have therapeutic impact (Mailman, 2007). If 5-
HT2C receptor ligands behave as functionally-selective agonists in vivo, then it may be
feasible to develop therapeutic 5-HT2C receptor agonists that lack side-effects, such as
sedation, by targeting specific 5-HT2C signaling patterns. To this end, in addition to effects
on the DOI-elicited-HTR, several classes of selective 5-HT2C agonists were tested for their
effects on locomotion following administration of DOI.

2. Materials and methods
2.1. Compounds and treatment doses

The chemical structures of all compounds used in the present studies are shown in Table 1.
(±)-DOI (DOI), mCPP, SB-242084, SB-206553, and M100907 were purchased from Sigma-
Aldrich (MO, USA). WAY 161503, Ro 60-0175, CP 809101, and 1-methylpsilocin were
purchased from Tocris (Bristol, UK). Serotonin was purchased from Alfa Aesar (MA,
USA). [3H]-mesulergine, [3H]-ketanserin, and [3H]-myo-inositol were purchased from
Perkin-Elmer (MA, USA). The (+)-(2R, 4S)- and (−)-(2S, 4R)-trans enantiomers of 4-
phenyl-2-N,N-dimethylaminotetralin (PAT) and (−)-(2S, 4R)-trans-4-(4′-methyl)-N,N-
dimethylaminotetralin (methyl-PAT) were synthesized in our laboratories as racemates that
were resolved by chiral stationary-phase HPLC and converted to hydrochloride salts as
previously described (Booth et al., 2009; Bucholtz et al., 1999; Vincek and Booth, 2009).
All compounds, with the exceptions of SB-242084 and 1-methylpsilocin, were dissolved in
sterile MilliQ water which served as the vehicle control. SB-242084 was dissolved in sterile
MilliQ water containing Tween-80 (6% final v/v), and 1-methylpsilocin was dissolved in
sterile MilliQ water containing acetic acid (5% v/v). Separate MilliQ water vehicles
containing these additives were used for control groups for these compounds. All
compounds were administered subcutaneously (sc) at a volume of 10 mL/kg. A single dose
of DOI (1 mg/kg) was used for all experiments, as it is known to reliably elicit a robust and
consistent number of HTRs in C57Bl/6J mice (Canal et al., 2010; Fox et al., 2010). Two
doses were used to test the efficacy of 5-HT2C selective agonists for attenuating the DOI-
elicited-HTR 3 mg/kg and 5.6 mg/kg. Doses for antagonists were as follows: M100907,
0.0025, 0.025, and 0.25 mg/kg, SB-206553 and SB-242084, 0.03, 0.3, and 3 mg/kg. All
compounds were weighed on a Mettler-Toledo (OH, USA) XP26 microanalytical balance,
and solutions of all compounds were made fresh on the day of testing.
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2.2. Animal subjects
Male C57Bl/6J mice, purchased at 60 days old from Jackson Laboratories (Bar Harbor,
Maine) were used in all experiments. Mice were pair-housed in standard cages with ad
libitum access to food and water, and were acclimated in the vivarium for at least 4 days
prior to testing. Animal procedures were approved by the Institutional Animal Care and Use
Committee and are in accordance with the principles in the National Institutes of Health
Guide for Care and Use of Laboratory Animals (Publication No. 85-23, revised 1985).

2.3. Behavioral studies
Drug or vehicle was injected sc 10 min prior to injection of DOI. Mice were placed in an
activity chamber (43 × 43 cm, Med Associates, Inc.) 10-min later, and head-twitches were
counted for the next 10 min by an observer blind to experimental treatment. Locomotion
(distance traveled, cm) was tracked with an overhead camera and Ethovision XT 7.0
software. A separate group of mice was administered DOI 10 min prior to injection of 0.25
mg/kg M100907 or 3 mg/kg SB-206553 to test whether the HTR becomes independent of 5-
HT2 receptors after their activation, i.e. to test whether M100907 and/or SB-206553 remain
effective at attenuating the DOI-elicited-HTR after 5-HT2 receptor activation.

