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Abstract 

5-Hydroxytryptamine 2A receptor (5-HT2AR) agonist psychedelics are increasingly recognized as potentially 

useful treatments of psychiatric disorders, such as obsessive-compulsive disorder, depression, anxiety, and 

drug dependence. There is limited understanding of the way they exert their therapeutic action, but  

inhibition of rigid behavior and cognition has been suggested as a key factor. To examine the role of 5-HT2ARs 

in modulating repetitive behavior, we tested two 5-HT2AR agonists, DOI, and the selective 25CN-NBOH, in 

two mouse tests of compulsive-like behavior. Using adult C57BL/6JOlaHsd male mice, we examined the 

effects of the two compounds on digging behavior in the marble burying test and on 8-OH-DPAT-disrupted 

spontaneous alternation behavior in the Y-maze. Both compounds dose-dependently decreased digging 

behavior in the marble burying test, indicating anti-compulsivity effects, which were not related to non-

specific locomotor inhibition. Both 5-HT2AR agonists also reversed 8-OH-DPAT-reduced alternation ratio in 

the spontaneous alternation behavior test, although the effects were less pronounced than in the marble 

burying test. This suggests that the 5-HT2AR promotes exploratory behavior, but that the deficit produced by 

8-OH-DPAT is too excessive to be fully reversed by 5-HT2AR agonists.  

This study shows that agonism of 5-HT2AR reduces repetitive behavioral patterns, supporting the theory that 

this is a potential new treatment approach to disorders of cognitive or behavioral inflexibility.  
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1. Introduction 

Compulsive traits and rigid cognitive patterns are a characteristic of many psychiatric disorders, as 

manifested by compulsive rituals in obsessive-compulsive disorder (OCD), drug addiction, and eating 

disorders, ruminations in depression, or excessive worrying in anxiety disorders (Arlt et al., 2016; Figee et al., 

2016; Fontenelle et al., 2011; Hsu et al., 2015). Hence, treatments that enhance cognitive and behavioral 

flexibility could potentially be of great value in psychiatric treatment. Human pilot studies with 5-

hydroxytryptamine 2A receptor (5-HT2AR) agonist psychedelics have provided new hope in the treatment of 

the aforementioned psychiatric disorders (Bogenschutz et al., 2015; Carhart-Harris et al., 2016; Griffiths et 

al., 2016; Moreno et al., 2006). This has led to a resurgence in research that was previously abandoned for 

political and regulatory reasons, and 5-HT2AR agonists, such as psilocybin, are increasingly recognized as 

valuable psychopharmacological tools (Nichols et al., 2017). A review by Carhartt-Harris and Nutt proposes 

that enhanced cognitive flexibility and promotion of active coping mechanisms is the mechanism through 

which 5-HT2AR agonists produce their antidepressant effects (Carhart-Harris and Nutt, 2017). However, 

further research is needed to examine the effect of 5-HT2ARs agonists on repetitive behavior.  

 

Research on 5-HT2AR agonists in psychopharmacological rodent behavioral assays is increasing, and non-

selective 5-HT agonists have shown promising results in rodent tests of compulsive-like behavior (Egashira et 

al., 2012; Matsushima et al., 2009; Navarro et al., 2015; Njung'e and Handley, 1991; Ripoll et al., 2006; Yadin 

et al., 1991). A few studies have reported reductions in compulsive-like digging behavior in the mouse marble 

burying (MB) test by DOI (Egashira et al., 2012; Njung'e and Handley, 1991) and psilocybin/extract from 

psilocybin-containing mushrooms (Matsushima et al., 2009). However, as both psilocybin and DOI display 

substantial affinity for other 5-HT receptors (Nichols, 2016), it is difficult to attribute these findings to effects 

at the 5-HT2AR. DOI has also been shown to decrease compulsive-like drinking behavior in the rat schedule-

induced polydipsia (SIP) test (Navarro et al., 2015). Co-administration of 5-HT2AR antagonists that attenuated 

the effect of DOI provided the first direct evidence for the anti-compulsive potential of 5-HT2AR agonism 

(Navarro et al., 2015). We recently demonstrated that the monoamine releasing agent 3,4-

methylenedioxymethamphetamine (MDMA) reversed 8-OH-DPAT-induced deficit in spontaneous 

alternation behavior (SAB) (Odland et al., 2019). These effects appear to be due to serotonergic actions; while 

MDMA exerts dopaminergic and noradrenergic actions at high doses (Risbrough et al., 2006), locomotor 

effects of the doses used in the SAB study are attenuated in 5-HT1BR (Scearce-Levie et al., 1999) and  5-HT 

transporter (Bengel et al., 1998) knockout mice. On the contrary, the non-selective 5-HTR agonists, 5-MeO-

DMT and m-chlorophenylpiperazine (mCPP), have been reported to increase compulsive-like behavior in the 

rat SAB test (Papakosta et al., 2013; Yadin et al., 1991), suggesting that some 5-HT receptors promote 

compulsivity. Understanding of how serotonin modulates perseverative behavior is further complicated by 

studies using 5-HT2AR antagonists showing both improvement (Amodeo et al., 2014; Amodeo et al., 2017; 

Panzini et al., 2017) as well as impairment (Boulougouris et al., 2008; Furr et al., 2012) in different rodent 

behavioral models. Hence, the biological role of 5-HT2ARs in general and possible anti-compulsive properties 

of selective 5-HT2AR agonists in particular remain relatively uncharted. 

