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Abstract

Although it is well established that hallucinogens act as 5-HT2A and 5-HT2C receptor agonists, 

little is known about the relative contributions of 5-HT2A and 5-HT2C receptors to the acute 

behavioral effects of these drugs. The behavioral pattern monitor was used to characterize the 

effects of the hallucinogen 1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane (DOI) on locomotor 

and investigatory behavior in mice. Studies were also conducted to assess the contributions of 5-

HT2A and 5-HT2C receptors to the behavioral effects of DOI. DOI produced an inverted U-shaped 

dose response function, with lower doses (0.625–5.0 mg/kg) increasing and higher doses (≥10 

mg/kg) decreasing locomotor activity. The increase in locomotor activity induced by 1.0 mg/kg 

DOI was absent in 5-HT2A receptor KO mice, suggesting the involvement of 5-HT2A receptors. 

The reduction in locomotor activity produced by 10 mg/kg DOI was potentiated in 5-HT2A KO 

mice and attenuated by pretreatment with the selective 5-HT2C/2B antagonist SER-082. These data 

indicate that the decrease in locomotor activity induced by 10 mg/kg DOI is mediated by 5-HT2C 

receptors, an interpretation that is supported by the finding that the selective 5-HT2C agonist WAY 

161,503 produces reductions in locomotor activity that are potentiated in 5HT2A KO mice. These 

results demonstrate for the first time that 5-HT2A and 5-HT2C receptors both contribute to the 

effects of DOI on locomotor activity in mice. Furthermore, these data also suggest that 5-HT2A 

and 5-HT2C receptors exert opposing effects on locomotor activity.
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There are seven classes of serotonin (5-HT) receptors (5-HT1 through 5-HT7) that are 

divided into 14 subfamilies (Nichols and Nichols, 2008). The 5-HT2 class includes three 

subtypes of G-protein-coupled receptors, classified as 5-HT2A, 5-HT2B and 5-HT2C. 

Members of the indoleamine and phenylalkylamine classes of serotonergic hallucinogens 

bind with high-affinity to 5-HT receptor subtypes. Indoleamine hallucinogens such as 

psilocybin and lysergic acid diethylamide (LSD) are nonselective 5-HT receptor agonists. 

Phenylalkylamine hallucinogens such as 1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane 

(DOI) and 1-(2,5-dimethoxy-4-methylphenyl)-2-aminopropane (DOM) are selective 5-HT2 

receptor agonists (Pierce and Peroutka, 1989; Titeler et al., 1988) that are relatively 

nonselective for 5-HT2A versus 5-HT2C receptors.

Hallucinogen use by humans over the past 30 years has remained relatively stable (Chilcoat 

and Schtitz, 1996), and the effects of these compounds continue to be of interest from a 

clinical standpoint (Geyer and Vollenweider, 2008). In humans, serotonergic hallucinogens 

intensify affective responses and produce profound alterations in visual, auditory, tactile, 

and olfactory perception. In animals, serotonergic hallucinogens appear to exacerbate 

neophobia, increase responsiveness to sensory stimulation, and interfere with response 

habituation across multiple sensory modalities and behavioral responses (for review, see: 

Geyer and Vollenweider, 2008). The use of animal models of the effects of hallucinogens 

supports hypothesis testing regarding the neurochemical substrates of hallucinogenesis.

In rats, several lines of evidence indicate that the behavioral effects of phenylalkylamine 

hallucinogens are mediated primarily by 5-HT2A receptors. For example, an antagonist 

correlation analysis study has revealed that the potency of 5-HT2 antagonists to block the 

substitution of R(−)-DOM in rats trained to discriminate LSD is robustly and significantly 

correlated with their 5-HT2A receptor affinity but not 5-HT2C affinity (Fiorella et al., 

1995a). Likewise, the potency of 5-HT2 antagonists to block the head twitch response 

(HTR) induced by DOI is significantly correlated with their 5-HT2A affinity (Schreiber et 

al., 1995). Studies employing 5-HT2A- and 5-HT2C-selective antagonists have provided 

considerable support for the involvement of 5-HT2A receptors in the behavioral effects of 

phenylalkylamine hallucinogens. The effects of DOI in a number of behavioral paradigms—

including drug discrimination, HTR, and prepulse inhibition (PPI) of acoustic startle—are 

antagonized by the 5-HT2A-selective antagonist M100907 but not by selective 5-HT2C/2B 

antagonists such as SB 200,646A, SB 206,553, and SER-082 (Smith et al., 1998, 1999; 

Schreiber et al., 1994, 1995; Sipes and Geyer, 1995; Willins and Meltzer, 1997; Wettstein et 

al., 1999). Indeed, human studies have confirmed that 5-HT2A receptor activation is 

responsible for the hallucinogenic effects of psilocybin (Vollenweider et al., 1998).