2.4. Mouse 5-HT2A and 5-HT2C receptor constructs
Plasmid DNA containing either mouse htr2A or htr2C-vnv cDNA clones was purchased
from Origene (MD, USA). cDNA clones were inserted between the EcoR 1 and Not 1 sites
in pCMV6-Kan/Neo vectors. Plasmid DNA was transformed into Subcloning Efficiency
DH5a competent cells following the manufacturer’s protocol (Invitrogen, CA, USA).
Selections of individual colonies of kanamycin-resistant cells were grown in sterile LB broth
overnight which served to generate glycerol stocks that were kept stored at −80 °C.
Following purification of DNA using Wizard Plus SV minipreps (Promega, USA), samples
of htr2A or htr2C DNA were sequenced by the University of Florida DNA sequencing core.
Verification of the open-reading frame sequences for the mouse htr2A and mouse htr2C
DNA was performed by comparing the results obtained to results published on Pubmed
(http://www.ncbi.nlm.nih.gov/pubmed/). The sequences obtained were identical to the
published sequences, and match the receptor htr2A and htr2C DNA sequences from the
C57Bl/6 mouse. During the verification process, it was observed that the mouse htr2C
cDNA from Origene coded for the VNV edited isoform of this receptor. cDNA coding for
the human 5-HT2A or 5-HT2C-INI receptors were from previously transformed competent
cells, as previously reported (Canal et al., 2011).

2.5. Radioreceptor assays
Transfection procedures, membrane receptor preparation, and binding assays were
performed as previously described (Canal et al., 2011). Briefly, radioligand competitive
displacement and saturation binding assays were performed in 96-well plates, using cell
membranes from HEK-293 cells transiently expressing high femtomoles per mg protein
mouse or human 5-HT2A or 5-HT2C receptors. All competition and saturation binding
experiments involved the use of triplicates or quadruplicates of samples for each dose of
unlabeled (competition) and radiolabeled (saturation) ligands, and each binding experiment
was repeated a minimum of three times. Competitive displacement of 1–2 nM [3H]-
mesulergine (5-HT2C) or [3H]-ketanserin (5-HT2A) was used to obtain approximate Ki
values for unlabeled ligands. Mianserin (30 μM) was used to define non-specific binding.
After a 90 min equilibration period at room temperature, incubation mixtures were rapidly
passed through GF/B filters using a Mach 2 cell harvester (Tomtec, CT, USA) and
subsequently washed with 50 mM Trise –HCl. Filter disks were placed in vials containing
scintillation cocktail (ScintiVerse, Fisher Scientific, USA), allowed to equilibrate overnight,
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and then were counted for 3H-induced scintillation using a Beckman-Coulter LS6500
counter (Indianapolis, IN).

2.6. Phosphoinositide hydrolysis assay
Receptor-mediated phosphoinositide hydrolysis by phospholipase C (PLC) was measured as
previously described (Canal et al., 2011), with a few changes. Briefly, HEK-293 cells, were
grown in DMEM media containing 5% dialyzed fetal bovine serum (growth media) to 80%
confluency in 10 cm plates in an incubator at 5% CO2, 37 °C. Cells were then transfected
with 10 μg mouse 5-HT2A or mouse 5-HT2C-VNV pcDNA and 33 μL Lipofectamine 2000
reagent (Invitrogen, CA, USA) in 5 mL DMEM containing 5% dialyzed fetal bovine serum
and 5 mL Opti-MEM (transfection media). After an overnight incubation, transfection media
was removed and replaced with 16 mL inositol-free growth media containing 1.0 μCi/mL
[3H]-myo-inositol. Cells were apportioned into 48 well CellBind® plates (Corning, MA,
USA), and [3H]-myo-inositol incorporation continued for 24 h in an incubator. Cells were
then acclimated to serum-free media, treated for 30 min with experimental drugs diluted in
media containing a final concentration of 50 mM LiCl per well. Media was discarded, and
50 mM formic acid was added to lyse cells. Plates were stored at −80 °C for at least 24 h.
After thawing, solution from each well was added to individual anion-exchange columns.
Bound [3H]-inositol phosphates were eluted with 800 mM ammonium formate, and eluate
was added to scintillation fluid. 3H-induced scintillations were counted with a Beckman-
Coulter LS6500 counter. Experiments were performed with duplicates for 5-HT and
triplicates for all other drugs, and each independent experiment was performed a minimum
of three times.

2.7. Statistical analyses
Competition and saturation binding data were analyzed using nonlinear regression, curve-
fitting algorithms in GraphPad Prism, 5.03 for Windows (CA, USA). Data points were
limited (seven to nine points per experiment), thus Hill slopes were not calculated (Motulsky
and Christopoulos, 2003); data were fit using the “one site fit-Ki” model that constrains the
Hill slope to 1.0. Two-site curve-fitting did not result in an improved fit (data not shown).
Approximate Ki values were determined by conversion of the IC50 data using the equation
Ki= IC50/1 +L/KD where L is the concentration of radioligand (Cheng and Prusoff, 1973).
Unpaired t-tests were used to compare Ki values of individual compounds for mouse vs.
human 5-HT2A or 5-HT2C receptors. No statistical analyses were performed for results of
functional assays characterizing compounds at mouse versus human 5-HT2 receptors, as a
priori, they were conducted primarily for qualitative purposes. For experiment 6, individual
t-tests were used to compare maximal functional responses between groups.