 

The 5-HT2AR agonist, 25CN-NBOH, was recently developed at our department and shows >100-fold selectivity 

for 5-HT2AR compared to 5-HT2CR (Fantegrossi et al., 2015). This unprecedented selectivity makes it possible 

to study the effects of 5-HT2AR activation with less interference from activation of other 5-HTR subtypes. Our 

study investigated the effects of DOI and 25CN-NBOH in two behavioral tests of compulsivity, namely the MB 
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test and the SAB test. While the mouse MB test is a commonly used rodent test of compulsive-like behavior 

(Alonso et al., 2015; Thomas et al., 2009), the SAB test has only recently been established in mice (Arora et 

al., 2013; Odland et al., 2019; Verma et al., 2018). The non-baited variation of the SAB test used here was 

developed in our lab and does not require food-restriction or in-test handling of the animals that could 

otherwise induce bias due to handling stress and drug-induced changes is appetite (Odland et al., 2019). By 

testing the 5-HT2AR-selective compound, 25CN-NBOH, with DOI as a reference compound in both the MB and 

SAB tests, this study provides a unique assessment of the anti-compulsive properties of 5-HT2AR agonists.  

 

2. Methods 

2.1. Animals 

Male C57BL/6JOlaHsd mice obtained from Envigo (120 animals total) were used for the tests and were 8-16 

weeks old at the time of testing. After arrival, the animals were allowed a minimum of seven days 

acclimatization before behavioral testing. The animals were group housed maximum five mice per cage in 

individually ventilated cages, with food and water provided ad libitum. The animals were housed on a 12-

hour light/dark cycle with lights on at 7 a.m. All experiments were conducted in the light phase between 9 

a.m. and 5 a.m. and the animals were acclimatized to the experimental rooms for at least one hour before 

behavioral testing under the same light settings as used during the experiments. The experimental rooms 

were temperature (20-24°C) and relative humidity (45-65 %) controlled. Food and water were not available 

during experiments. Temporary holding cages were used to avoid tested animals engaging with cage mates 

that had not yet been tested. Animals were tested no more than three times. To minimize stress and potential 

carry-over effects of previous treatment, there was at least seven days washout period between each test 

run with the same animal. In addition, experiments were counterbalanced across experimental groups with 

respect to any previous treatment and order in which animals were tested. All procedures were performed 

in accordance with the ARRIVE guidelines, EU Directive 2010/63/EU, and the Danish Law on animal 

experimentation 2014. All efforts were made to minimize animal suffering and reduce the number of animals 

used. 

 

2.2. Behavioral tests 

2.2.1. Marble burying test 

The MB test was performed using transparent type III H cages (L x W x H: 42.5 × 26.5 × 18 cm). Twenty glass 

marbles were placed with equal distance in a 5x4 pattern on a layer of ~5 cm sawdust with marbles at least 

2 cm away from the borders of the cage. A second type III H cage was used as a lid to prevent escape. All 

experiments were performed under regular dim room light (100-200 lux). A treatment-blinded observer 

counted the visible marbles at the 10, 20, and 30-minute time points. A marble was considered buried when 

it was >2/3 covered by sawdust. The number of buried marbles served as a measure of compulsive-like 

digging behavior (Thomas et al., 2009). 
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2.2.2. Spontaneous alternation behavior test 

The SAB test was performed using a non-baited version of the mouse Y-maze, as previously described (Odland 

et al., 2019). Perseverative behavior was induced by administration of the 5-HT1AR agonist, 8-OH-DPAT. The 

effects of 5-HT2AR agonists were studied alone and in combination with 8-OH-DPAT. The SAB test was 

performed using a three-armed Y-maze (L x W: 40 x 7 cm) under red light to reduce the level of anxiety in the 

animals. A treatment-blinded observer recorded the series and number of entries during a 10-minute test 

period. Animals were considered to have performed a correct alternation when they visited three 

consecutive different arms with all four paws. Alternation ratio was calculated using the formula: Alternation 

ratio (%) = number of correct alternations / (total arm visits – 2) and served as a measure of SAB. The maze 

was cleaned thoroughly after each test with water and clean paper towels to avoid fumes from organic 

solvent or detergents.  

