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Abstract

There is evidence that mGlu2/3 receptors regulate 5-HT2A signaling, interactions that have been 

theorized to play a role in the antipsychotic-like effects of mGlu2/3 agonists as well as the 

hallucinogenic effects of 5-HT2A agonists. One approach to unraveling this interaction is through 

chronic administration of agonists at the two receptors, which should influence the functional 

properties of the targeted receptor due to receptor downregulation or desensitization and thereby 

alter cross-talk between the two receptors. In this study, we investigated whether chronic treatment 

with the mGlu2/3 agonist LY379268 would alter the behavioral response to a phenethylamine 

hallucinogen, 25CN-NBOH, which acts as a selective 5-HT2A agonist. We first confirmed that 

25CN-NBOH dose-dependently increased the head twitch response (HTR), a 5-HT2A-mediated 

behavior, in mice. The selective 5-HT2A antagonist M100907 completely blocked the HTR 

induced by 25CN-NBOH, whereas the selective 5-HT2C antagonist SB242084 had no effect on the 

HTR. Administration of LY379268 (10 mg/kg SC) attenuated the HTR induced by 1 mg/kg 25CN-

NBOH by ~50%. Chronic treatment (21 days) with LY379268 also attenuated the HTR response 

to 25CN-NBOH when tested 48 hours after the last dose of LY379268. In locomotor tests, acute 

LY379268 significantly attenuated PCP-induced locomotor activity in the chronic vehicle 

treatment group; by contrast, there was only a trend for an overall interaction in the chronic 

LY379268 group, with LY379268 blocking the locomotor-stimulating effects of PCP only during 

the last 20 min. These data are consistent with a functional interaction between mGlu2/3 and 5-

HT2A receptors, although the specific mechanism for the interaction is not known. These data 

support the hypothesis that mGlu2/3 receptors play a prominent role in modulating the behavioral 

response to 5-HT2A receptor activation.
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INTRODUCTION

Interactions between glutamate (Glu) and serotonin (5-hydroxytryptamine, 5-HT) are 

hypothesized to play a role in the pathophysiology of psychosis and the mechanism of action 

of hallucinogenic drugs. There is interest in metabotropic glutamate 2/3 (mGlu2/3) receptors 

as a potential therapeutic target for schizophrenia based on evidence that the illness is 

associated with excessive glutamatergic neurotransmission and the fact that mGlu2/3 

agonists attenuate Glu release (Lorrain et al. 2003; Moghaddam and Adams 1998). mGlu2/3 

agonists show efficacy in several different rodent models predictive of antipsychotic drug 

effects (Aghajanian and Marek 1999; Benneyworth et al. 2007; Conn and Jones 2009; 

Marek et al. 2006). One clinical trial found that pomaglumetad methionil (LY2140023), a 

prodrug for a selective mGlu2/3 agonist, possesses significant antipsychotic efficacy (Patil et 

al. 2007). Although the clinical effectiveness of LY2140023 was not confirmed by follow-up 

studies (Downing et al. 2014; Kinon et al. 2011), the response to this drug may be 

influenced by single nucleotide polymorphisms in the 5-HT2A gene (Liu et al. 2012; 

Nisenbaum et al. 2016).

The 5-HT2A receptor is responsible for mediating the characteristic effects of serotonergic 

hallucinogens such as (+)-lysergic acid diethylamide (LSD), psilocybin, and mescaline 

(Halberstadt 2015; Nichols 2004). There is evidence that mGlu2/3 receptors regulate 5-

HT2A signaling, interactions that have been theorized to may play a role in the 

antipsychotic-like effects of mGlu2/3 agonists (Fribourg et al. 2011). Many of the 

behavioral, neurochemical, and electrophysiological effects of 5-HT2A activation are 

attenuated by mGlu2/3 agonists and facilitated by mGlu2/3 antagonists (Benneyworth et al. 

2007; Carbonaro et al. 2015; Gewirtz and Marek 2000; Klodzinska et al. 2002; Marek et al. 

2000; Molinaro et al. 2009; Riga et al. 2014; Wieronska et al. 2013; Winter et al. 2004; 

Wischhof and Koch 2012; Zhai et al. 2003). For example, the ability of the hallucinogen 2,5-

dimethoxy-4-iodoamphetamine (DOI) to elicit the head twitch response (HTR), a rapid 

reciprocal side-to-side head movement induced by 5-HT2A activation in rodents (Canal and 

Morgan 2012; Halberstadt 2015), is suppressed by the mGlu2/3 agonists LY354740 and 

LY379268 and enhanced by the mGlu2/3 antagonist LY341495 (Gewirtz and Marek 2000; 

Klodzinska et al. 2002; Wieronska et al. 2013). Likewise, according to (Benneyworth et al. 