Previous work in this laboratory has established that the behavioral pattern monitor (BPM) 

can be used to characterize the acute behavioral effects evoked by hallucinogens in rats. The 

BPM combines the features of activity and holeboard chambers and is designed to assess 

both the quantity and several aspects of the quality of unconditioned locomotor and 

investigatory activity in rats (Geyer et al., 1986). DOM and DOI produce characteristic 

effects in the BPM consisting primarily of reduced locomotor and investigatory responding 

and increased avoidance of central areas of the BPM chamber (Adams and Geyer, 

1985;Wing et al., 1990; Mittman and Geyer, 1991; Krebs-Thomson et al., 2006). 5-HT2 
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antagonists have been shown to block the effects of phenylalkylamine hallucinogens in the 

BPM (Wing et al., 1990; Mittman and Geyer, 1991). The effects of DOI in the BPM are 

blocked by M100907 but not by SER-082 (Krebs-Thomson et al., 1998), indicating that the 

ability of DOI to reduce locomotor activity and suppress investigatory responding is 

attributable to activation of 5-HT2A receptors but not 5-HT2C receptors.

To date, few studies have examined the relative contributions of 5-HT2A and 5-HT2C 

receptors to the behavioral effects of hallucinogens in mice. It has been reported that the 

hallucinogen-induced HTR in mice is antagonized by M100907 (Fantegrossi et al., 2005, 

2006, 2008) and abolished in 5-HT2A knockout (KO) mice (González-Maeso et al., 2003, 

2007). Smith et al. (2003) found that DOI discrimination in mice is completely blocked by 

pretreatment with M100907. However, SB 206,553 and the 5-HT2C-selective antagonist SB 

242,084 significantly attenuated DOI-induced responding, suggesting that 5-HT2C receptors 

may also play a role in mediating the DOI discriminative stimulus in mice. It is unclear, 

however, if 5-HT2C receptors play a role only in DOI discrimination, which involves 

repeated dosing with the drug, or if 5-HT2C receptors also contribute to acute effects of DOI. 

The objective of the present investigation was to characterize the effects of DOI on 

exploratory and investigatory responding in mice using a recently developed mouse 

Behavioral Pattern Monitor (mouse BPM; see: Risbrough et al., 2006). The behavioral 

effects of DOI were compared with those of the putative 5-HT2C-selective agonist WAY 

161,503 (Rosenzweig-Lipson et al., 2006). Finally, a combination of genetic and 

pharmacological approaches was used to determine whether interactions with 5-HT2A and/or 

5-HT2C receptors are responsible for mediating the behavioral effects of DOI on exploratory 

and investigatory behavior.

MATERIALS AND METHODS

Subjects

Mice were housed at a vivarium at the University of California San Diego (UCSD), an 

AAALAC-approved animal facility that meets Federal and State requirements for care and 

treatment of laboratory animals. Male C57BL/6J mice were obtained from Jackson Labs 

(Bar Harbor, ME); they were allowed to acclimate for approximately 1 week after arrival. 

The 5-HT2A wild-type (WT) and knockout (KO) mice were bred in-house; these animals, 

originally generated at Columbia University (New York, NY) on a 129S6/SvEv background 

(González-Maeso et al., 2003, 2007), were backcrossed (N10) onto the inbred C57BL/6 line. 

All breeding was conducted 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-HT2A WT and KO mice were weaned at 21–24 days of age, during 

which a small portion of the tail (1.5 cm) was removed for subsequent genotyping. All mice 

were housed n=4/cage, separated by sex, in a climate-controlled room with a reversed light 

cycle (lights on at 2000 hours, off at 0800 hours). Food and water were provided ad libitum, 

except during behavioral testing. All testing occurred between 1000 and 1800 hours; animal 

testing was conducted in accord with the “Principles of laboratory Animal Care” NIH 

guidelines and were approved by the UCSD animal care committee.
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Drugs

Drugs used were 1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane hydrochloride (DOI; 

Sigma Chemical Co., St. Louis, MO); (+)-cis-4,5,7a,8,9,10,11,11a-octahydro-7H-10-

metylindolo[1,7-bc][2,6]naphthyridine fumarate (SER-082) and 8,9-dichloro-2,3,4,4a-

tetrahydro-1H-pyrazino[1,2-a]quinoxalin-5(6H)-one hydrochloride (WAY 161,503; Tocris 

Bioscience, Ellisville, MO). DOI and SER-082 were dissolved in isotonic saline. WAY 

161,503 was dissolved in saline containing 2.5% Tween 80. DOI and WAY 161,503 were 

administered intraperitoneally at a volume of 5 ml/kg body weight. SER-082 was 

administered subcutaneously at a volume of 5 ml/kg body weight.

Apparatus

Investigatory behavior and locomotor activity were measured in 10 mouse behavioral 

pattern monitors (BPM; San Diego Instruments, San Diego, CA). The design of the mouse 

BPM system is based on the rat BPM (for a detailed description, see: Geyer et al., 1986). 

The mouse BPM chamber is a clear Plexiglas box containing a 30 × 60 cm holeboard floor. 

Each chamber is enclosed in a ventilated outer box to protect it from light and ambient noise 

from outside the chambers. The chamber contains eleven 1.4-cm holes (three in the floor 

and eight in the walls), each provided with an infrared photobeam to detect investigatory 

nosepokes (holepokes). The location of the mouse is obtained from a grid of 12 × 24 

photobeams 1 cm above the floor. Rearing is detected by an array of 16 photobeams placed 

2.5 cm above the floor and aligned with the long axis of the chamber. The status of the 

photobeams is sampled every 55 msec. A change in the status of photobeams triggers the 

storage of the information in a binary data file together with the duration of the photobeam 

status. Subsequently, the raw data files are transformed into (x,y,t,event) ASCII data files 

comprised of the (x,y) location of the animal in the mouse BPM chamber with a resolution 

of 1.25 cm, the duration of each event (t), and whether a holepoke or rearing occurred 

(event).