 

2.2.3. Locomotor activity test 

The locomotor activity (LA) test was included to assess for non-specific effects of 25CN-NBOH on LA that 

could have confounded the results, as behaviors in both MB and SAB tests are sensitive to the activity of the 

animals (Nicolas et al., 2006; Odland et al., 2019). The test was performed using transparent type III H cages 

(L x W x H: 42.5 × 26.5 × 18 cm) on a white background. LA was recorded by a camera mounted above the 

arenas that was coupled to a computer with EthoVision XT (Noldus) technology. Dim lights from small lamps 

provided the light necessary for detection (50-100 lux). The mice were not acclimatized to the test cages, and 

the recording was started immediately after placing the animals in the test cages. Movement was recorded 

for 30 minutes in 5-minute time bins. Distance traveled served as a measure of LA. 

 

2.2.4. V-maze test 

8-OH-DPAT has been shown to impair spatial cognition in some studies and enhance it in others (Glikmann-

Johnston et al., 2015). Since effects on attention could confound the interpretation of the results in the SAB 

test, we assessed the effects of 8-OH-DPAT on spatial attention in the V-maze test using the same doses, light 

settings, and animals as used in the SAB test. Here, non-transparent plexiglass doors were used to isolate the 

arms of the maze into runway arm, familiar arm, and novel arm. At the start of the test, animals were placed 

at the end of the runway arm furthest away from the middle, with the novel arm shut off by a plexiglass door. 

When the animal had exited the runway arm, a plexiglass door was inserted to prevent re-entry into the 

runway arm, and the animal was allowed to explore the arm freely for five minutes, hereafter referred to as 

the familiar arm. Hereafter, the plexiglass door blocking entry to the novel arm was removed to allow the 

animal to also explore this section of the maze. As soon as the animal entered the novel arm, total time in 

the novel and familiar arms was recorded during two minutes by a treatment-blinded observer. Time spent 

in the novel and familiar arms served as measures of place preference. The discrimination index between 

time spent in the novel and familiar arms served as a measure of spatial attention, and was calculated using 

the formula: Discrimination index = (time in novel arm – time in familiar arm) / sum of time in both arms. A 

discrimination index of 0 indicates that an equal amount of time was spent in both arms, meaning no 

discrimination, while a value of 1 indicates all time spent in the novel arm.  
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2.3. Drugs and treatments 

8-OH-DPAT ((±)-8-hydroxy-2-dipropylaminotetralin hydrobromide) was purchased from Tocris Bioscience, 

and DOI ((±)-2,5-dimethoxy-4-iodoamphetamine hydrochloride) was purchased from Sigma-Aldrich. 25CN-

NBOH (2-([2-(4-cyano-2,5-dimethoxyphenyl) ethylamino]methyl)phenol hydrochloride was synthesized at 

the Department of Drug Design and Pharmacology at the University of Copenhagen (>95 % purity confirmed 

by NMR analysis) (Jensen et al., 2017). All compounds were dissolved in 0.9 % (w/v) NaCl, and the pH of test 

solutions was adjusted to pH 7±1 with HCl and NaOH. DOI was administered 30 minutes before start of the 

tests. 8-OH-DPAT and 25CN-NBOH were administered 15 minutes before start of the tests. Doses are 

expressed in terms of the salts. All compounds were administered by intraperitoneal injection in a volume of 

10 mL/kg. 

 

2.4. Data analysis 

Prior to statistical analyses, the data was checked for normality using QQ plots and transformed by log 

transformation where necessary. Outlier analysis was performed using the exclusion criteria mean ± 3 * 

standard deviation and did not detect any outliers. The number of buried marbles in the MB test experiments 

were analyzed by one-way ANOVA for the total number of marbles buried during the 30-minute test. The 

number of marbles buried within 10-minute time bins were analyzed by two-way repeated measures (RM) 

analysis of variance (ANOVA) with treatment as independent factor and time as repeated (dependent) factor. 

Distance traveled in the LA test was log-transformed before statistical analysis to ensure normal distribution 

and variance homogeneity, which is required for performing ANOVA. Total distance was analyzed by one-

way ANOVA. Distance in 5-minute time bins was analyzed by two-way RM ANOVA, with treatment as the 

independent factor and time as the repeated factor. To reduce the influence of single arm visits on 

alternation ratio, we excluded animals that performed less than 12 arm visits in the SAB test during the 10-

minute test period. Effects of DOI and 25CN-NBOH with and without 8-OH-DPAT on alternation ratio and the 

total number of arm visits in the SAB test were analyzed by two-way ANOVA with treatments (8-OH-DPAT 

and dose of 5-HT2AR agonist) as independent factors. In the V-maze test, time spent in the novel and familiar 

arms was analyzed by two-way RM ANOVA with treatment as independent factor and arm as repeated factor. 

In addition, preference for the novel arm was expressed as discrimination index and was analyzed using an 

unpaired t-test. All ANOVAs were followed by pairwise comparison of predicted (least squares) means using 

the Pairwise Comparisons procedure. We performed power analysis (80 % power, 5 % significance level) prior 

to SAB test experiments. The objective was to detect absolute changes of 20 % in alternation ratio produced 

by 5-HT2AR agonists in 8-OH-DPAT-treated animals. The sample sizes of other experiments were similar to 

those generally employed in the field and previously in our lab (Andreasen et al., 2015; Odland et al., 2019). 

