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Abstract

The 5-HT>,a receptor mediates the effects of serotonergic hallucinogens and may play a role in the
pathophysiology of certain psychiatric disorders, including schizophrenia. Given these findings,
there is a need for animal models to assess the behavioral effects of 5-HT, receptor activation.
Our previous studies demonstrated that the phenylalkylamine hallucinogen and 5-HT,a/>c agonist
2,5-dimethoxy-4-iodoamphetamine (DOI) produces dose-dependent effects on locomotor activity
in C57BL/6J mice, increasing activity at low to moderate doses and reducing activity at high
doses. DOI did not increase locomotor activity in 5-HT,a knockout mice, indicating the effect is a
consequence of 5-HTya receptor activation. Here, we tested a series of phenylalkylamine
hallucinogens in C57BL/6J mice using the Behavioral Pattern Monitor (BPM) to determine
whether these compounds increase locomotor activity by activating the 5-HT receptor. Low
doses of mescaline, 2,5-dimethoxy-4-ethylamphetamine (DOET), 2,5-dimethoxy-4-
propylamphetamine (DOPR), 2,4,5-trimethoxyamphetamine (TMA-2), and the conformationally
restricted phenethylamine (4-bromo-3,6-dimethoxybenzocyclobuten-1-yl)methylamine (TCB-2)
increased locomotor activity. By contrast, the non-hallucinogenic phenylalkylamine 2,5-
dimethoxy-4-tert-butylamphetamine (DOTB) did not alter locomotor activity at any dose tested
(0.1-10 mg/kg i.p.). The selective 5-HT antagonist M100907 blocked the locomotor
hyperactivity induced by mescaline and TCB-2. Similarly, mescaline and TCB-2 did not increase
locomotor activity in 5-HToa knockout mice. These results confirm that phenylalkylamine
hallucinogens increase locomotor activity in mice and demonstrate that this effect is mediated by
5-HT,p receptor activation. Thus, locomotor hyperactivity in mice can be used to assess
phenylalkylamines for 5-HT,a agonist activity and hallucinogen-like behavioral effects. These
studies provide additional support for the link between 5-HT,a activation and hallucinogenesis.
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1. INTRODUCTION

There are 7 classes of serotonin (5-HT) receptors containing 14 identified receptor subtypes
(Hannon and Hoyer., 2008). 5-HT receptors are involved in a wide variety of physiological
process, both peripherally and centrally. The 5-HT,a receptor, which is coupled to Gg and
activates phospholipase C, is widely distributed in the central nervous system, where it
regulates neuronal excitability and transmitter release. There is evidence that the 5-HTo
receptor plays a role in neuropsychiatric disorders, including schizophrenia, bipolar disorder,
depression, suicide, panic disorder, and drug dependence (Saiz et al., 2008a,b; Yoon et al.,
2008; Quednow et al., 2010; Abdolmaleky et al., 2011; Vikki et al., 2011). Additionally, 5-
HToa receptors are believed to play a role in the therapeutic effects of atypical
antipsychotics, as well as certain antidepressant drugs (Wilkie et al., 2009; Chen et al., 2009;
Quednow et al., 2010; Kishi et al., 2010; Rasmussen et al., 2011).

In addition to its putative involvement in psychiatric illnesses, the 5-HT, receptor mediates
the effects of hallucinogens (reviewed by: Nichols 2004; Halberstadt and Geyer, 2011).
Serotonergic hallucinogens act as 5-HT,a agonists, and there is a significant correlation
between 5-HT,a receptor affinity and hallucinogen-like behavioral activity (Glennon et al.,
1984; Titeler et al., 1988; Sadzot et al., 1989). Furthermore, 5-HT, antagonists block most
of the effects of hallucinogens in rodents and humans (Schreiber et al., 1995; Fiorella et al.,
1995; Vollenweider et al., 1998; Carter et al., 2005, 2007). Serotonergic hallucinogens
belong to two classes of compounds, indoleamines and phenylalkylamines. Examples of
indoleamine hallucinogens include the ergoline lysergic acid diethylamide (LSD) and the
tryptamines N,N-dimethyltryptamine (DMT) and psilocybin (4-phosphoryloxy-DMT). The
phenylalkylamine class includes phenethylamines such as mescaline and
phenylisopropylamines such as 2,5-dimethoxy-4-iodoamphetamine (DOI) and 2,5-
dimethoxy-4-methylamphetamine (DOM). Recently, potent analogs of the
phenylalkylamines have been developed in which the ethylamine side-chain or one or more
of the alkoxy ring substituents is conformationally constrained by incorporation into a ring
structure (e.g., (4-bromo-3,6-dimethoxybenzocyclobuten-1-yl)methylamine (TCB-2);
McLean et al., 2006b). Although the indoleamines are nonselective 5-HT receptor agonists,
the phenylalkylamines are relatively selective for 5-HT, and 5-HTc receptors.