2007), the mGlu2 positive allosteric modulator biphenyl-indanone A inhibits the HTR 

induced by R-(–)-2,5-dimethoxy-4-bromoamphetamine (R-(–)-DOB), a 5-HT2 agonist with 

hallucinogenic effects. The discriminative stimulus effects of hallucinogens in rats are 

potentiated by LY341495 and partially antagonized by LY379268 (Carbonaro et al. 2015; 

Winter et al. 2004). It has also been reported that mice lacking mGlu2 receptors are 

insensitive to the HTR and other effects of 5-HT2A agonists (Moreno et al. 2011). The 

interaction between 5-HT2A receptors and mGlu2/3 receptors appears to be bidirectional. 

mGlu2 receptors are downregulated in 5-HT2A knockout mice (Gonzalez-Maeso et al. 2008) 

due to epigenetic changes in the mGlu2 promotor (Kurita et al. 2013). Benneyworth et al. 
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(Benneyworth et al. 2008) reported that chronic treatment of mice with R-(–)-DOB 

decreases the behavioral response to a mGlu2/3 receptor agonist. Furthermore, although 

administration of either DOI or LY379268 induces ERK1/2 phosphorylation in frontal 

cortex, they are inactive when administered in combination, indicating they produce 

reciprocal inhibition (Molinaro et al. 2009).

The mechanism for the crosstalk between mGlu2 and 5-HT2A receptors remains 

controversial. Gonzalez-Maseo et al. proposed that mGlu2 and 5-HT2A receptors can form a 

heteromeric complex that mediates the crosstalk between these receptors (Gonzalez-Maeso 

et al. 2008; Moreno et al. 2012). These heteromers would theoretically allow 5-HT2A 

receptors to couple to Gαi signaling, a putative key step in the intracellular response to 

hallucinogens (Gonzalez-Maeso et al. 2007). Indeed, it was subsequently demonstrated that 

disruption of 5-HT2A-mGlu2 heterocomplex formation can abolish the HTR (Moreno et al. 

2012). Alternatively, the crosstalk between mGlu2 and 5-HT2A may be purely functional, 

occurring at the circuit level (Delille et al. 2012; Delille et al. 2013). Many effects of 5-HT2A 

activation, including the HTR, are thought to be mediated by increases in cortical Glu 

transmission (Egashira et al. 2011; Gorzalka et al. 2005; Pei et al. 2004; Scruggs et al. 2000; 

Zhang and Marek 2008). Because mGlu2 receptors function primarily as presynaptic 

autoreceptors (Schoepp 2001), they could potentially suppress the ability of 5-HT2A 

receptors to enhance glutamatergic transmission.

The goal of the present investigation was to further characterize the interactions between 

mGlu2 and 5-HT2A receptors. Most studies of mGlu2–5-HT2A interactions have used 5-HT2 

agonists such as DOI and DOB, which activate 5-HT2A receptors and 5-HT2C receptors. To 

minimize the potentially confounding effects of 5-HT2C activation, we used 2-([2(4-

cyano-2,5-dimethoxyphenyl)ethylamino]methyl)phenol (25CN-NBOH), a 5-HT2A agonist 

that is at least 23-fold selective versus 5-HT2C (Buchborn et al. 2018; Hansen et al. 2014; 

Jensen et al. 2017). Fantegrossi and colleagues have confirmed that 25CN-NBOH induces 

the HTR in mice by activating 5-HT2A receptors (Fantegrossi et al. 2015). As noted above, 

Benneyworth et al. (2008) reported that chronic treatment of mice with a 5-HT2A agonist 

reduces the behavioral response to a mGlu2/3 receptor agonist. Because the interaction 

between mGlu2 and 5-HT2A receptors is bidirectional (Gonzalez-Maeso et al. 2008), it is 

possible that chronic treatment with a mGlu2/3 agonist would alter the behavioral response 

to a 5-HT2A agonist. Indeed, it was previously shown in mice that chronic administration of 

the mGlu2/3 antagonist LY341495 produces 5-HT2A downregulation (Moreno et al. 2013). 

The current study examined whether chronic treatment with the mGlu2/3 agonist LY379268 

alters the ability of 25CN-NBOH to induce the HTR. It is known that chronic administration 

of a mGlu2/3 agonist desensitizes the ability of the receptor to inhibit cAMP formation 

(Iacovelli et al. 2009) and abolishes the ability of a mGlu2/3 agonist to attenuate 

hyperactivity induced by the NMDA receptor (NMDAR) antagonist phencyclidine (PCP) 

(Galici et al. 2005). LY379268 can attenuate PCP-induced hyperactivity (Cartmell et al. 