Mice were tested in the dark and during the dark phase of their light cycle. The animals were 

brought into the testing room under black cloth one hour before testing. During testing, a 

white noise generator produced background noise at 65 dB. Pretreatment and test injections 

were made under red lights in the testing room. Data were collected for 60 min. The 

chambers were cleaned thoroughly between testing sessions.

Analysis

Horizontal locomotor activity was quantified as distance traveled. The number of holepokes 

and rearings were calculated as measures of investigatory behavior. Data were examined in 

10-min and 30-min time resolutions. Data were analyzed using three-way ANOVA with 

pretreatment and treatment as between-factors and time as a repeated measure. Specific post 

hoc comparisons between selected groups were done using Dunnett’s many-to-one test or 

Tukey’s studentized range method. Significance was demonstrated by surpassing an alpha 

level of 0.05. In Experiment 2, genotype was the between-subject variable and drug and time 

were within-subject variables. Post-hoc simple ANOVAs with the appropriate alpha 

correction were conducted; significance demonstrated by surpassing an alpha level of 0.025.
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Experimental Design

Animals were placed in the mouse BPM chambers 15 min after treatment with DOI, or 10 

min after treatment with WAY 161,503. In experiment 1, mice (n=10–11, 63 total) were 

treated with vehicle, 0.625, 1.25, 2.5, 5.0, or 10 mg/kg DOI. In experiment 2, the 5-HT2A 

cohort consisted of 14 WT and 13 KO male mice, and 13 WT and 5 KO female mice. The 

mice were tested in a three-way crossover design with 1 week between tests. Each animal 

received vehicle as well as 1.0 and 10 mg/kg DOI in a semi-randomized, counterbalanced 

order, to complete a within-subject design. In experiment 3, mice (n=10, 60 total) were 

treated with SER-082 (vehicle or 1.0 mg/kg) 15 min before administration of DOI (vehicle, 

1.0, or 10 mg/kg). In experiment 4, mice (n=8–10, 38 total) were treated with vehicle or 3, 

10, or 30 mg/kg WAY 161,503. In experiment 5, mice (n=8–10, 38 total) were treated with 

SER-082 (vehicle or 1.0 mg/kg) 20 min before administration of WAY 161,503 (vehicle, 1, 

or 10 mg/kg). In experiment 6, a new 5-HT2A cohort consisted of 8 WT and 10 KO male 

mice, and 9 WT and 11 KO female mice. WT and KO mice were injected with either vehicle 

or WAY 161,503 (10 mg/kg) in a between subjects design.

RESULTS

Experiment 1: Effect of DOI on locomotor and investigatory behavior

The effect of varying doses of DOI on distance traveled, a measure of locomotor activity, is 

shown in Figure 1a for successive 10-min intervals of the 1-h test session. DOI 

administration produced an inverted U-shaped dose-response function on distance traveled 

(F(5,57)=2.84, p<0.03). The 0.625, 1.25 mg/kg, and 5.0 mg/kg doses of DOI produced a 

delayed increase in distance traveled compared with vehicle, with post hoc analysis 

indicating these dosage groups had significantly higher locomotor activity during the last 40 

min of the test session (p<0.05, Dunnett’s test). Conversely, compared with vehicle, there 

was a nonsignificant trend for the highest dose of DOI tested (10 mg/kg) to reduce distance 

traveled during the initial 10 min of testing (mean ± S.E.M.: vehicle = 4405.9 ± 215.2 cm, 

10 mg/kg = 3829.3 ± 238.3 cm, F(1,19)=3.24, p<0.09).

As shown in Table 1, mice treated with DOI made significantly fewer holepokes 

(F(5,57)=6.69, p=0.0001) and rearings (F(5,57)=10.12, p<0.0001). Specific comparisons 

revealed that the 10 mg/kg dose of DOI decreased the amount of holepoking behavior 

(p<0.01, Dunnett’s test), and the 2.5, 5.0 and 10 mg/kg doses of DOI decreased the number 

of rearings (p<0.01, Dunnett’s test).

To further characterize the decrease in locomotor activity induced by higher doses of DOI, 

we conduced a second DOI dose-response experiment. Administration of high doses of DOI 

(5.0, 10 and 20 mg/kg) produced decreases in distance traveled (F(3,43)=3.80, p<0.02) that 

were most pronounced during the initial blocks of testing (Drug × Time: F(15,215)=4.88, 

P<0.0001). Post hoc analysis indicated that the 10 mg/kg dose of DOI significantly reduced 

distance traveled during the initial 20 min of the test session and the 20 mg/kg dose of DOI 

significantly reduced distance traveled during the first 30 min of the test session (p<0.05, 

0.01, Dunnett’s test; Figure 1b).
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Experiment 2: Effect of 5-HT2A receptor gene deletion on the behavioral response to DOI

Although there was a main effect of sex on distance traveled (F(1,41)=4.18, p<0.05), there 

was no interaction between sex and either gene or drug, or between sex, gene, and drug, so 

data were collapsed across sex. The effect of DOI treatment on distance traveled in 5-HT2A 

WT and KO mice is illustrated in Figure 2. Treatment with 1 mg/kg DOI had no effect on 

locomotor activity in 5-HT2A KO mice (Gene × Drug × Time: F(5,215)=2.45, p<0.04). 