Separate ANOVAs were performed to analyze effects of experimental compounds on the
DOI-elicited-HTR and on locomotion. Dunnett’s post-test compared the number of HTRs
elicited by DOI after pretreatment with each experimental compound to the number of HTRs
elicited by vehicle plus DOI. Dunnett’s post-test was used for analyzing the effects of each
compound on locomotion relative to DOI or vehicle alone. Two-way ANOVA and Student-
Newmane–Keuls comparisons were used to identify dose-dependent effects and differences
in efficacy across test compounds.

3. Results
3.1. Experiment 1: effect of 5-HT2C agonists on the DOI-elicited-HTR

The effects of selective 5-HT2C agonists on the DOI-elicited-HTR are shown in Fig. 1a and
b. In a 10 min period, vehicle plus 1 mg/kg DOI treated mice (N= 38) exhibited 40 ± 1.0
(mean ± S.E.M.) HTRs. There was a significant main effect of pretreatment with the
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selective 5-HT2C agonists (F10,76= 31.39, p < 0.001) and the novel PAT compounds (5-
HT2C agonists/5-HT2A inverse agonist/antagonists) (F6,57= 86.03; p < 0.001) on the
number of HTRs elicited by DOI. Both doses of each 5-HT2C-preferring agonist
significantly attenuated the DOI-elicited-HTR (p-values < 0.05). Two-way ANOVA (F7,73=
2.85; p= 0.011 for the interaction) revealed that there was a significant dose-dependent
effect of (+)-PAT and mCPP. WAY 161503, mCPP, Ro 60-0175, and CP 809101, (+)-PAT,
and methyl-PAT were equally effective, attenuating the DOI-elicited-HTR by approximately
40%. (−)-PAT and 1-methylpsilocin were significantly more efficacious compared to all
other 5-HT2C agonists at both doses tested (p-values < 0.05), decreasing the response by 84
and 82%, respectively, at the 5.6 mg/kg dose.

3.2. Experiment 2: effect of 5-HT2A and 5-HT2C antagonists on the DOI-elicited-HTR
The effects of pretreatment and post-treatment with selective 5-HT2 antagonists on the DOI-
elicited-HTR data are shown in Fig. 1c. Two-way ANOVA examining the effects of the
selective 5-HT2C/2B inverse agonist/antagonist, SB-206553, and the selective 5-HT2C
antagonist, SB-242084 revealed a significant interaction (F2,34= 18.1 ; p < 0.001).
SB-206553 dose-dependently attenuated the DOI-elicited-HTR: 0.03, 0.3, and 3.0 mg/kg
significantly decreased the number of HTRs, by 20, 37, and 79%, respectively. SB-242084
significantly decreased the DOI-elicited-HTR at all doses tested. The 0.03 mg/kg dose,
however, produced a larger, and the 3.0 mg/kg dose produced a smaller effect relative to
SB-206553 (p-values <0.05). Unlike SB-206553, there was no dose-related difference in the
efficacy of SB-242084 to attenuate the HTR; each dose decreased the number of HTRs by
approximately 50%. The selective 5-HT2A antagonist, M100907, dose-dependently
attenuated the DOI-elicited-HTR (F3,18 = 41.7; p < 0.001): 0.0025 mg/kg suppressed the
response by 37%, 0.025 mg/kg by 92%, and 0.25 mg/kg by 100%, completely eliminating
the HTR. Mice treated only with vehicle exhibit approximately 2–5 HTR’s in 10 min
(unpublished observations), and thus the 0.25 mg/kg dose of M100907 blocked even the
basal HTR in these mice. Finally, SB-206553 (3 mg/kg) and M100907 (0.25 mg/kg)
administered 10 min after DOI retained their ability to suppress the HTR (p values < 0.05).

3.3. Experiment 3: effect of 5-HT2C agonists on locomotion
As shown in Fig. 2a, administration of DOI alone had no statistically significant effect on
locomotion relative to vehicle administration (unpaired t-test, p = 0.083). Subsequent
analyses compared the effects of 5-HT2C agonists (as a 10-min pretreatment to DOI) to
either vehicle/vehicle or DOI/vehicle. Both doses of each 5-HT2C agonist in combination
with DOI resulted in lower levels of activity relative to DOI/vehicle administration (F10,85=
21.1; p < 0.001). The combinations of DOI and the 5-HT2C agonists CP 809101, Ro
60-0175, and WAY 161503 resulted in lower levels of activity relative to vehicle
administration (F10,50= 8.6; p < 0.001). mCPP and 1-methylpsilocin showed dose-dependent
effects in that only the 5.6 mg/kg dose altered locomotion levels. In contrast to the 5-HT2C
agonists described above, the novel 4-phenyl-2-aminotetralin compounds (+)-PAT, (−)-
PAT, and methyl-PAT at both the 3.0 and 5.6 mg/kg doses failed to alter locomotion levels
relative to either vehicle (F6,31= 0.63, p= 0.71) or DOI only (F6,66= 1.22; p= 0.30)
administration (Fig. 2b). A two-way ANOVA across all agonists demonstrated that Ro
60-0175 was most effective in suppressing locomotion (F7,71= 19.8; p < 0.001).