1999) and we also examined whether chronic treatment with LY379268 altered its ability to 

reduce the response to PCP.
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MATERIALS AND METHODS

Animals and housing

Male C57BL/6J mice (6–8 weeks old) were obtained from Jackson Labs (Bar Harbor, ME, 

USA). The mice were housed on a reversed light-dark cycle (lights on at 1900 h, off at 0700 

h,) in an AALAC-approved vivarium at the University of California San Diego. Mice were 

housed up to four per cage in a climate-controlled room and with food and water provided 

ad libitum except during behavioral testing. Testing was performed between 1000 h and 

1800 h (during the dark phase of the light-dark cycle). This study was conducted in 

accordance with National Institutes Health (NIH) guidelines and was approved by the 

University of California San Diego Institutional Animal Care and Use Committee.

Drugs

2-([2-(4-Cyano-2,5-dimethoxyphenyl)ethylamino]methyl)phenol hydrochloride (25CN-

NBOH; Tocris Bioscience, Minneapolis, MN, USA); LY379268 (donated by the NIMH 

Chemical Synthesis and Drug Supply Program, RTI International, Research Triangle Park, 

NC, USA); 6-chloro-2,3-dihydro-5-methyl-N-[6-[(2-methyl-3-pyridinyl)oxy]-3-

pyridinyl]-1H-indole-1-carboxamide dihydrochloride (SB242084; Cayman Chemical, Ann 

Arbor, MI, USA); (R)-(+)-α-(2,3-dimethoxyphenyl)-1-[2-(4-fluorophenyl)ethyl]-4-

piperidinemethanol (M100907; donated by Hoechst Marion Roussel Inc., Kansas City, MO, 

USA); and phencyclidine hydrochloride (PCP; Sigma-Aldrich, St. Louis, MO, USA). All 

drugs were dissolved in water containing 1% Tween 80 and administered SC, except for 

PCP, which was dissolved in saline and administered IP. Drugs were injected at a volume of 

5 mL/kg. At the concentrations used in these experiments, aqueous solutions of LY379268 

are relatively acidic (pH = ~3). Stress can alter the HTR induced by hallucinogens (Yamada 

et al. 1995); hence, any discomfort caused by injection of LY379268 could potentially 

influence the behavioral response produced by 25CN-NBOH. Pilot experiments, however, 

confirmed that the response to LY379268 and 25CN-NBOH is not affected by the pH of the 

pretreatment injection.

Head Twitch Response Testing

The head twitch response (HTR) was assessed using a head-mounted magnet and a 

magnetometer detection coil. A neodymium magnet was attached to the skull as described 

previously (Halberstadt and Geyer 2013). Mice were allowed to recover for at least one 

week prior to behavioral testing. HTR experiments were conducted in a well-lit room, and 

the mice were allowed to habituate to the room for at least 1 h prior to testing. The HTR was 

assessed in a 12-cm-diameter glass cylinder surrounded by a magnetometer coil. Head 

movements were recorded and analyzed for HTR as described previously (Halberstadt and 

Geyer 2013; 2014; Klein et al. 2018; Nichols et al. 2015). Briefly, coil voltage was low-pass 

filtered (2 KHz), amplified, and digitized (20 kHz sampling rate) using a Powerlab/8SP with 

LabChart v 7.3.2 (ADInstruments, Colorado Springs, CO, USA). The data were filtered off-

line (40–200 Hz band-pass), and HTRs were identified by their waveform characteristics 

(sinusoidal wavelets with at least two bipolar peaks, peak spectral power between 40–120 

Hz, amplitude exceeding the background noise level, and duration < 0.15 s, with stable coil 

voltage during the period immediately before and after each response).
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Behavioral Pattern Monitor

The mouse Behavioral Pattern Monitor (mouse BPM) was used to record exploratory and 

investigatory behavior (Halberstadt et al. 2013; Halberstadt et al. 2009). Each mouse BPM 

chamber (San Diego Instruments, San Diego, CA) is a transparent Plexiglas box with an 

opaque 30 × 60 cm floor, enclosed in a ventilated isolation box. The position of the mouse in 

x,y coordinates is recorded by a grid of 12 × 24 infrared photobeams located 1 cm above the 

floor. A second row of 16 photobeams (parallel to the long axis of the chamber, located 2.5 

cm above the floor) is used to detect rearing behavior. Holepoking behavior is detected by 

11, 1.4-cm holes that are situated in the walls (3 holes in each long wall, 2 holes in each 

short wall) and the floor (3 holes); each hole is equipped with an infrared photobeam. The 

status of each photobeam is sampled every 55 ms, and data recorded for off-line analysis. 

The measures assessed were distance traveled (a measure of locomotor activity), total 

rearings and total holepokes (measures of investigatory behavior).