Differences were considered significant when p<0.05. Sample sizes for individual treatment groups (n=8-12) 

are noted in figure legends. Figures display individual data points as well as mean values with corresponding 

SEM on the original scale, except for LA test data that are displayed as median with interquartile range due 

to non-normal distribution. All statistical analyses were performed using InVivoStat version 3.7.0.0. 

(http://invivostat.co.uk) (Bate and Clark, 2014; Clark et al., 2012) and figures were constructed using 

GraphPad Prism 6 (La Jolla, California, USA). 
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3. Results 

3.1. DOI and 25CN-NBOH reduce compulsive-like digging in the marble burying test 

Figure 1 displays the effects of DOI in the MB test. The ANOVA revealed a significant main effect of treatment 

(F3,36=38.46; p<0.0001) on the total number of marbles buried during 30 minutes. Pairwise comparisons 

showed that 1.0 mg/kg DOI significantly reduced compulsive-like digging (p<0.0001) during 30 minutes. The 

analysis of time-dependent effects of DOI revealed significant main effects of treatment (F3,36=38.46; 

p<0.0001), time (F2,72=100.94; p<0.0001), and treatment by time interaction (F6,72=8.81; p<0.0001). Pairwise 

comparisons showed that 0.3 (p=0.0022) and 1.0 mg/kg (p<0.0001) DOI significantly reduced digging during 

the first 10 minutes of the test. For simplicity, individual data points for digging in 10-minute time bins are 

not displayed in figure 1B. 
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Figure 1. Effects of DOI on total marbles buried during 30 minutes (A) and number of marbles buried in time bins (B) 

(n=10) in the marble burying test. 1.0 mg/kg DOI significantly decreased the total number of marbles buried during 30 

minutes, while 0.3 and 1.0 mg/kg both reduced digging significantly during the first 10 minutes of the test. (**/***) 

significantly different from vehicle (VEH) condition (p<0.01/0.001). Data are presented as mean values with 

corresponding SEM. Dots represent individual animal values. 
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Figure 2 displays the effects of 25CN-NBOH in the MB test. The ANOVA revealed a significant main effect of 

treatment (F3,36=2.96; p=0.0453) on the total number of marbles buried during 30 minutes. Pairwise 

comparisons showed that 3.0 (p=0.0149) and 5.0 mg/kg (p=0.0214) 25CN-NBOH significantly reduced 

compulsive-like digging during 30 minutes. The analysis of time-dependent effects of 25CN-NBOH revealed 

significant main effects of treatment (F3,36=2.96; p<0.0453), time (F2,72=69.09; p<0.0001), and a non-

significant trend for treatment by time interaction (F6,72=2.16; p=0.0571). Pairwise comparisons showed that 

3.0 (p=0.0060) and 5.0 mg/kg (p<0.0001) 25CN-NBOH significantly reduced digging during the first 10 minutes 

of the test. For simplicity, individual data points for digging in 10-minute time bins are not displayed in figure 

2B. 
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Figure 2. Effects of 25CN-NBOH on total marbles buried during 30 minutes (A) and number of marbles buried in time 

bins (B) (n=10) in the marble burying test. 3.0 and 5.0 mg/kg 25CN-NBOH significantly decreased the total number of 

marbles buried during 30 minutes as well as during the first 10 minutes of the test. (*/**/***) significantly different 

from vehicle (VEH) condition (p<0.05/0.01/0.001). Data are presented as mean values with corresponding SEM. Dots 

represent individual animal values. 
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3.2. Effects of DOI and 25CN-NBOH alone and in combination with 8-OH-DPAT on spontaneous 

alternation behavior 

Figure 3 displays the effects of DOI in the SAB test. The ANOVA revealed a significant main effect of 8-OH-

DPAT on alternation ratio (F1,76=19.33; p<0.0001), no significant main effect of DOI (F3,76=1.42; p=0.2442), but 

a significant 8-OH-DPAT by DOI interaction was observed on this parameter (F3,76=6.46; p=0.0006). Pairwise 

comparisons showed that 8-OH-DPAT significantly reduced alternation ratio compared to respective vehicle 

(VEH) conditions when given alone (VEH+VEH vs VEH+8-OH-DPAT; p<0.0001) as well as when administered 

with 0.1 mg/kg DOI (0.1 DOI+VEH vs 0.1 DOI+8-OH-DPAT; p=0.0286). However, in the presence of the higher 

0.3 or 1.0 mg/kg DOI doses, 8-OH-DPAT did not reduce alternation ratio, indicating that these doses of DOI 

reversed the effect of 8-OH-DPAT. DOI alone significantly reduced alternation ratio at 0.1 (p=0.0052), 0.3 

(p=0.0006) and 1.0 mg/kg (p=0.0169) when compared to the VEH+VEH condition. When given with 8-OH-