Conversely, 1 mg/kg DOI increased distance traveled in WT mice (F(1,43)=6.65, p<0.02), 

an effect that occurred primarily during the last 40 min of the 1-h session (Drug × Time: 

F(5,215)=5.18, p<0.0001). As observed previously in C57BL/6J mice, administration of 10 

mg/kg DOI to WT mice reduced distance traveled during the initial blocks of testing (Drug 

× Time: F(5,215)=20.22, p<0.0001). Interestingly, the duration of DOI-induced hypoactivity 

was significantly prolonged in 5-HT2A KO mice (Gene × Drug: F(1,43)=17.42, p=0.0001). 

Post-hoc ANOVAs confirmed that 10 mg/kg DOI significantly reduced distance traveled 

during the first 50 min of the 1-h session. At baseline, 5-HT2A KO mice display a 

hypoactive phenotype (F(1,43)=15.66, p=0.0003) relative to their WT littermates. However, 

post-hoc ANOVAs failed to reveal any 10-min time block during which the 5-HT2A KO 

mice significantly reduced distance traveled relative to WT mice.

There was an overall effect of 1.0 mg/kg DOI treatment on rearings (F(1,43)=5.46, p<0.03), 

and an interaction between gene and 1.0 mg/kg DOI (F(1,43)=9.15, p<0.005; Table 1). 

There was no effect of treatment with 1.0 mg/kg DOI on holepokes. There was an overall 

effect of 10 mg/kg DOI treatment on rearings (F(1,43)=73.55, p<0.0001), and an interaction 

between gene and 10 mg/kg DOI (F(1,43)=12.37, p<0.001). Although there was an overall 

effect of treatment with 10 mg/kg DOI on holepokes (F(1,43)=29.97, p<0.0001), there was 

no interaction between gene and drug for this behavioral measure.

Experiment 3: Effect of SER-082 on the behavioral response to DOI

As expected, treatment with 1.0 mg/kg DOI produced an increase in distance traveled 

(F(1,36)=18.04, p=0.0001), but there was no interaction between SER-082 pretreatment and 

1.0 mg/kg DOI treatment. Treatment with a higher dose of DOI (10 mg/kg) reduced distance 

traveled during the initial blocks of testing, resulting in an interaction between drug and time 

(F(5,180)=8.44, p<0.0001). Pretreatment with the 5-HT2C/2B antagonist SER-082 attenuated 

the reduction of locomotor activity induced by 10 mg/kg DOI, resulting in an interaction 

between SER-082 pretreatment and 10 mg/kg DOI treatment during the first 10 min of 

testing (F(1,36)=4.63, p<0.04). Post-hoc analysis indicated that there was a trend toward 

blockade of the DOI-induced decrease in locomotor activity (Figure 3; p<0.1, Tukey’s test). 

There was an interaction of SER-082 pretreatment with time (F(5,270)=6.16, p<0.0001), but 

post hoc analysis failed to confirm the effect of SER-082 for any specific time block.

There was no effect of treatment with 1.0 mg/kg DOI on rearings or holepokes (Table 1). By 

contrast, there was an overall effect of 10 mg/kg DOI treatment on rearings (F(1,36)=67.68, 

p<0.0001), and an interaction between SER-082 and 10 mg/kg DOI (F(1,36)=4.46, p<0.05). 

Specific comparisons revealed that 10 mg/kg DOI significantly decreased rearings (p<0.01, 

Tukey’s test), an effect that was non-significantly attenuated by pretreatment with SER-082. 

Although treatment with 10 mg/kg DOI had an overall effect on holepoke frequency 
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(F(1,36)=26.79, p<0.0001), there was no specific interaction between SER-082 and 10 

mg/kg DOI.

Experiment 4: Effect of WAY 161,503 on locomotor and investigatory behavior

Treatment with the 5-HT2C-selective agonist WAY 161,503 had a significant effect on 

distance traveled (F(3,42)=26.22, p<0.0001), and there was a significant interaction of 

WAY 161,503 treatment with time (F(15,170)=10.92, p<0.0001). The high dose, 30 mg/kg, 

was the most effective, with post hoc analysis indicating this group had significantly lower 

distance traveled compared with vehicle in all time blocks, whereas the decrease induced by 

the 10 mg/kg dose reached significance only during the first 20 min of the session (Figure 

4a; p<0.01, Dunnett’s test).

WAY 161,503 reduced the number of holepokes (F(3,34)=28.02, p<0.0001) and rearings 

(F(3,34)=42.58, p<0.0001). Inspection of the data revealed that all three doses of WAY 

161,503 significantly decreased the amount of holepoking behavior (p<0.05, 0.01, Dunnett’s 

test; data not shown), and the 10 and 30 mg/kg doses of WAY 161,503 significantly 

decreased the number of rearings (p<0.01, Dunnett’s test).