3.4. Experiment 4: effect of 5-HT2A and 5-HT2C antagonists on locomotion
Fig. 2c shows the effects of DOI in combination with selective 5-HT2 antagonists. The
highest dose combination of DOI and M100907 (0.25 mg/kg) resulted in decreased activity
relative to vehicle administration, whereas the 5-HT2C antagonists SB-206553 (0.3 mg/kg)
and SB-242084 (3 mg/kg) resulted in increased levels of activity (F11,59= 13.4; p < 0.001).
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Compared to DOI administration (F11,94= 14.7; p < 0.001), all doses of M100907 decreased
locomotion. When DOI was administered 10 min prior to M100907 (0.25 mg/kg, 2nd), the
resulting locomotion remained suppressed. Compared to DOI alone, SB-206553 (0.3 mg/kg)
and SB-242084 (3 mg/kg) increased activity. A higher dose of SB-206553 (3 mg/kg) in
combination with DOI resulted in decreased activity relative to DOI alone. Two-way
ANOVA demonstrated that 3.0 mg/kg of SB-206553 resulted in lower activity compared to
0.03 and 0.3 mg/kg SB-206553, and 3.0 mg/kg of SB-242084 (F2,36= 15.0; p < 0.001).

3.5. Experiment 5: ligand affinity and function at mouse and human 5-HT2A and 5-HT2C
receptors

To provide a molecular pharmacological context for interpretation of the in vivo behavioral
results obtained in mice (above), affinity and function of ligands at mouse and human 5-
HT2A and 5-HT2C receptors were determined (Table 1 and Table 2). There are no
published affinity values of the selective 5-HT2 antagonists SB-206553, SB-242084, or
M100907 at mouse 5-HT2A and 5-HT2C receptors. Thus, it was important to assess
whether ligand receptor selectivity remains at the mouse receptors. Similarly, affinity values
were assessed for the PAT compounds at mouse receptors, as these values have also not
been reported. First, the Kd values of [3H]-ketanserin and [3H]-mesulergine at C57Bl/6
mouse 5-HT2A and 5-HT2C receptors were determined using membranes prepared from
transiently transfected HEK cellsdresults were similar to values obtained using the native
receptors (Canal et al., 2010; Dougherty and Aloyo, 2011). Mean (±S.E.M.) Kd values of
[3H]-ketanserin and [3H]-mesulergine were 0.92 (0.18) nM and 2.2 (0.15) nM, respectively.
Regarding comparison of affinity of 5-HT2 ligands at human vs. mouse 5-HT2A and 5-
HT2C receptors, no general trend emerged (Table 1). For example, the 5-HT2 agonists 5-
HTand DOI, as well as, the novel 5-HT2C agonists (−)-PATand (+)-PAT, showed no
differences in affinity at mouse vs. human 5-HT2A receptors (p > 0.05), but showed greater
affinity at human compared to mouse 5-HT2C receptors (p < 0.05). In contrast to the other
PAT-type 5-HT2C agonists, methyl-PAT showed greater affinity at both the human 5-HT2A
and 5-HT2C receptors compared to the mouse homologs. The 5-HT2C antagonist
SB-242084 demonstrated higher affinity at mouse vs. human 5-HT2A and 5-HT2C
receptors, but SB-206553 had greater affinity at only mouse relative to human 5-HT2A
receptors (p < 0.05), with no species difference at 5-HT2C receptors. The 5-HT2A
antagonist M100907 showed greater affinity at human compared to mouse 5-HT2A and 5-
HT2C receptors (p < 0.05). (Notably ligand Ki values did not significantly differ across
different membrane receptor preparations as is illustrated in the low variance associated with
the means.)