DPAT, however, 0.3 (p=0.0313) and 1.0 mg/kg DOI (p=0.0413) significantly increased alternation ratio 

compared to VEH+8-OH-DPAT condition. For total arm visits, the ANOVA revealed significant main effects of 

8-OH-DPAT (F1,76=11.88; p=0.0009) and DOI (F3,76=3.87; p=0.0125), as well as a significant 8-OH-DPAT by DOI 

interaction (F3,76=5.00; p=0.0032). Pairwise comparisons showed that 8-OH-DPAT significantly reduced the 

total number of arm visits when administered with 1.0 mg/kg DOI (1.0 DOI+VEH vs 1.0 DOI+8-OH-DPAT); 

p<0.0001). When given alone, 1.0 mg/kg DOI significantly increased total arm visits (p=0.0001). Finally, when 

given with 8-OH-DPAT, 0.3 mg/kg DOI significantly increased total arm visits (0.3 DOI+8-OH-DPAT vs VEH+8-

OH-DPAT; p=0.0204). 
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Figure 3. Effects of DOI and 8-OH-DPAT on alternation ratio (A) and total arm visits (B) (n=8-12). The figure depicts the 

effects of different doses of DOI when administered alone under vehicle (VEH) condition (white columns) as well as 

during co-administration of 1.0 mg/kg 8-OH-DPAT (purple columns). 8-OH-DPAT significantly decreased alternation ratio 

compared to vehicle control when administered without DOI and with the lowest 0.1 mg/kg dose DOI, but this disruptive 

effect was not apparent at 0.3 and 1.0 mg/kg DOI dose levels. When administered without 8-OH-DPAT, DOI induced a 

significant deficit in alternation ratio at all doses tested. However, when administered with 8-OH-DPAT 0.3 and 1.0 

mg/kg DOI produced significant increases in alternation ratio compared to VEH+8-OH-DPAT. Furthermore, 1.0 mg/kg 

DOI produced a significant increase in runway activity, as indicated by an increased number of arm visits. This effect was 
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blocked during co-administration of 8-OH-DPAT. Finally, 0.3 mg/kg DOI increased total arm visits compared to VEH+8-

OH-DPAT. (#/###) Effect of 8-OH-DPAT compared to vehicle control at the dose level of DOI (p<0.05/0.001). (*/**/***) 

Effect of DOI compared to vehicle control when administered without 8-OH-DPAT (p<0.05/0.01/0.001). (¤) Effect of DOI 

compared to vehicle control when administered with 8-OH-DPAT (p<0.05). Data are presented as mean values with 

corresponding SEM. Dots represent individual animal values. 

Figure 4 displays the effects of 25CN-NBOH in the SAB test. The ANOVA revealed a significant main effect of 

8-OH-DPAT on alternation ratio (F1,76=17.92; p<0.0001), but no significant main effect of 25CN-NBOH 

(F3,76=0.39; p=0.7615) or 8-OH-DPAT by 25CN-NBOH interaction (F3,76=1.37; p=0.2598). Similar to the 

experiment with DOI, the pairwise comparisons showed that 8-OH-DPAT significantly reduced alternation 

ratio when given alone (VEH+VEH vs VEH+8-OH-DPAT; p=0.0003), as well as with 5.0 mg/kg 25CN-NBOH (5.0 

25CN-NBOH+VEH vs 5.0 25CN-NBOH+8-OH-DPAT; p=0.0206). However, this disruptive effect of 8-OH-DPAT 

was not significant in the presence of the lower 1.0 and 3.0 mg/kg 25CN-NBOH doses. 25CN-NBOH given 

alone did not significantly affect alternation ratio. However, when given with 8-OH-DPAT, 3.0 mg/kg 25CN-

NBOH significantly reversed the 8-OH-DPAT-induced reduction in alternation ratio (3.0 25CN-NBOH+8-OH-

DPAT vs VEH+8-OH-DPAT; p=0.0385). For total arm visits, the ANOVA revealed a significant main effect of 

25CN-NBOH (F3,76=5.62; p=0.0016) but no significant main effect of 8-OH-DPAT (F1,76=2.77; p=0.1002) or 8-

OH-DPAT by 25CN-NBOH interaction (F3,76=1.69; p=0.1763) were observed. Pairwise comparisons showed 

that 8-OH-DPAT significantly reduced the total number of arm visits compared to vehicle condition when 

given alone (VEH+VEH vs VEH+8-OH-DPAT; p=0.0198). 25CN-NBOH did not significantly affect runway activity 

under vehicle conditions, but 1.0 mg/kg 25CN-NBOH increased total arm visits during co-administration of 8-