Experiment 5: Effect of SER-082 on the behavioral response to WAY 161,503

As in the previous study, 10 mg/kg WAY 161,503 reduced distance traveled. This effect was 

most pronounced during the first 10 min of testing, yielding an interaction of treatment with 

time (F(5,140)=18.41, p<0.0001). There was a three-way interaction between SER-082 

pretreatment, WAY 161,503 treatment, and time (F(5,140)=7.24, p<0.0001). As shown in 

Fig. 4b, SER-082 pretreatment significantly antagonized the decrease in distance traveled 

induced by WAY 161,503 during the first 10-min time block (p<0.01, Tukey’s test). In 

addition, there was an overall effect of SER-082 pretreatment on distance traveled 

(F(1,28)=5.79, p<0.03), and an interaction of SER-082 pretreatment with time 

(F(5,140)=7.50, p<0.0001), but post hoc analysis failed to confirm this effect for any 

specific time block.

There was an effect of WAY 161,503 treatment on holepoking (Table 1; F(1,28)=27.88, 

p<0.0001), and an interaction between SER-082 and WAY 161,503 (F(1,28)=5.43, p<0.03). 

Specific comparisons revealed that WAY 161,503 significantly decreased holepoking 

(p<0.01, Tukey’s test), and this effect was antagonized by pretreatment with SER-082 

(p<0.01 versus vehicle-WAY 161,503 group, Tukey’s test). There was also a significant 

effect of SER-082 pretreatment on holepoking (F(1,28)=7.14, p<0.02). For rearings, there 

was no specific interaction between SER-082 pretreatment and WAY 161,503 treatment. 

There were significant main effects of SER-082 (F(1,28)=4.6, p<0.05) and WAY 161,503 

(F(1,28)=90.72, p<0.0001) on rearings.

Experiment 6: Effect of 5-HT2A receptor gene deletion on the behavioral response to WAY 
161,503

WAY 161,503 significantly reduced distance traveled (F(1,34)=19.47, p<0.0001), and this 

effect was augmented in 5-HT2A KO mice (Gene × Drug: F(1,34)=5.58, p<0.03). Specific 

comparisons demonstrated that compared with WT mice the effect of WAY 161,503 was 
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significantly potentiated in 5-HT2A KO mice during the third, fourth, and sixth 10-min 

blocks of the 1-h test session (Figure 4c; p<0.05, 0.01, Tukey’s test). Although there was an 

overall effect of treatment with 10 mg/kg WAY 161,503 on holepokes (F(1,34)=35.64, 

p<0.0001) and rearings (F(1,34)=27.99, p<0.0001), there was no interaction between gene 

and drug for these behavioral measures (Table 1).

DISCUSSION

It is well established that phenylalkylamine hallucinogens such as DOI are potent agonists at 

5-HT2 receptors. In the present study, we examined the effect of treatment with DOI on 

locomotor and investigatory behavior in mice, and assessed the contributions of 5-HT2A and 

5-HT2C receptors to these behavioral effects. DOI produced an inverted U-shaped dose 

response function, with lower doses (~1.0 mg/kg) increasing and higher doses (≥10.0 

mg/kg) decreasing locomotor activity. The increased locomotor activity was blocked in 5-

HT2A receptor KO mice, suggesting the involvement of 5-HT2A receptors in the locomotor-

stimulating effects of DOI. The decreased locomotor activity produced by the 10 mg/kg 

dose of DOI was mimicked by the selective 5-HT2C agonist WAY 161,503 and blocked by 

the 5-HT2C antagonist SER-082. Additionally, the decreased locomotor activity produced by 

10 mg/kg DOI was potentiated in the 5-HT2A KO mice. These data suggest that the decrease 

in locomotor activity produced by the 10 mg/kg dose of DOI was mediated by 5-HT2C 

receptors. Similarly, the reduction in locomotor activity produced by WAY-161,503 was 

potentiated in 5-HT2A KO mice. The fact that DOI produces dose-dependent effects on 

locomotion in mice that are mediated by 5-HT2A and 5-HT2C receptors is a novel finding; 

previous studies in rats have indicated that the locomotor effects of DOI are mediated 

exclusively by 5-HT2A receptors (Krebs-Thomson et al., 1998). Taken together, these data 

also suggest that 5-HT2A and 5-HT2C receptors exert opposing effects on locomotor activity 

in mice.

The inverted U-shaped dose response function of DOI has not previously been reported in 

mice. There have been independent reports of DOI increasing (Darmani et al. 1996) and 

decreasing (González-Maeso et al. 2007) locomotor activity in different strains of mice. DOI 

at doses of 1 and 2.5 mg/kg increased locomotor activity in young albino ICR mice 

(Darmani et al. 1996). In contrast, 10 mg/kg DOI decreased locomotor activity in 5-HT2A 

WT and KO mice on a 129SvJ background (González-Maeso et al. 2007). Hence, there is 

evidence that lower doses of DOI will increase locomotor activity and that higher doses of 

DOI will decrease locomotor activity in some strains of mice as we have reported here.