Table 2 shows the functional activity (EC50 and percent of maximum 5-HT response
(efficacy)) of the 5-HT2 agonists 5-HTand DOI compared to the novel PATs, at mouse vs.
human 5-HT2A and 5-HT2C receptors. Functional data for other 5-HT2 ligands at both
human and rodent receptors has been reported in the literature, so these experiments were
not performed. In contrast to affinity differences noted above at mouse vs. human 5-HT2A
and 5-HT2C receptors, the potency (EC50) and efficacy for most of the 5-HT2 agonists
tested was similar at mouse and human 5-HT2A and 5-HT2C receptors. One notable
difference was (+)-PAT. This compound showed agonist activity at both mouse and human
5-HT2A and 5-HT2C receptors (unlike (−)-PAT which activated only 5-HT2C receptors),
yet showed over 10× greater potency for activating human compared to mouse 5-HT2C
receptors. (Notably the EC50 values for ligands did not significantly differ across individual
experiments, as are illustrated in the low variance associated with the means.)
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3.6. Experiment 6: functional activity of 5-HT2C agonists alone and in combination with
DOI

In line with the functional selectivity hypothesis, experiments were performed to determine
whether selective 5-HT2C agonists alter 5-HT2C receptor signaling stimulated by DOI (Fig.
3). HEK cells expressing the mouse 5-HT2C receptor were treated with 500 nM (−)-PAT,
mCPP, or 1-methylpsilocin simultaneously with increasing concentrations of DOI (0.1 nM
−10 μM), and PLC signaling was assessed. The 500 nM concentration of (−)-PAT, mCPP,
and 1-methylpsilocin was chosen based on competitive antagonist studies showing that
doses approximately 10× the Ki’s of antagonists reliably alter agonist signaling yet in a
surmountable manner. Individual t-tests revealed that each of the three 5-HT2C agonists,
which were most potent for attenuating the DOI-elicited-HTR, significantly reduced the
maximum efficacy of DOI to stimulate mouse 5-HT2C receptor-mediated PLC signaling (p
< 0.05). Notably, each selective 5-HT2C agonist stimulated 5-HT2C receptor PLC signaling
by itself, yet no agonist led to additive or synergistic effects with DOI at the 500 nM dose
tested.

4. Discussion
Using the common inbred strain of mice, C57Bl/6J, the present experiments show that both
5-HT2C-preferring agonists and antagonists, administered at doses commonly used in vivo
to explore 5-HT2C receptor function, significantly attenuate the DOI-elicited-HTR. These
data suggest that seemingly contradictory literature reports of both 5-HT2C agonists and
antagonists suppressing the DOI-elicited-HTR are not contradictory, and demand a new
explanation.

Since the recognition of the phenomenon of G-protein-coupled receptor (GPCR) functional
selectivity, it has become clear that describing a ligand as an agonist or antagonist does not
have comprehensive explanatory value unless a specific context, e.g. receptor density, cell
type, cellular location of the GPCR, in vitro versus in vivo, or signaling pathway, is
described. For example, lisuride is a 5-HT2C partial agonist in vitro using recombinant CHO
cells (Cussac et al., 2008), but an antagonist, lacking no agonist effects on its own, in vivo or
ex vivo using choroid plexus cells that express high densities of 5-HT2C receptors (Burris et
al., 1991). Similar observations have been reported recently for ligands acting on the
dopamine D2 receptor (Koener et al., 2012) and the β2-adrenergic receptor (Kaya et al.,
2012). It is conceivable that these findings are related mechanistically to ligand functional
selectivity across receptor contexts: a particular ligand can more favorably stabilize one of
many possible GPCR conformations that determine intracellular signaling outcomes (Mary
et al., 2012), and the specific conformation(s) that is stabilized may also depend on the
receptor’s context, e.g. the presence of unique sets of scaffolding proteins (Abbas et al.,
2009; Becamel et al., 2004). Thus, every ligand interacting with a GPCR may produce its
own unique signaling signature in unique cellular contexts (Flordellis, 2012; Fowler et al.,
2012).

The fact that both selective agonists and antagonists of the traditional 5-HT2C receptor
signaling pathway (5-HT2C-Gq-PLC) attenuated the DOI-elicited-HTR in the same strain of
mouse, from the same vendor, under identical experimental conditions suggests a few
explanations: 1) the 5-HT2C agonist ligands tested are functionally selective, orthosterically
stabilizing a 5-HT2C receptor conformation(s) that is unique from the conformation(s) that
DOI stabilizes, and thus prevent (similar to 5-HT2C selective antagonists) DOI from binding
and activating 5-HT2C receptors to positively affect the HTR; 5-HT2C receptor knockout
mice show a reduction in, but not an elimination of the HTR elicited by DOI (Canal et al.,
2010), suggesting they contribute positively to the DOI-elicited-HTR. Similarly, 5-HT2C
selective agonists, at the doses tested here, suppress but do not eliminate the DOI-elicited-
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HTR. Indeed, this functional antagonist explanation can be extended to 5-HT2A receptors,
as all reported 5-HT2C selective agonists, besides (−)-PAT, activate 5-HT2A receptors at
higher concentrations (discussed below); 2) 5-HT2C selective agonists stabilize a 5-HT2C
receptor conformation(s) that leads to signaling outcomes that antagonize 5-HT2A signaling
activated by DOI that produces the HTR, i.e., mutually opposing signaling antagonism
(cross-talk); or 3) selective 5-HT2C ligands are in fact not selective in vivo, and other
receptors that bind these ligands negatively modulate the DOI-elicited-HTR.