A variety of behavioral paradigms have been used to characterize 5-HTo agonist/
hallucinogen effects in rats, including drug discrimination, head and body shakes, locomotor
and investigatory behavior, and prepulse inhibition of startle (Halberstadt and Nichols 2010;
Halberstadt and Geyer, 2011). Relatively little is known about the behavioral effects of
hallucinogens in mice, although relevant reports have appeared recently (Smith et al., 2003;
Winter et al., 2005; Gonzalez-Maeso et al., 2007; Halberstadt et al., 2009, 2011a;
Fantegrossi et al., 2010). The Behavioral Pattern Monitor (BPM), which provides
quantitative and qualitative assessments of unconditioned locomotor and investigatory
activity, has been used extensively to study the effects of hallucinogens in rats (Adams and
Geyer, 1985; Wing et al., 1990; Krebs-Thompson et al., 1998) and more recently in mice.
BPM studies in C57BL/6J mice demonstrated that low to moderate doses of DOI and DOM
increase locomotor activity, whereas higher doses reduce activity (Halberstadt et al, 2009;
Halberstadt and Geyer, 2011). Importantly, DOI does not increase locomotor activity in 5-
HT,a knockout mice, indicating that the effect is a consequence of 5-HT,a receptor
activation (Halberstadt et al, 2009). Although other groups have also found that DOI and
DOM increase locomotor activity in mice (Yamamoto and Ueki et al., 1975; Darmani et al.,
1996; Brookshire and Jones, 2009), Fox and colleagues recently reported that DOI and the
conformationally restricted 5-HT,a agonist TCB-2 have no effect on locomotor activity in
C57BL/6J mice (Fox et al., 2010). Given these discrepant findings, we tested a larger series
of phenylalkylamine hallucinogens and related substances (Figure 1) in the BPM to
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determine whether those compounds increase locomotor activity by activating the 5-HTop
receptor. In addition, to determine whether the 5-HT,a-mediated increase in locomotor
activity is specific to phenylalkylamines with hallucinogenic activity, we tested the
nonhallucinogenic DOM homologue 2,5-dimethoxy-4-tert-butylamphetamine (DOTB;
Shulgin and Dyer, 1975), which acts as a partial agonist at the 5-HT, receptor (Glennon et
al., 1992).

2. MATERIALS AND METHODS
2.1. Subjects

Mice were housed at the University of California San Diego (UCSD), in an AAALAC-
approved animal facility that meets Federal and State requirements for care and treatment of
laboratory animals. Male C57BL/6J mice were purchased from Jackson Labs (Bar Harbor,
ME) and allowed to acclimate to the vivarium for at least 1 week after arrival. Male and
female 5-HT,a wild-type (WT) and knockout (KO) mice, backcrossed (N10) onto the
inbred C57BL/6 line (see: Halberstadt et al., 2009), were bred in-house using heterozygous
breeding pairs to remove the possibility of genetic drift between WT and KO mice and to
ensure that all mice received equivalent maternal care. The 5-HToa WT and KO mice were
weaned at 21-24 days of age, at which time part of the tail (~1.5 cm) was removed for
genotyping by polymerase chain reaction (PCR). Animals were housed in a climate-
controlled room with a reversed light-dark cycle (lights on at 2000 hours, off at 0800 hours),
separated by sex (n=4/cage). Food and water were available ad libitum, except during
behavioral testing. Behavioral experiments were conducted between 1000 and 1800 hours.
All experiments were conducted in accord with the “Principles of laboratory Animal Care”
NIH guidelines and were approved by the UCSD Institutional Animal Care and Use
Committee (IACUC).

2.2. Apparatus

As described previously (Risbrough et al., 2006; Halberstadt et al., 2009), spontaneous
exploratory and investigatory behavior were recorded in 9 mouse BPM chambers (San
Diego Instruments, San Diego, CA). Briefly, each mouse BPM chamber is a clear Plexiglas
box with an opaque 30 x 60 cm floor; each chamber is enclosed in a ventilated isolation box.
The BPM chambers contain 11 1.4-cm holes (3 in the floor, 3 in each long wall, and 2 in
each short wall); each hole is equipped with an infrared photobeam to detect holepoking
behavior. The x,y position of the mouse in the chamber is recorded by a grid of 12 x 24
infrared photobeams located 1 cm above the floor. A second row of 16 infrared photobeams
(parallel with the long axis of the chamber, 2.5 cm above the floor) detects rearing behavior.
Photobeam status is sampled every 55 ms, and data recorded to a Windows PC for off-line
analysis. The measures assessed in these experiments are distance traveled (a measure of
horizontal locomotor activity), total holepokes, and total rearings (measures of investigatory
behavior).