WAY 161,503 is a 5-HT2C agonist that displays approximately six-fold higher affinity for 5-

HT2C receptors (Ki = 3.3 nM) than for 5-HT2A receptors (Ki = 18 nM; Rosenzweig-Lipson 

et al., 2006). The reported affinity values are for human 5-HT2A and 5-HT2C receptors. It is 

possible that WAY 161,503 may display even greater selectivity for 5-HT2C sites in mice. 

Two pieces of evidence demonstrate that the decrease in locomotor activity induced by 

WAY 161,503 is mediated by 5-HT2C receptors and not by 5-HT2A receptors. First, the 

locomotor effects of WAY 161,503 were blocked by the preferential 5-HT2C/2B antagonist 

SER-082. Second, WAY 161,503 reduced locomotor activity in 5-HT2A KO mice, 

indicating that this receptor subtype does not mediate the behavioral effect. In fact, it is 
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possible that the locomotor depressant effect of WAY 161,503 was significantly potentiated 

in 5-HT2A KO mice because of the loss of countervailing 5-HT2A receptor stimulation by 

WAY 161,503 in those animals. Taken together, these findings suggest that at the doses 

tested the locomotor effects of WAY 161,503 are mediated by activation of 5-HT2C 

receptors.

From the experiment with DOI in 5-HT2A KO mice, it appears that the locomotor-increasing 

effects of the low dose of DOI are mediated by 5-HT2A receptors. A similar role of 5-HT2A 

receptors in the behavioral effects of hallucinogens in mice has been reported by other 

studies. Specifically, hallucinogen-induced HTR in mice is antagonized by M100907 

(Fantegrossi et al., 2005, 2006, 2008) and abolished in 5-HT2A knockout (KO) mice 

(González-Maeso et al., 2003, 2007). Smith et al. (2003) found that DOI discrimination in 

mice is completely blocked by pretreatment with M100907. However, SB 206,553 and the 

5-HT2C-selective antagonist SB 242,084 attenuated DOI-induced responding, suggesting 

that 5-HT2C receptors may also play a role in mediating the DOI discriminative stimulus in 

mice. Our data suggest that decreases in locomotor activity produced by 10 mg/kg DOI are 

mediated by 5-HT2C receptors and not 5-HT2A receptors. First, the selective 5-HT2C agonist 

WAY 161,503 dose-dependently decreased locomotor activity, an effect that was blocked by 

the 5-HT2C/2B antagonist SER-082. Second, the DOI-induced hypolocomotion was blocked 

by SER-082. Third, similar to the reports in 5-HT2A KO mice on a 129SV/J background 

(González-Maeso et al., 2007), the DOI-induced hypolocomotion was not attenuated in 5-

HT2A KO mice. These data are corroborated by other reports in the literature of the 

locomotor-reducing effects of 5-HT2C agonists. For example, mCPP decreases locomotor 

activity in mice via 5-HT2C receptors (Gleason et al. 2001), and the 5-HT2C-selective 

agonists Ro 60-0175 and Ro 60-0332 decrease locomotor activity in rats (Martin et al., 

1998).

We have shown previously that the effects of DOI in rats in the BPM are blocked by 

M100907 but not by SER-082 (Krebs-Thompson et al., 1998), indicating that the effects are 

mediated exclusively by 5-HT2A receptors. In contrast to those previous findings in rats, it is 

now apparent that both 5-HT2A and 5-HT2C receptors are involved in mediating the 

locomotor effects of DOI in mice. These results suggest that 5-HT2C receptors make a much 

more significant contribution to the behavioral effects of DOI in mice than they do in rats. 

Similar findings have been reported by drug discrimination studies. Specifically, whereas 

DOI-induced stimulus control in rats is mediated exclusively by 5-HT2A receptors 

(Schreiber et al., 1994; Smith et al., 1999), in mice there is evidence of involvement of both 

5-HT2A and 5-HT2C receptors (Smith et al., 2003).

Our data suggest that 5-HT2A and 5-HT2C receptors exert opposing effects on locomotor 

activity in mice. As discussed above, it appears that 5-HT2A receptor activation increases 

locomotor activity; whereas 5-HT2C receptors decrease locomotor activity. One of the more 

interesting findings from these studies is that the locomotor-decreasing effect of the high 

dose of DOI is potentiated in 5-HT2A KO mice, suggesting that the 5-HT2A receptor serves 

to mask the effect of DOI at reducing locomotor activity via the 5-HT2C receptor. A similar 

pattern of results was reported in 5-HT2A KO mice on a 129SV/J background (González-

Maeso et al., 2007). The lower dose of DOI tested in that study (2 mg/kg), which failed to 
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decrease locomotor activity in 5-HT2A WT mice, did decrease locomotor activity in 5-HT2A 

KO mice, similar to what was reported with the higher dose of DOI (10 mg/kg; González-

Maeso et al., 2007).

The behavioral profile of DOI which we observed in the current studies differs from that 

observed in rats. In rats, DOI consistently decreases locomotor activity in the BPM at doses 

as low as 0.3 mg/kg (Hameleers et al., 2007; Krebs-Thomson & Geyer 1998; Mittman and 

Geyer, 1991; Wing et al., 1990). Similar to our data, however, other hallucinogens have 

been shown to increase locomotor activity in mice. For example, LSD produces a delayed 

increase in activity in 129/Sv mice, an effect that is partially mediated by 5-HT5A receptors 

(Grailhe et al., 1999). Similarly, in our hands DOM increases locomotor activity in C57BL/6 

mice (unpublished observations). Experiments are underway to better characterize the 

behavioral effects of other hallucinogens in mice and examine the contribution of 5-HT2 

receptors.