OH-DPAT (1.0 25CN-NBOH+8-OH-DPAT vs VEH+8-OH-DPAT; p=0.0006). 
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Figure 4. Effects of 25CN-NBOH and 8-OH-DPAT on alternation ratio (A) and total arm visits (B) (n=8-12). The figure 

depicts the effects of different doses of 25CN-NBOH when administered alone under vehicle (VEH) condition (white 

columns) as well as during co-administration of 1.0 mg/kg 8-OH-DPAT (purple columns). 8-OH-DPAT significantly 

decreased alternation ratio compared to vehicle control when administered alone or with 5.0 mg/kg 25CN-NBOH, but 

not when given with 1.0 or 3.0 mg/kg 25CN-NBOH. When given alone, 25CN-NBOH did not significantly affect alternation 

ratio. However, when administered with 8-OH-DPAT 3.0 mg/kg 25CN-NBOH significantly increased alternation ratio 

compared to VEH+8-OH-DPAT. Furthermore, 8-OH-DPAT significantly decreased arm visits compared to vehicle 

condition when administered without 25CN-NBOH. 25CN-NBOH did not significantly affect total arm visits when 

administered without 8-OH-DPAT but produced a significant increase in total arm visits at 1.0 mg/kg compared to 
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VEH+8-OH-DPAT. (#/###) Effect of 8-OH-DPAT compared to vehicle control at the dose level of 25CN-NBOH 

(p<0.05/0.001). (¤/¤¤¤) Effect of 25CN-NBOH compared to vehicle control when administered with 8-OH-DPAT 

(p<0.05/0.001). Data are presented as mean values with corresponding SEM. Dots represent individual animal values. 

 

 

3.3. 25CN-NBOH increases locomotor activity 

Figure 5 displays the effect of 25CN-NBOH in the LA test. The ANOVA revealed a near-significant main effect 

of treatment (F3,36=2.60; p=0.0672) on the total distance traveled. Pairwise comparisons showed that 3.0 

mg/kg 25CN-NBOH significantly increased total locomotor activity (p=0.0120) during 30 minutes. The analysis 

of time-dependent effects of treatment revealed a significant main effect of treatment (F3,36=3.00; p=0.0433), 

but no significant main effect of time (F5,180=1.50; p=0.1922) or treatment by time interaction (F15,180=1.19; 

p=0.2827). Pairwise comparisons showed that 3.0 mg/kg 25CN-NBOH significantly increased locomotor 

activity at 5 (p=0.0031), 10 (p=0.0013), 15 (p=0.0055), and 25 (p=0.0375) minutes. The 5.0 mg/kg dose 

significantly increased locomotor activity at 5 (p=0.0049), 10 (p=0.0052), and 15 (p=0.0121) minutes. For 

simplicity, individual data points and p-values for distance traveled in 5-minute time bins are not displayed 

in figure 5B. For comparative locomotor activity measures with DOI in this mouse strain, the reader is referred 

to (Halberstadt et al., 2009).   
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Figure 5. Effects of 25CN-NBOH on total distance (A) and distance in time bins (B) (n=10) in the locomotor activity test. 

3.0 mg/kg 25CN-NBOH significantly increased the total distance traveled. (*) significantly different from vehicle (VEH) 

condition (p<0.05). p-values for distance in time bins are reported in the results section. Data are presented as medians 

with corresponding interquartile range. Dots represent individual animal values.  
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3.4. 8-OH-DPAT does not impair spatial attention in the V-maze test 

Figure 6 displays the effects of 8-OH-DPAT on spatial attention in the V-maze test. The ANOVA showed no 

significant main effect of 8-OH-DPAT treatment (F1,16=2.87; p=0.1097) on time spent in arms or treatment by 

arm interaction (F1,16=0.12; p=0.7357), indicating that 8-OH-DPAT did not affect preference between the 

novel and familiar arms. As expected, there was a significant main effect of arm (F1,16=13.42; p=0.0021). 

Pairwise comparisons revealed that both vehicle-treated (p=0.0120) and 8-OH-DPAT-treated (p=0.0321) 

animals spent significantly more time in the novel compared to the familiar arm, but there was no significant 

effect of 8-OH-DPAT on time spent in the novel (p=0.2325) or familiar arm (p=0.5096) compared to vehicle 

controls. Accordingly, the t-test analysis of discrimination index revealed no significant effect of 8-OH-DPAT 

(t16=0.52; p=0.6108).   
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Figure 6. Effect of 8-OH-DPAT on time spent in the familiar and novel arms (A) and discrimination index (B) in the V-

maze test (n=9). 8-OH-DPAT did not significantly affect spatial attention in the test. (*) significantly different from 

familiar arm within dose level of 8-OH-DPAT (p<0.05). Data are presented as mean values with corresponding SEM. Dots 

represent individual animal values.  
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4. Discussion 

This study provides an assessment of the anti-compulsive-like potential of 5-HT2AR agonists, DOI, and the 

novel selective 25CN-NBOH, in the mouse MB and SAB test. Both compounds markedly reduced 

perseverative digging behavior in the MB test, and partially attenuated the compulsive-like deficit induced 

by 8-OH-DPAT in the SAB test.  