Mice were tested in the dark during the dark phase of their light/dark cycle. The animals
were brought into the testing room at least 1 h before testing. Injections were made under
red lights in the testing room. During BPM sessions, a white noise generator in the testing
room was used to produce background noise at 65 dB(A). The chambers were cleaned with
water between testing sessions.

2.3. Experimental Design

Animals were placed in the BPM chambers 10 min after treatment with mescaline or
TMA-2, 15 min after treatment with DOI, DOET, DOPR, DOTB, or TCB-2, and/or 30 min
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after treatment with M100907. The mice were tested in the BPM for 60 min. Details of the
individual BPM experiments are listed in Table 1.

2.4. Data Analysis

2.5. Drugs

Distance traveled was examined in 10- and 30-min time blocks, and rearings and holepokes
were analyzed in 30-min time blocks. In Experiments 1-6, 9, and 10, data were analyzed by
using two- or three-way analyses of variance (ANOVASs) with treatment or pretreatment and
treatment as between-subject factors and time as a repeated measure. Specific post hoc
comparisons between selected groups were done using Dunnett's test or Tukey's studentized
range method. Significance was demonstrated by surpassing an a-level of 0.05. In
Experiments 7 and 8, genotype was the between-subject variable and drug treatment and
time were within-subject variables. Sex was an additional between-subject variable in
Experiment 7. One-way ANOVAs at each time-point were used for post-hoc analysis of
Experiments 7 and 8.

Drugs used were mescaline hydrochloride, 2,5-dimethoxy-4-iodoamphetamine
hydrochloride (DOI; Sigma Chemical Co., St. Louis, MO); 2,5-dimethoxy-4-
ethylamphetamine hydrochloride (DOET; donated by the National Institute on Drug Abuse
(NIDA) Drug Supply Program, Bethesda, MD); 2,5-dimethoxy-4-propylamphetamine
hydrochloride (DOPR), 2,5-dimethoxy-4-tert-butylamphetamine hydrochloride (DOTB,
donated by Dr. A. T. Shulgin, Lafayette, CA); 2,4,5-trimethoxyamphetamine hydrochloride
(TMA-2; donated by Dr. S. Knapp); (4-bromo-3,6-dimethoxybenzocyclobuten-1-
yl)methylamine hydrobromide (TCB-2; Tocris Bioscience, Ellisville, MO); and (R)-(+)-a-
(2,3-dimethoxyphenyl)-1-[2-(4-fluorophenyl)ethyl]-4-piperidinemethanol (M100907;
donated by Hoechst Marion Roussel Inc., Kansas City, MO). Mescaline, DOI, DOET,
DOPR, DOTB, TMA-2, and TCB-2 were dissolved in isotonic saline and administered
intraperitoneally (i.p.) at a volume of 5 mL/kg body weight. M100907 was dissolved in
water containing 5% Tween 80 and administered subcutaneously (s.c.) at a volume of 5 mL/
kg body weight.

3. RESULTS

3.1. Effect of phenylalkylamine hallucinogens

3.1.1. Locomotor activity—The effects of mescaline, DOET, DOPR, and TMA-2 on
distance traveled, a measure of locomotor activity, are illustrated in Figure 2. We previously
reported that the effects of DOI and DOM on locomotor activity follow an inverted U-
shaped dose-response function, with low and moderate doses producing a delayed increase
in locomotor activity, and high doses (=10 mg/kg) reducing activity at the beginning of the
test session (Halberstadt et al., 2009; Halberstadt and Geyer, 2011). The effects of mescaline
(Drug x Block: F(25,265)=10.09, p<0.0001), DOET (Drug x Block: F(20,255)=4.60,
p<0.0001), and DOPR (Drug x Block: F(20,470)=7.30, p<0.0001) on locomotor activity
show a similar dose- and time- dependence. For example, 25 and 50 mg/kg of mescaline
significantly increased locomotor activity during the last 40 minutes of the 1-h test session
(p<0.01, 0.05, Dunnett’s test), and 100 mg/kg mescaline reduced locomotor activity during
the first 30 minutes of testing (p<0.01, 0.05, Dunnett’s test; Fig. 2a). The dose-response of
DOET was very similar to that of DOI, with 1 mg/kg DOET significantly increasing activity
during the last 50 min of testing, and 10 mg/kg DOET significantly reducing activity during
the first 20 min (p<0.01, 0.05, Dunnett’s test; Fig. 2b). DOPR was slightly more potent than
DOET, and 0.3 mg/kg DOPR induced hyperactivity (Fig. 2c) whereas the same dose of
DOET was inactive. At the dose range tested (2.5-15 mg/kg), TMA-2 increased locomotor
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activity (Drug effect: F(4,54)=5.21, p<0.002), with the 5, 10, and 15 mg/kg doses of TMA-2
inducing hyperactivity throughout the 1-h session (p<0.01, 0.05, Tukey’s test; Fig. 2d).