Each of these outcomes, either on their own, or in combination could explain the behavioral
data, and the data reported have limitations that preclude specifically defining which
outcome accounts for the most variance. Nevertheless, although the third explanation cannot
be ruled out without further tests (e.g. whether the behavioral effects of 5-HT2C ligands
observed are eliminated in 5-HT2C receptor knock-out mice), the data support the former
explanations, which are in accordance with functional selectivity. First, the 5-HT2C agonists
most potent for attenuating the DOI HTR in vivo also suppressed the efficacy of DOI to
stimulate mouse 5-HT2C receptor-mediated Gq/PLC signaling in vitro; Gq signaling is
known to be involved in the production of the DOI-elicited-HTR (Garcia et al., 2007).
Notably, there were no additive or synergistic effects of selective 5-HT2C agonists with
DOI in vitro, but suppressive effects consistent with the in vivo results. It should be
mentioned, however, that exclusive signaling through Gq does not mediate the DOI-elicited-
HTR; Gq knock-out mice show only about a 40% reduction in the number of DOI-elicited-
HTRs (Garcia et al., 2007). Also, in the present studies, irrespective of the direction of
intrinsic efficacy in terms of 5-HT2C Gq-PLC signaling, i.e. inverse agonist/antagonist/
agonist, all 5-HT2C-targeting compounds tested suppressed the HTR elicited by DOI,
strongly suggesting that another signaling pathway(s) influences the suppressive effects of
5-HT2C selective ligands on the DOI-elicited-HTR Notably, β-arrestin-2 knock-out mice
did not show changes in the DOI-elicited-HTR, suggesting alternative signaling via β-
arrestin-2 can be ruled out (Schmid et al., 2008). Although the present experiments do not
reveal novel signaling pathways that regulate the DOI-elicited-HTR, they encourage further
testing in this area.

Surprisingly, the 5-HT2C agonists WAY 161503, Ro 60-0175, mCPP, and CP 809101
showed no difference in potency or efficacy for attenuating the DOI HTR, suggesting that
potential pharmacokinetic differences between these compounds (see CLogP values in Table
1) did not affect their behavioral potencies. More attention to pharmacokinetics issues would
be in order had one or more compounds within a class had opposite or no effects on the DOI
HTR. Also, it is acknowledged that the negative modulation of the DOI elicited HTR by
each compound could be due to a metabolite(s) and/or the parent compound, yet the
similarities in behavioral effects within classes of compounds imply that the effects are
related to 5-HT2 receptor modulation, and not off-targets. It seems unlikely, with what is
presently known about the pharmacology of the structurally diverse compounds utilized, that
they and/or their metabolites interact with a common target(s) other than 5-HT2C receptors
to produce their comparable effects on the HTR (and locomotion, noted below), albeit, 5-
HT2A and/or 5-HT2B receptor activation elicited by selective 5-HT2C agonists could play a
role in the negative modulation of the HTR observed, as described below. These
considerations, nevertheless, illustrate that there are a host of factors intervening between in
vitro cellular pharmacological assays and behavioral pharmacology phenotypes.

Interestingly, 1-methylpsilocin was more potent for attenuating the DOI-elicited-HTR than
all other 5-HT2C-preferring agonists that also activate 5-HT2A receptors (Sard et al., 2005).
Like psilocin, 1-methylpsilocin may also activate 5-HT1 receptors that are known to
negatively modulate the HTR (Darmani et al., 1990), perhaps accounting for the superior
potency of 1-methylpsilocin here. Finally, the 4-phenyl-2-aminotetralin compound, (−)-
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PAT, that is a 5-HT2C agonist and 5-HT2A/2B antagonist in vitro and lacks appreciable
affinity for other GPCRs known to modulate the DOI HTR (Booth et al., 2009), was as
potent and efficacious as 1-methylpsilocin in suppressing the DOI HTR, likely due to its
unique 5-HT2 pharmacology (5-HT2A/2B antagonism together with 5-HT2C agonism).