There is evidence that the 5-HT2C receptor may act to mask behavioral effects induced by 5-

HT2A receptor activation in rats. For example, Ro 60-0175, a 5-HT2 agonist displaying 

approximately 30-fold selectivity for 5-HT2C receptors versus 5-HT2A receptors (Martin et 

al., 1998), does not induce the HTR unless administered in combination with a 5-HT2C-

selective antagonist (Vickers et al., 2001). Given that the HTR is 5-HT2A receptor-mediated 

behavior (Schreiber et al., 1995; González-Maeso et al., 2003, 2007), this finding indicates 

that the ability of Ro 60-0175 to induce behavioral effects via the 5-HT2A receptor is 

suppressed by its interaction with the 5-HT2C receptor. DOI reduces PPI through a 5-HT2A-

dependent mechanism (Sipes and Geyer, 1995), and it has been reported that the effect of 

DOI on PPI is attenuated when it is administered in combination with the 5-HT2C-selective 

agonist WAY-163909 (Marquis et al., 2007). There have been other reports in the literature 

indicating that 5-HT2A and 5-HT2C receptors can produce opposing behavioral effects. For 

example, selective 5-HT2A antagonists decrease impulsive responding in the five-choice 

serial reaction time test in rats, whereas selective 5-HT2C antagonists have the opposite 

effect (Winstanley et al., 2004). The present results indicate that in mice 5-HT2A and 5-

HT2C receptors exert functionally antagonistic influences on locomotor activity, with 

activation of the former receptor producing an increase in distance traveled and activation of 

the latter receptor producing a decrease.

The 5-HT2A and 5-HT2C sites are Gαq-coupled receptors that activate the phosphoinositide 

hydrolysis signaling cascade, leading to neuronal depolarization and increases in excitability 

(reviewed by Aghajanian and Sanders-Bush, 2002). Activation of 5-HT2A and 5-HT2C 

receptors excites GABAergic interneurons in the dorsal raphe nucleus, leading to inhibition 

of serotonergic cell firing (Boothman et al. 2003; Boothman et al. 2006; Sharp et al. 2007). 

Given that 5-HT2A and 5-HT2C receptors play similar physiologic roles, it is somewhat 

paradoxical that these two receptors produce opposing effects on locomotor activity in mice. 

It should be noted, however, there are differences in the distribution of 5-HT2A and 5-HT2C 

receptors. The 5-HT2A receptor is expressed in cortex, olfactory tubercle, midbrain, and 

cerebellum, with particularly high concentrations in the proximal apical dendrites of layer V 

pyramidal cells in prefrontal cortex (Willins et al., 1997; Jakab and Goldman-Rakic, 1998; 

Cornea-Hébert et al., 1999; Xu and Pandey, 2000; Miner et al., 2003). The 5-HT2C receptor 
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has a wider distribution in the CNS and is heavily expressed in the striatum, thalamus, and 

hippocampus (Clemett et al., 2000). 5-HT2A and 5-HT2C receptors have been shown to have 

opposite effects on activity within specific brain regions and neurochemical pathways. Bath 

application of 5-HT to rat piriform cortex slices induces IPSPs in layer II pyramidal cells by 

activating 5-HT2A receptors on GABAergic interneurons (Sheldon and Aghajanian, 1990, 

1991). However, 5-HT also excites the pyramidal cells directly, by activating 5-HT2C 

receptors (Sheldon and Aghajanian, 1991; Marek and Aghajanian, 1994). It has also been 

reported that activity in the mesocortical dopaminergic pathway is regulated differentially by 

5-HT2A and 5-HT2C receptors; specifically, dopamine release in frontal cortex is tonically 

inhibited by 5-HT2C receptors (Millan et al., 1998) and phasically facilitated by 5-HT2A 

receptors (Gobert and Millan, 1999). Likewise, 5-HT2A receptors increase stimulated release 

of dopamine from the mesoaccumbens and nigrostriatal projections (Schmidt et al., 1992; 

Porras et al., 2002), whereas 5-HT2C receptors inhibit dopamine release from those 

pathways under stimulated and basal conditions (Di Matteo et al., 1998; Di Giovanni et al., 

1999; Porras et al., 2002). Thus, there is extensive evidence that 5-HT2 receptor subtypes 

have differing electrophysiological and neurochemical effects. The opposite effects of 5-

HT2A and 5-HT2C receptor activation on locomotor activity may be linked to the fact that 

these receptors exert an opposing regulatory influence on dopamine release. Experiments are 

in progress to determine whether 5-HT2A receptors in the mesoaccumbens and mesocortical 

pathways are involved in the DOI-induced increase in locomotor activity, and whether the 

effect can be blocked by dopamine antagonists.