3.1.2. Investigatory behavior—As shown in Table 2, mescaline (F(5,53)=11.52,
p<0.0001), DOET (F(4,51)=7.20, p=0.0001), and DOPR (F(4,54)=19.85, p<0.0001)
produced dose-dependent reductions in holepoking behavior. Rearings were also reduced
dose-dependently by mescaline (F(5,53)=43.93, p<0.0001), DOET (F(4,51)=22.71,
p<0.0001), and DOPR (F(4,54)=36.76, p<0.0001). There was a trend toward an interaction
of TMA-2 treatment and time block for holepokes (F(4,54)=2.36, p<0.07) and rearings
(F(4,54)=2.33, p<0.07), but post-hoc analysis failed to confirm this effect for any specific
30-min time block (see Table 2).

3.2. Effect of TCB-2

3.2.1. Locomotor activity—There was a main effect of the benzocyclobutene derivative
TCB-2 on locomotor activity (F(5,53)=3.43, p<0.01), and an interaction between treatment
and time (F(25,265)=21.67, p<0.0001). Like mescaline, DOET, and DOPR, low doses of
TCB-2 produced a delayed increase in distance traveled. Post-hoc analysis showed that 1
mg/kg TCB-2 significantly increased distance traveled during block 6 (p<0.01, Tukey’s test;
Fig. 3), and 3 mg/kg increased distance traveled during blocks 2-5 (p<0.01, 0.05, Tukey’s
test). Conversely, the highest dose tested, 10 mg/kg, produced biphasic effects on locomotor
activity, reducing activity during block 1 (p<0.01, Tukey’s test) and then increasing activity
during blocks 3-6 (p<0.01, Tukey’s test).

3.2.2. Investigatory behavior—There was a significant main effect of drug on
holepoking behavior (F(5,53)=8.32, p<0.0001). Specific comparisons demonstrated that 10
mg/kg TCB-2 significantly reduced holepoking during the first and second 30-min time
blocks (Table 2; p<0.01, 0.05, Tukey’s test). Rearings were also reduced by TCB-2
(F(5,53)=7.58, p<0.0001); this effect occurred primarily during the first 30-min block (see
Table 2), resulting in an interaction between treatment and block (F(5,53)=3.44, p<0.01).

3.3. Effect of DOTB

Administration of 0.1-10 mg/kg DOTB did not significantly alter locomotor activity (Figure
4). Although administration of the two highest doses of DOTB appeared to produce slight
increases in locomotor activity, even the effect of the 10 mg/kg dose failed to attain
significance (F(1,18)=3.04, p=0.098). Additionally, as shown in Table 3, DOTB had no
effect on rearings or holepokes.

3.4. Effect of 5-HT,p receptor gene deletion on the response to mescaline

3.4.1. Locomotor activity—We previously reported that 1.0 mg/kg DOI induces
locomotor hyperactivity in WT mice but not in 5-HT receptor KO mice, suggesting that
the response is mediated by 5-HT,a receptors (Halberstadt et al., 2009). To determine
whether the hyperactivity induced by mescaline is mediated by the 5-HT,a receptor, we
compared the effect of 25 mg/kg mescaline in WT and 5-HT,5 KO mice. As we previously
observed (Halberstadt et al. 2009), there was a main effect of sex on distance traveled in the
WT and 5-HT,a KO mice (F(1,26)=9.28, p<0.006). There were, however, no interactions
between sex and gene, sex and drug, or sex, gene, and drug, so data were collapsed across
sex. The effects of mescaline on locomotor activity in 5-HTo4 WT and KO mice are
illustrated in Figure 5. Treatment with 25 mg/kg mescaline had no effect on locomotor
activity in 5-HT,a KO mice (Gene x Drug: F(1,28)=7.58, p<0.02). By contrast, 25 mg/kg
mescaline increased distance traveled in WT mice (Drug x Block: F(5,140)=4.95,
p=0.0003). Although there was a main effect of gene on distance traveled (F(1,28)=7.55,
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p<0.02) and an interaction of gene and time block (F(5,140)=11.56, p<0.0001), post hoc
analysis revealed that there was no difference in the baseline level of locomotor activity in
WT and 5-HTo KO mice.

3.4.2. Investigatory behavior—As expected, 25 mg/kg mescaline had no effect on
rearings or holepokes in either WT or 5-HT, KO mice (data not shown). There was no
baseline difference between WT and 5-HToa KO for either holepoking or rearing.