Regarding the 5-HT2 antagonists studied, the results are comparable to previous findings
from the C57Bl/6J strain of mice (Canal et al., 2010), with the exception that the 5-HT2C/
2B inverse agonist SB-206553 was more efficacious in suppressing the DOI-elicited-HTR
than the 5-HT2C antagonist, SB-242084. Also, SB-206553 led to a bi-phasic effect on
locomotion after DOI treatment, increasing activity at lower doses, and decreasing activity
at higher doses. These data suggest that 5-HT2B receptors may be involved in the behaviors
tested here, and/or that, at doses above 0.3 mg/kg, SB-206553 may be interacting with off-
targets, including alpha-7 nicotinic receptors (Dunlop et al., 2009), that affect behavior.

The present data show clearly that 5-HT2C agonists that also activate 5-HT2A and/or 5-
HT2B receptors (e.g. Ro 60-0175, mCPP, CP 809101, WAY 161503, 1-methylpsilocin) are
effective at attenuating a 5-HT2A receptor-dependent behavior, the DOI-elicited-HTR Ro
60-0175 is considered a selective 5-HT2C agonist and is commonly chosen for studying in
vivo functions of 5-HT2C receptors. This compound, however, also stimulates human 5-
HT2A and 5-HT2B receptor-mediated Ca++ signaling in vitro, and among the 5-HT2
receptor subtypes is most potent at activating 5-HT2B receptors (Porter et al., 1999). Also,
in a pilot experiment measuring human 5-HT2A receptor-mediated PLC signaling in vitro,
we observed Ro 60-0175 to be a potent agonist with an EC50 value and efficacy nearly
equivalent to 5-HT (data not shown). Finally, in vivo, Ro 60-0175 is known to possess
activity at receptors other than 5-HT2C (Damjanoska et al., 2003). Thus, suppression of the
DOI-elicited-HTR by selective 5-HT2C agonists may not be mediated solely by activation
of 5-HT2C receptors, but may also involve activation of 5-HT2A and/or 5-HT2B receptors.
Indeed, the non-hallucinogenic and non-HTR-eliciting compound lisuride has 5-HT2A
agonist properties, but attenuates the HTR in mice elicited by the structurally and
pharmacologically similar lysergic acid diethylamide (LSD) (Gonzalez-Maeso et al., 2007).
Similarly, hallucinogenic 5-HT2 agonist compounds attenuate the HTR in mice elicited by
LSD (Corne and Pickering, 1967). Moreover, although to a lesser extent than DOI, 1-
methylpsilocin produces an HTR on its own (Halberstadt et al., 2011), yet, as shown here, 1-
methylpsilocin also attenuates the DOI-elicited-HTR These observations may be accounted
for by the functional selectivity hypothesis, i.e., different 5-HT2 ligands stabilize particular
5-HT2A, 5-HT2B, and/or 5-HT2C receptor conformations leading to different signaling
outcomes that have unique influences on behavior. Molecular modeling studies docking
DOI and other 5-HT2 ligands in the 5-HT2A, 5-HT2B, and/or 5-HT2C receptor binding
pockets will help resolve whether there are specific amino acid interactions that lead to
DOI’s HTR-eliciting effect. Alternative explanations for the results obtained include the
possibility that different 5-HT2C ligands interact uniquely with known homodimerized 5-
HT2C receptors (Herrick-Davis et al., 2012, 2004) which could impact signaling associated
with the HTR. Also, the 5-HT2C receptor may heterodimerize with 5-HT2A and/or other
receptors that might impact the pharmacology of 5-HT2C ligands (Gonzalez-Maeso et al.,
2008). Finally, DOI may act directly at receptor systems separate from 5-HT (Ray, 2010)
that could influence the HTR, complicating the picture.

Numerous studies have demonstrated that compounds interacting with 5-HT2 receptor
subtypes can influence locomotion in mice. Results from the present study are generally
consistent with the literature (Fletcher et al., 2009; Gleason et al., 2001 ; Halberstadt et al.,
2009; Heisler and Tecott, 2000). Each of the commercially-available 5-HT2C agonists given
prior to DOI produced decreases in activity, whereas the antagonists produced dose-
dependent increases in activity. Notably, 5-HT2C agonist and antagonist effects on
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locomotion are abolished in 5-HT2C receptor knock-out mice (Fletcher et al., 2009). The 5-
HT2A antagonist given prior to DOI also suppressed locomotion, as would be expected
(Halberstadt et al., 2009). In contrast, the novel 4-phenyl-2-aminotetralin compounds (+)-
PAT, (−)-PAT, and methyl-PAT did not alter activity relative to vehicle or DOI only
administration. Based on the pharmacological profile of these compounds (5-HT2C agonism
and 5-HT2A antagonism/inverse agonism), this failure to alter locomotion is somewhat
surprising, however from a medication development perspective this may represent a
promising and desirable side effect profile (e.g. no sedation or hyperlocomotion). The
dissociation of behavioral effects (all classes of compounds decreased the DOI-elicited-
HTR, while different classes of compounds showed differential effects on locomotion)
demonstrates that the suppression of the DOI-elicited-HTR was not a direct consequence of
an alteration in locomotor activity.