Similar to our findings with DOI, the increase in locomotor activity induced by 

(+)amphetamine also follows an inverted U-shaped dose-response function (Paulus and 

Geyer, 1991). The fact that higher doses of (+)-amphetamine fail to increase locomotor 

activity is likely attributable to the induction of stereotypies such as sniffing, licking, and 

biting (Randrup and Munkvad, 1967) which tend to compete with ambulation. This 

conclusion is supported by the fact that high doses of (+)-amphetamine produce increases in 

spatial d, a measure of the complexity of locomotor paths, indicating an increase in local 

perseverative movements (Paulus and Geyer, 1991). Although there are structural 

similarities between DOI and amphetamine, it does not appear that the decrease in 

locomotor activity induced by high doses of DOI (≥10.0 mg/kg) is a consequence of the 

induction of stereotypies because DOI does not reliably produce increases in spatial d 

(unpublished observations). DOI is known to induce abnormal behavioral responses in mice 

such as HTR and ear scratch response (ESR) (Darmani et al., 1990a,b; González-Maeso et 

al., 2007). It is possible that after administration of high doses of DOI these behaviors occur 

so frequently that they significantly reduce the amount of time spent locomoting. The 

previous finding that DOI-induced HTR and ESR are completely abolished in 5-HT2A KO 

mice (González-Maeso et al., 2003, 2007) argues against this interpretation since we found 

that 10 mg/kg DOI reduces locomotor activity in 5-HT2A KO mice (see Figure 2).

In summary, the effects of DOI on locomotor activity in mice are dose-dependent and are 

mediated by 5-HT2A and 5-HT2C receptors. Taken together with previous studies, these 

results indicate that 5-HT2C receptors make an important contribution to the behavioral 

effects of phenylalkylamine hallucinogens in mice. These findings demonstrate that rats and 
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mice differ in their locomotor response to DOI, both in terms of the nature of the behavioral 

profile and the contribution of 5-HT2C receptors to the effect. It also appears that 5-HT2A 

and 5-HT2C receptors have opposing influences on locomotor activity in mice.
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Figure 1. 
Effects of DOI on locomotor activity. (a) Dose response of DOI effects on distance traveled 

(in cm). Mice used were male C57BL/6J. Data are mean±SEM. *p<0.05, Dunnett’s test vs 

vehicle control. (b) The effects of high doses of DOI on locomotor activity were evaluated 

in a second dose response experiment. Data shown are the distance traveled (cm) during the 

first 10 min of testing. Data are mean±SEM. **p<0.01, Dunnett’s test vs vehicle control.
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Figure 2. 
Effect of 5-HT2A gene deletion on the locomotor response to DOI. Effect of vehicle or 1 

mg/kg DOI (left panel) or vehicle or 10 mg/kg DOI (right panel) on distance traveled (in 

cm) in male and female 5-HT2A WT and KO mice. Data are mean±SEM. *p<0.025 

compared to vehicle control

Halberstadt et al. Page 17

Neuropsychopharmacology. Author manuscript; available in PMC 2010 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Effect of pretreatment with SER-082 on the locomotor response (measured as distance 

traveled) to DOI during the first 10 min of testing. Mice used were male C57BL/6J. Doses 

are in mg/kg. Data are mean±SEM. **p<0.01, Tukey’s test vs vehicle-vehicle control.
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Figure 4. 
Effects of WAY-161,503 on locomotor activity. (a) Dose response of WAY 161,503 effects 

on distance traveled (in cm). Mice used were male C57BL/6J. Data are mean±SEM. 

**p<0.01, Dunnett’s test vs vehicle control. (b) Effect of pretreatment with SER-082 on the 

locomotor response (measured as distance traveled) to WAY 161,503 during the first 10 min 

of testing. Mice used were male C57BL/6J. Doses are in mg/kg. Data are mean±SEM. 

**p<0.01, Tukey’s test. (c) Effect of 5-HT2A gene deletion on the locomotor response to 
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vehicle or 10 mg/kg WAY 161,503 in male and female 5-HT2A WT and KO mice. Data are 

mean±SEM. **p<0.01, Tukey’s test vs 5-HT2A WT vehicle.
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Table 1

Effect of DOI and WAY 161,503 on rearings and holepokes during the first 30 min of testing.

Rearings

5-HT2A SER-082

WT KO Veh 1.0

DOI: 0 197.1±13.3 155.2±15.2 212.8±13.9 184.6±19.2

 1 150.0±10.4 161.2±11.6 193.0±15.9 185.8±16.0

 10 75.8±7.8 104.4±8.7 63.3±10.8 96.2±12.4

5-HT2A SER-082

WT KO Veh 1.0

WAY: 0 154.8±28.2 108.6±21.2 103.9±9.1 113.1±13.1

 10 37.6±11.8 28.8±8.6 13.5±3.3 40.9±5.1

Holepokes

5-HT2A SER-082

WT KO Veh 1.0

DOI: 0 99.5±8.4 120.0±15.8 99.4±9.8 94.3±8.0

 1 134.0±12.2 101.1±10.1 102.6±21.0 97.6±9.4

 10 61.3±8.4 62.8±6.7 45.4±7.4 59.7±8.8

5-HT2A SER-082

WT KO Veh 1.0

WAY: 0 153.1±28.4 173.8±17.7 119.4±14.2 123.8±14.3

 10 70.3±22.6 24.1±7.0 24.3±5.5 86.8±13.8
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