 

4.1. DOI and 25CN-NBOH reduce compulsive-like digging in the marble burying test 

Both DOI and the novel 5-HT2AR agonist 25CN-NBOH dose-dependently reduced the number of marbles 

buried in the MB test, suggesting an involvement of 5-HT2 receptors in regulating compulsive-like digging 

behavior. While the effects of DOI in this test are well characterized in the literature (Egashira et al., 2012; 

Njung'e and Handley, 1991), the present study is the first to assess the effects of the more selective 5-HT2AR 

agonist, 25CN-NBOH, in this test. Egashira et al. previously attributed the effects of DOI in this test to actions 

at the 5-HT2CR (Egashira et al., 2012), but the present findings with 25CN-NBOH indicate that 5-HT2AR agonism 

could also be an important mechanism for the effects observed in this test. Notably, the effect size of 25CN-

NBOH was smaller than that of DOI on digging behavior. The reduced efficacy of 25CN-NBOH in this test 

corresponds with the effects of the drug in the head-twitch response test, supporting that 25CN-NBOH acts 

as a partial agonist in vivo (Fantegrossi et al., 2015). The analysis of compulsive-like digging behavior in time 

bins revealed that the effects of both drugs were most prominent during the first 10 minutes of the test, 

which is explained by high digging by vehicle-treated animals during this period that resulted in ceiling effects 

in later time points. The sustained, low digging at all time points in animals treated with 5-HT2AR agonists 

shows that the effects of the drugs lasted throughout the whole test period. In summary the effects observed 

of both compounds in the MB test suggest anti-compulsive action which is in line with the theory that 5-

HT2AR agonist psychedelics inhibit repetitive behavioral and cognitive patterns (Carhart-Harris et al., 2014; 

Carhart-Harris and Nutt, 2017; Petri et al., 2014). 

 

4.2. DOI and 25CN-NBOH elicit modest anti-compulsive-like effects in the spontaneous alternation 

behavior test 

Following the pronounced anti-compulsive-like effects of DOI and 25CN-NBOH in the MB test, their effects 

alone and in combination with 8-OH-DPAT were studied in the mouse SAB test. While this is the first study 

to investigate the anti-compulsive effects of 5-HT2AR agonists in the 8-OH-DPAT-induced SAB test, the 

tryptamine 5-MeO-DMT has previously been shown to induce rigid behavior in the Y-maze (Yadin et al., 

1991). In this regard, it should be noted that 5-MeO-DMT is not only a 5-HT2AR agonist but also a potent 5-

HT1AR agonist, whereas phenethylamines such as DOI and 25CN-NBOH do not activate 5-HT1ARs (Blair et al., 

2000; Pierce and Peroutka, 1989). Activation of 5-HT1ARs would be expected to produce effects similar to 

those of 8-OH-DPAT, which could account for the apparently contradictory findings with 5-MeO-DMT in the 

Y-maze. This is supported by a study showing that decreased investigatory behavior by 5-MeO-DMT was 

related to its 5-HT1AR agonist action (Krebs-Thomson et al., 2006).  

 

The SAB test showed an interaction between DOI and 8-OH-DPAT, such that DOI alone decreased alternation 

ratio, but increased it when administered in combination with 8-OH-DPAT, partly reversing the 8-OH-DPAT-

induced deficit. 8-OH-DPAT decreases the firing of 5-HTergic neurons through activation of 5-HT1A 

autoreceptors in the dorsal raphé nuclei and thereby reduces serotonergic transmission (Arora et al., 2013; 

Barnes and Sharp, 1999). This indicates that the effect of DOI may depend on the serotonergic tone, causing 
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improvement when the tone is low and impairments during normal serotonergic tone. Decreases in SAB have 

been reported with 5-HT2CR agonists in this test (Papakosta et al., 2013). Since DOI is also an agonist at 5-

HT2CR, albeit with lower potency compared to 5-HT2AR (Almaula et al., 1996), a role for 5-HT2CR in the reduced 

alternation ratio induced by high DOI doses is therefore possible. Furthermore, the more 5-HT2AR-selective 

25CN-NBOH did not affect alternation ratio when administered alone, which supports that the deficit 

produced by DOI could involve 5-HT2CR agonism. Alternatively, the compounds may differentially affect 

intracellular signaling pathways of the 5-HT2AR that could account for the discrepancy in behavioral effects 

observed in this study (Urban et al., 2006). Similar to DOI, 25CN-NBOH partially reversed the 8-OH-DPAT-

induced deficit in alternation ratio, supporting the theory that 5-HT2AR agonism reduces perseverative 

behavior.  

 

By comparison, we recently found that the monoamine releasing agent, MDMA, reversed the effects of 8-

OH-DPAT in the SAB test to near vehicle levels (Odland et al., 2019). The smaller effect size observed with 5-

HT2AR agonists in this study suggests that other 5-HT receptor subtypes are necessary for modulating normal 

exploratory behavior in the SAB test. Alternatively, 5-HT1A and 5-HT2ARs may work in opposite directions in 

neural circuitries that regulate SAB behavior. This could also be due to co-expression of these receptors on 

pyramidal neurons in the prefrontal cortex, resulting in functionally opposite effects of 5-HT1A and 5-HT2AR 

agonism (Mengod et al., 2015).   