3.5. Effect of 5-HT ,p receptor gene deletion on the response to TCB-2

3.5.1. Locomotor activity—Treatment with 3 mg/kg TCB-2 had no effect on locomotor
activity in 5-HT, KO mice, resulting in an interaction of gene and drug (F(1,18)=6.25,
p<0.03) and of gene, drug, and block (F(5,90)=3.73, p<0.005; Fig. 6). Conversely, in WT
mice, 3 mg/kg TCB-2 increased distance traveled (F(1,18)=7.89, p<0.02). There were no
baseline differences in the locomotor activity of WT and 5-HT,a KO mice.

3.5.2. Investigatory behavior—Administration of 3 mg/kg TCB-2 reduced rearing
(F(1,18)=32.74, p<0.0001) and holepoking (F(1,18)=11.61, p<0.004), but there was no
difference in the response to 3 mg/kg TCB-2 in WT and 5-HT,a KO mice with regard to
investigatory behavior (Fig. 7a,b).

3.6. Blockade of the effect of mescaline on locomotor activity with a selective 5-HTp

antagonist

To confirm that the hyperactivity induced by mescaline is mediated by the 5-HT,a receptor,
we examined whether the effect of 25 mg/kg mescaline is attenuated by pretreatment with
the selective 5-HT antagonist M100907. As shown in Figure 8, 25 mg/kg mescaline
increased locomotor activity during the last 50 min of the test session (Drug x Block:
F(5,265)=3.70, p<0.003) (p<0.05, 0.01, Tukey's test), and this effect was completely
blocked by 0.03 and 0.1 mg/kg M100907 (M100907 x mescaline; F(2,53)=10.03, p=0.0002)
(p<0.01, Tukey's test). Although there was a main effect of pretreatment with M100907
(F(2,53)=6.71, p<0.003), this was not confirmed by post-hoc analysis.

3.7. Blockade of the effect of TCB-2 on locomotor activity with a selective 5-HTop

antagonist

As we found with mescaline, pretreatment with M100907 attenuated the locomotor
hyperactivity induced by 3 mg/kg TCB-2 (M100907 x TCB-2: F(2,50)=4.71, p<0.02). The
increase in locomotor activity induced by TCB-2 (Drug effect: F(1,50)=16.25, p=0.0002;
Drug x Block: F(5,250)=8.54, p<0.0001) was partially attenuated by 0.03 mg/kg M100907
and completely blocked by 0.1 mg/kg M100907 (p<0.05, 0.01, Tukey's test; Fig. 9).
Although there was a main effect of pretreatment with M100907 (F(1,34)=10.11, p<0.004),
post-hoc analysis did not confirm this effect.

4. DISCUSSION

There is considerable evidence that serotonergic hallucinogens produce their characteristic
effects by activating the 5-HTox receptor (Nichols 2004; Halberstadt and Geyer 2011). We
have previously reported that the phenylalkylamine hallucinogen DOI produces an increase
in locomotor activity in C57BL/6J mice that is ameliorated by 5-HToa receptor gene
deletion, indicating 5-HTo4 receptor mediation (Halberstadt et al., 2009). In the present
investigation, we examined whether a larger series of phenylalkylamine hallucinogens
increase locomotor activity in C57BL/6J mice, and used a combination of genetic and
pharmacological methods to determine whether the hyperactivity is a consequence of 5-
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HT,p receptor activation. These studies demonstrate that, like DOI, the phenethylamine
hallucinogen mescaline and the phenylisopropylamine hallucinogens DOET, DOPR, and
TMA-2 produce locomotor hyperactivity in mice. Likewise, administration of the
conformationally restricted benzocyclobutene derivative TCB-2, previously shown to be a
potent 5-HT,a agonist (McLean et al., 2006b), also provoked hyperactivity. By contrast,
DOTB, a homologue of DOET and DOPR that exhibits very low efficacy at the 5-HTop
receptor (Glennon et al., 1992) and is inactive as a hallucinogen (Shulgin and Dyer, 1975),
failed to alter any of the behavioral measures tested. To test for involvement of the 5-HTop
receptor in the behavioral response to mescaline and TCB-2, we compared the effects of
these substances in WT and 5-HT; receptor KO mice on a C57 background. The increase
in locomotor activity normally induced by mescaline and TCB-2 was absent in 5-HTop
receptor KO mice, supporting the hypothesis that 5-HT, receptors are responsible for
mediating the locomotor-stimulating effects of mescaline and TCB-2. We used genetically
modified mice because these animals are free from the problems of efficacy and selectivity
that are found with many 5-HT,, receptor antagonists. The use of genetically engineered
mice, however, is confounded by the possibility that developmental, compensatory, or
epigenetic changes can occur in the animals. To verify that the findings in 5-HT, KO mice
are due specifically to the absence of the receptor, we also tested whether a 5-HTya
antagonist can block the hyperactivity induced by phenylalkylamines. This experiment
demonstrated that the selective 5-HT,a antagonist M100907 completely blocks the increase
in locomotor activity induced by mescaline and TCB-2. Taken together, these findings
confirm that the phenylalkylamine class of hallucinogens produce hyperactivity in mice, and
support the hypothesis that this effect is mediated by 5-HTa receptor activation.