Few studies have compared directly the potencies of 5-HT2 ligands for mouse versus human
5-HT2 receptors (Dougherty and Aloyo, 2011). The current study revealed subtle
differences in binding affinities of 4-phenyl-2-aminotetralin ligands and commercially
available 5-HT2 antagonists for mouse versus human 5-HT2A and 5-HT2C receptors, yet
the selectivity of ligands for 5-HT2A and/or 5-HT2C receptors did not change across the
receptor species, suggesting that the behavioral pharmacology data cannot be explained by a
loss of ligand receptor selectivity in mice. Though ligands show unique potencies for 5-
HT2C receptors depending on the specific edited 5-HT2C isoform analyzed, 5-HT was
shown to have equivalent potency for activating the human 5-HT2C-VNV and 5-HT2C-INI
isoforms (Burns et al., 1997), suggesting the difference between mouse (5-HT2C-VNV) and
human (5-HT2C-INI) receptors studied herein did not contribute greatly to the variability in
binding potency. The potencies of 4-phenyl-2-aminotetralin ligands for activating mouse 5-
HT2C receptor-mediated PLC signaling matched closely with their binding affinities, and
each ligand was a partial 5-HT2C agonist. Interestingly, although (−)-PAT and methyl-PAT
were inactive at the mouse 5-HT2A receptor, (+)-PAT displayed consistent, yet weak,
partial agonist activity at this receptor. Given (+)-PAT’s higher potency for activating mouse
5-HT2A receptors, relative to mouse 5-HT2C receptors, it is notable that (+)-PAT retained
efficacy at attenuating the DOI HTR, bolstering previous findings that agonists of 5-HT2A
receptors unlike DOI may effectively attenuate DOI’s HTR-eliciting effects.

Results from this study suggest the possibility that 5-HT2C ligands, whether agonists or
antagonists of the 5-HT2-Gq receptor signaling pathway, block the DOI-elicited-HTR by
functionally attenuating or altering 5-HT2C receptor signaling activated by DOI and/or by
re-directing 5-HT2C receptor signaling that subsequently alters 5-HT2A receptor signaling
initiated by DOI (cross-talk). Selective 5-HT2C agonists, therefore, may behave as biased
agonists for the receptor, stimulating 5-HT2C receptor signaling that is unique from DOI.
The DOI-elicited-HTR may thus be an in vivo behavioral model to study ligand-specific 5-
HT2C (and/or 5-HT2A or 5-HT2B) receptor conformations, and could assist in drug
development of 5-HT2 receptor ligands, like the 4-phenyl-2-aminotetralins, that may have
antipsychotic properties, and/or provide other therapeutic outcomes, such as weight
reduction, without locomotor or sedative side effects.
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Fig. 1.
The effects of commercially available 5-HT2C agonists (A) 4-phenyl-2-aminotetralin 5-
HT2C agonists (B) and selective 5-HT2 antagonists (C) on the HTR elicited by DOI (1 mg/
kg). The dose (mg/kg) is indicated in parentheses. “2nd” refers to test sessions in which the
antagonist was administered after DOI. *Indicates a statistically significant difference from
DOI alone. +Indicates a statistically significant difference from the other 5-HT2C agonists.
#Indicates a statistically significant difference from lower doses.
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Fig. 2.
The effects of commercially available 5-HT2C agonists (A), 4-phenyl-2-aminotetralin 5-
HT2C agonists (B), and selective 5-HT2 antagonists (C) on locomotion following
administration of saline, DOI (1 mg/kg), or DOI in combination with the various
compounds. The dose (mg/kg) is indicated in parentheses. “2nd” refers to test sessions in
which the antagonist was administered after DOI. *Indicates a statistically significant
difference from DOI alone. +Indicates a statistically significant difference from vehicle
alone.
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Fig. 3.
Representative mouse 5-HT2C-VNV-mediated PLC functional data showing the effects of
co-administration of 500 nM (−)-PAT (A), 1-methylpsilocin (B), or mCPP (C) with DOI on
the ability of DOI to stimulate 5-HT2C receptor-mediated inositol phosphate (IP) production
in HEK cells. Note that each of the selective 5-HT2C agonists significantly suppressed the
maximal IP response to DOI.
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