 

4.3. Control experiments support anti-compulsive-like effects of DOI and 25CN-NBOH 

As 5-HT2AR and 5-HT2CRs exert opposing effects on LA, it is vital to account for any non-specific LA effects of 

the test compounds, as loss of selectivity towards the 5-HT2AR could produce a 5-HT2CR-mediated decrease 

in LA (Halberstadt et al., 2009), potentially leading to false positive findings in the MB test. The effect of one 

25CN-NBOH dose (1.5 mg/kg) on LA has been reported, showing a modest increase in LA (Buchborn et al., 

2018). The present study confirmed and extended this, showing a slight locomotor-stimulant effect of 25CN-

NBOH. To reduce the number of animals, LA was not assessed for DOI because DOI has previously been 

demonstrated to increase LA in this mouse strain at the dose range used in this study (Halberstadt et al., 

2009). In accordance with this, DOI increased runway activity in the SAB test, as indicated by the increase in 

total arm visits. The increase in runway activity by DOI was, however, less apparent during co-administration 

of 8-OH-DPAT, possibly suggesting that it is dependent on the firing of 5-HT neurons and concomitant 5-HT 

release. By contrast, 25CN-NBOH did not itself affect the total number of arm visits but attenuated the 8-OH-

DPAT-induced decrease in runway activity, which suggests that the effect of 25CN-NBOH is less affected by 

the activity of 5-HT neurons than that of DOI. In summary, the control experiments of LA and runway activity 

in the SAB test did not detect any non-specific effects on animal activity that could have confounded the 

interpretation of the study.  

 

8-OH-DPAT did not affect V-maze performance, supporting that the decrease in alternation ratio in the SAB 

test is not due to a deficit in spatial attention.  

 

4.4. Limitations 

This study assessed the acute effects of 5-HT2AR agonists DOI and 25CN-NBOH in mouse models of 

compulsivity and found different sensitivity of the tests toward drug effects. No gold-standard tests currently 

exist for assessing compulsive behaviors in rodents (Alonso et al., 2015). Other behavioral effects, such as 
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effects on anxiety or locomotor activity, may confound the results from the MB and SAB tests (Nicolas et al., 

2006; Odland et al., 2019). To improve interpretation of the results, we tested the compounds in two 

different tests of relevance for compulsivity and included relevant control experiments, such as the LA test, 

V-maze test, and testing 5-HT2AR agonists without co-administration of 8-OH-DPAT in the SAB test. The drugs 

used were chosen for their pharmacological profile to study 5-HT2AR-mediated effects as they both show 

more selectivity toward the 5-HT2AR than psilocybin (Fantegrossi et al., 2015; Nichols, 2016). However, 

psilocybin is the drug used in the majority of clinical studies (Nichols et al., 2017). As the specific effects of 

psilocybin on intracellular signaling pathways of the 5-HT2AR (Urban et al., 2006) or activation of other 5-HT 

receptors could influence effects of the drug on repetitive behavior, it is challenging to conclude on the 

general effects of 5-HT2AR agonists from a translational perspective. The use of psilocybin in the SAB test 

would, however, not have been feasible due to the 5-HT1AR agonist effects of the drug that could have 

induced a 5-HT1AR-dependent deficit similar to that reported with 5-MeO-DMT (Nichols, 2016; Yadin et al., 

1991). It should also be noted that studies in humans report long-term efficacy of single dosing of 5-HT2AR 

agonists (Nichols et al., 2017). Assessing long-term efficacy of 5-HT2AR agonists in rodent behavioral 

paradigms, such as has been shown for the NMDA receptor antagonist, ketamine (Moda-Sava et al., 2019), 

would improve the translational value of the findings. Nevertheless, the anti-compulsive effect of psilocybin 

reported in humans (Moreno et al., 2006) is mirrored by reduced digging in the mouse MB test (Matsushima 

et al., 2009), which gives some mandate to the acute MB test results in this study. Testing these compounds, 

as well as psilocybin, in other rodent tests of rigid behavior, such as the reversal learning test (Brigman et al., 

2010), will provide a better understanding of how 5-HT2AR agonists modulate behavioral flexibility, and which 

model is most useful for assessing their effects from a translational perspective.  

 

5. Conclusion 

This study investigated the anti-compulsive properties of two phenethylamine 5-HT2AR agonists, DOI and 

25CN-NBOH, in two mouse tests of compulsive-like behavior. The MB test showed pronounced anti-

compulsive-like effects of both compounds, while modest effects were observed in the SAB test. Our results 

support the theory that 5-HT2AR agonists reduce compulsive-like behavior and highlight their potential as 

interesting new candidates for the treatment of compulsive disorders.  
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