In addition to altering locomotor activity, DOI also reduces investigatory behavior
(Halberstadt et al., 2009). The current experiments show that mescaline, DOET, DOPR, and
TCB-2 produce DOI-like effects on rearing and holepoking. Although TMA-2 had no effect
on investigatory behavior, it is possible that its inactivity may be a consequence of the
limited dose range tested. Our earlier experiments demonstrated that the ability of DOI to
reduce rearing behavior is attenuated in 5-HT, KO mice (Halberstadt et al., 2009).
Interestingly, there was no difference in TCB-2 effects on rearing in WT and 5-HT,4 KO
mice, indicating that TCB-2 influences this behavior through a non-5-HT,x receptor-
dependent mechanism.

Similar to our findings, other groups have reported that DOI increases locomotor activity in
mice (Darmani et al., 1996; Brookshire and Jones, 2009). There is also evidence that low
doses of DOM can increase locomotor activity and reduce rearing behavior in ddN mice
(YYamamoto and Ueki, 1975). Recently, it was shown that TCB-2 reduces rearings in
C57BL/6J mice (Fox et al., 2010). In contrast to the present findings, those workers reported
that DOI and TCB-2 have no effect on locomotor activity (both drugs were tested at 1.0 and
2.5 mg/kg). It is important to note, however, that Fox and colleagues assessed locomotor
activity in an open field for 30 min immediately after administration of DOI and TCB-2. In
our BPM studies, the mice were placed in the chambers 15 min after treatment with DOI or
TCB-2, and there was a 10-30 min delay between the beginning of the test session and the
onset of hyperactivity (i.e., the animals became hyperactive 25-45 min after dug
administration). Therefore, these discrepant findings are most likely a consequence of
differences in study design, and the duration of the open field studies with DOI and TCB-2
may not have been long enough to detect hyperactivity induced by those agents. In contrast
to our BPM studies, which were conducted during the dark phase of the light-dark cycle,
Fox et al. (2010) tested DOI and TCB-2 during the light phase; it is unlikely, however, that
this contributed to the discrepant findings because DOI has also been shown to induce
hyperactivity during the light-phase (Brookshire and Jones, 2009).
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Given our previous findings with DOI (Halberstadt et al., 2009) and DOM (Halberstadt and
Geyer, 2011; Halberstadt et al., 2011b) in the BPM, the fact that DOET, DOPR, TMA-2 and
mescaline also induce locomotor hyperactivity in mice indicates that this effect may be a
property common to phenylalkylamines that activate the 5-HT,a receptor and produce
hallucinogenic effects. The relative potencies of the phenylalkylamines in the BPM (DOPR
~ DOl ~ DOET > TMA-2 > mescaline) are consistent with their potencies for eliciting
DOM-like discriminative stimulus effects in rats (Glennon et al., 1983) and hallucinogenic
effects in humans (Shulgin and Dyer, 1975; Shulgin and Shulgin, 1991). In rats and humans,
DOET and DOI are ~10-fold more potent than TMA-2 and ~50-fold more potent than
mescaline (see Table 4), which parallel our findings in mice. The fact that DOTB did not
alter exploratory or investigatory behavior in mice is consistent with evidence that DOTB is
not hallucinogenic (Shulgin and Dyer, 1975), and does not induce hallucinogen-like
behavioral effects in rodents (Kulkarni, 1973; Morin et al., 1975; Glennon et al., 1982).
DOTB has high affinity for the 5-HT,a receptor (Table 4), but exhibits weak efficacy,
inducing phosphoinositide hydrolysis with ~50% of the intrinsic efficacy of R-(-)-DOB
(Glennon et al., 1992). Given the weak partial agonist activity of DOTB at the 5-HT,a
receptor, we hypothesized that it would not increase locomotor activity in mice. Indeed,
DOTB did not significantly increase locomotor activity when tested at doses up to 10 mg/kg.
Although it is possible that DOTB may be active in mice at doses >10 mg/kg, the present
findings demonstrate that it is at least an order of magnitude less potent than DOI and DOET
despite having similar affinity for 5-HToa receptors (Table 5).

Although the BPM can be used to assess the behavioral effects of 5-HT,x receptor
activation in mice, it is important to note that locomotor hyperactivity does not represent a
model of human hallucinogenic effects. Multiple classes of drugs, including dopamine
agonists and NMDA antagonists, can increase locomotor activity in mice, and it is not clear
whether hallucinogens alter locomotor activity in humans. Furthermore, we have previously
found that indoleamine hallucinogens such as psilocin and 5-methoxy-N,N-
dimethyltryptamine reduce locomotor activity in C57BL/6J mice, an effect mediated by 5-
HTq 4 receptor activation (Halberstadt et al., 2011a). There is evidence that the 5-HT1 5
receptor can suppress the behavioral response to 5-HT,p activation (Darmani et al., 1990).
The fact that indoleamine hallucinogens do not produce hyperactivity in the BPM, despite
acting as 5-HT,a agonists, indicates that 5-HTq 4 receptor activation can block 5-HToa-
induced hyperlocomation.

Invitro and in vivo evidence demonstrates that TCB-2 is a potent and highly efficacious 5-
HT, agonist (McLean et al., 2006b; Fox et al., 2010). TCB-2 induces the head twitch
response in C57BL/6J mice, an effect that is blocked by the highly selective 5-HTop
antagonist MDL 11,939 (Fox et al., 2010). Furthermore, the R isomer of TCB-2 substitutes
in rats trained to discriminate LSD or DOI (McLean et al., 2006b). These findings indicate
that TCB-2 may have hallucinogenic effects, although we are not aware of any studies that
have tested this compound in humans. The current experiments extend those earlier
behavioral findings by demonstrating that TCB-2 increases locomotor activity in mice by
activating the 5-HT,a receptor. The 5-HT, receptor is known to be coupled to multiple
downstream signaling pathways (Berg et al., 1998; Kurrasch-Orbaugh et al., 2003; Moya et
al., 2007), including activation of phospholipase C (PLC) and phospholipase A, (PLA,), but
the specific effector mechanisms responsible for mediating the behavioral effects of
hallucinogens have not been conclusively identified. Interestingly, TCB-2 preferentially
activates PLC compared with PLA, (McLean et al., 2006b), whereas phenylalkylamines
such as mescaline, DOI, and DOB appear to be either relatively non-selective or selective
for PLA, (Berg et al., 1998; Kurrasch-Orbaugh et al., 2003; Moya et al., 2007). The fact that
TCB-2 potently increases locomotor activity despite having weak effects on PLA, indicates
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that the PLA, signal transduction pathway may not be responsible for mediating the
locomotor-activating effects of 5-HT, agonists in mice.

In summary, the present experiments confirm that 5-HT,a receptor activation increases
locomotor activity in mice, as well as reducing rearing behavior and altering locomotor
patterns. Given that a variety of phenylalkylamine 5-HT,a agonists produce virtually
identical effects on locomotor activity, these results indicate that effects in the BPM can be
used as a behavioral measure of 5-HT,a activation in mice. Given the putative role for the
5-HT,p receptor in the pathology and treatment of several psychiatric disorders, it is
important to develop behavioral paradigms that can be used to assess 5-HT,p receptor-
induced behavioral effects in mice. Although drug discrimination and head twitch response
can be used to assess the response to 5-HT,a receptor activation in mice, there are
advantages to using the BPM paradigm. For example, the drug discrimination paradigm
involves extended operant training and head twitch studies require time-consuming
behavioral scoring, whereas the BPM provides an automated assessment of unconditioned
behavior. Furthermore, alterations in 5-HT receptor-induced locomotor hyperactivity can
be used to probe interactions between 5-HT and other transmitter systems (Halberstadt et al.,
2011b). Previous BPM studies have shown that the locomotor effects of hallucinogens in
rats—including mescaline and DOl—are mediated by the 5-HT,a receptor (Wing et al.,
1990; Krebs-Thomson et al., 1998). Importantly, our studies show that mescaline and DOI
alter locomotor activity in mice through the same receptor mechanism. Therefore, these
studies provide additional support for the link between 5-HT,a activation and
hallucinogenic effects.
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Effects of phenylalkylamine hallucinogens on distance traveled (in cm), a measure of
locomotor activity. (A) Mescaline, (B) DOET, (C) DOPR, (D) TMA-2. Mice used were
male C57BL/6J. Data are presented as group means+SEM for successive 10-min intervals.
*p<0.05, **p<0.01, significant difference from vehicle control group.
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Effect of TCB-2 on locomotor activity. Mice used were male C57BL/6J. Data are presented
as group means=SEM for successive 10-min intervals. *p<0.05, **p<0.01, significant
difference from vehicle control group.
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Effect of 5-HT, gene deletion on the locomotor response to mescaline. Effect of vehicle or
25 mg/kg mescaline on distance traveled in male and female WT mice (top panel) and male
and female 5-HT,4 KO mice (bottom panel). Data are presented as group means+SEM for
successive 10-min intervals. *p<0.05, **p<0.01, significant difference from the respective

vehicle control group.
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Effect of 5-HT,a gene deletion on TCB-2-induced increases in locomotor activity. Effect of
vehicle or 3 mg/kg TCB-2 on distance traveled in male WT mice (top panel) and male 5-
HT,a KO mice (bottom panel). Data are presented as group means+SEM for successive 10-
min intervals. *p<0.05, **p<0.01, significant difference from the respective vehicle control

group.
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Effect of 5-HT,a gene deletion on the changes in investigatory activity induced by TCB-2.
TCB-2 was tested at 3 mg/kg in male 5-HToa WT and KO mice. Data are presented as
group meanstSEM over 30-min blocks. *p<0.05, **p<0.01, significant difference from the

respective vehicle control group.
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Effect of pretreatment with the 5-HT, antagonist M100907 on the locomotor response to
25 mg/kg mescaline. Mice were pretreated with 0.03 mg/kg M100907 (A) or 0.1 mg/kg
M100907 (B). Mice used were male C57BL/6J. Data are presented as group means+SEM
for successive 10-min intervals. *p<0.05, **p<0.01, significant difference from vehicle

control group. #p<0.05, ##p<0.001, significant difference from mescaline alone.
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Effect of pretreatment with the 5-HT, antagonist M100907 on the locomotor response to 3
mg/kg TCB-2. Mice were pretreated with 0.03 mg/kg M100907 (A) or 0.1 mg/kg M100907
(B). Mice used were male C57BL/6J. Data are presented as group means+SEM for
successive 10-min intervals. *p<0.05, **p<0.01, significant difference from vehicle control
group. #p<0.05, ##p<0.001, significant difference from TCB-2 alone.
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Effect of phenylalkylamines on investigatory behavior

Table 2

Rearingsa Holepokesa
Drug Dose 0-30 Min 30-60 Min 0-30 Min 30-60 Min
Mescaline Vehicle 184.8+#11.0  165.9+18.1 82.9+59  94.0+10.7
6.25 181.1+14.6  1852+419.9  1047+10.1 129.1+20.7
125 1786477 20824163  954+121  110.9+165
25 42 2el0sD 1826%B7 909468 11564146
50 4924117 1119+98°  4p0rgs0 833492
100 3.5£2.0° 31.8:7.1°  127+58°  27.646.9°
DOET Vehicle 241.04289  2449+185 95393  89.8+117
03 1930231 21144214  1125¢235 130.4+25.2
1 l65.4s143D 1943%121 1019808 14024129
3 0914203C  14550003C 6744104  T57%153
10 155434°  37.1484° 2334500  44.9%127
DOPR Vehicle 187.9+12.7 17174192  119.2+¢13.4 127.3+14.8
03 165.9+14.2  171.4+183 13504111 156.1+10.8
1 110866 107540oC  1004£139  1027+16.0
8 54.8+9.9°  88.4+140° 63.8+80° 60.9+9.1°
10 712.7° 21.9+44%  104+50°  28.1+7.4°
TMA-2  Vehicle 1385+17.1 136.8+122 95047.8  1155+10.8
25 1784+165 18554194  124.3+138 150.0+15.2
5 160.9+12.4  157.9+13.9  109.4+212 140.9+18.1
10 150.4+188  190.3+158  106.8421.2 107.0+2L5
15 1238+12.6  150.942247 11124127 152.0+18.7
TCB-2 Vehicle 116.3+17.0 13404292  97.1+68  118.09.5
01 12814200  125.3+26.8  96.3+113  119.3+18.1
0.3 158.9+13.9  168.1+184  120.7+156 1453219
1 1483+16.0 1855+185 84.8+7.8  106.5:+118
3 86.3+13.6  1314+19.7 750499  10L14+151
10 1534550 998105 595,500 4402620

a
Data are reported as the mean number of events + S.E.M.

bp<0.05 vs. vehicle.

Cp<0.01 vs. vehicle.
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Table 3
Effect of DOTB on investigatory behavior
Rearingsa Holepok&sa
0-30Min | 30-60Min | 0-30Min | 30-60Min
Vehicle | 195.8+31.9 | 189.4+34.6 | 115.0£10.6 | 136.3+12.0
0.1 143.1220.9 | 156.8+34.8 | 130.2+12.7 | 142.4+20.0
0.3 175.6220.9 | 184.6424.9 | 121.5+¢7.1 | 129.4+16.5
1 175.4+175 | 205.4+25.4 | 128.7+16.9 | 151.3+30.4
3 179.129.9 | 217.5+20.7 | 143.2+10.1 | 141.0+10.6
10 139.149.9 | 143.3+12.3 | 127.5+18.5 | 139.4+27.2

a
Data are reported as the mean number of events + S.E.M.
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