Experimental Design

Testing occurred immediately after treatment with 25CN-NBOH and with PCP. For 

Experiment 1, mice (30 total, n=5/group) were treated with vehicle or 25CN-NBOH (0.1, 

0.3, 1, 3, or 10 mg/kg) and HTR assessed for 20 min. For Experiment 2, mice (31 total, n=5–

6/group) were pretreated with vehicle, M100907 (0.1 mg/kg) or SB242084 (0.1, 0.3, or 1 

mg/kg) 20 min prior to treatment with 1 mg/kg 25CN-NBOH, and then HTR was assessed 

for 20 min. An additional group of mice received two injections of vehicle at the same time 

points and served as a shared control group for the response to 25CN-NBOH. For 

Experiment 3, mice (24 total, n=6/group) were pretreated with vehicle or LY379268 (0.1, 1, 

or 10 mg/kg) 20 min prior to treatment with 1 mg/kg 25CN-NBOH, and then HTR was 

assessed for 20 min. For Experiment 4, two groups of mice (n=30/group) were treated once 

daily with vehicle or LY379268 (10 mg/kg) for 21 days. The mice were challenged with 

25CN-NBOH (1 mg/kg) 48 h after the final LY379268 treatment and HTR monitored for 20 

min. The following day (72 h after the final LY379268 treatment), the mice were pretreated 

with vehicle or LY379268 (3 mg/kg), treated 20 min later with vehicle or PCP (5 mg/kg), 

and their behavior assessed in the BPM for 60 min (n=7–8/group).

Data analysis

Data are presented as group means ± SEM. Behavioral data were analyzed using 1-, 2-, or 3-

way analyses of variance (ANOVAs) with pretreatment and treatment as between-subject 

variables and time as a within-subject variable. Specific post hoc comparisons were made 

between groups using Tukey’s studentized range method. Significance was demonstrated by 

surpassing an α level of 0.05.

Median effective doses (ED50 values) and confidence intervals for HTR dose-response 

experiments were calculated by nonlinear regression (Prism 7.00, GraphPad Software, San 

Diego, CA, USA). A Gaussian distribution (Christopoulos et al. 2001) was used to fit 

biphasic HTR dose-response data:
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E = Baseline + Range × e
− 10log[A] − midA

slope

2

midA = logED50 + slope −ln(0.5)

In these equations, E is the drug effect, Baseline is the response after vehicle treatment, 

Range is the distance from Baseline to the top of the curve, [A] is the dose of the drug, and 

midA is the logarithm of the dose corresponding to the top of the curve.

RESULTS

Experiment 1. Dose response of 25CN-NBOH

25CN-NBOH produced a dose-dependent increase in HTR (Drug effect: F(5,24) = 10.83; 

p<0.0001), confirming previous reports (Fantegrossi et al. 2015; Halberstadt et al. 2016). As 

shown in Figure 1, there was a significant increase in HTR counts after administration of 1, 

3, and 10 mg/kg 25CN-NBOH (p<0.01, Tukey’s test). The ED50 of 25CN-NBOH is 0.51 

(95% CI = 0.28–0.93) mg/kg. The ED50 is equivalent to 1.45 (0.80–2.65) µmol/kg. Based on 

the dose-response of 25CN-NBOH, 1 mg/kg was used for the subsequent experiments.

Experiment 2. Role of 5-HT2A and 5-HT2C receptors in 25CN-NBOH-induced HTR

The effect of pretreatment with the selective 5-HT2A antagonist M100907 and the selective 

5-HT2C antagonist SB24084 were analyzed using separate 1-way ANOVAs, with the vehicle 

and 25CN-NBOH groups shared across the two analyses. For M100907, post-hoc tests were 

performed based on a significant ANOVA (F(2,13)=117.54, p<0.0001). As shown in Figure 

2, M100907 completely blocked the HTR induced by 25CN-NBOH (p<0.01, Tukey’s test). 

Consistent with Experiment 1, 25CN-NBOH significantly increased HTR. For SB242084, a 

significant ANOVA (F(4,21)=12.24, p<0.001) was followed by post-hoc tests. SB242084 

failed to attenuate the HTR when administered at doses ranging from 0.1 mg/kg to 1 mg/kg.

Experiment 3. LY379268 attenuates the HTR induced by 25CN-NBOH

LY379268 attenuated the HTR induced by 25CN-NBOH (Figure 3; F(3,20) = 5.00, p<0.01). 

Pretreatment with 10 mg/kg LY379268 (10 mg/kg; 2 mg/ml concentration injected at 5 

ml/kg) significantly reduced the HTR induced by 1 mg/kg 25CN-NBOH by 52.5% (vehicle 

= 60.3±2.7 counts; 10 mg/kg LY379268 = 28.7±6.4; p<0.05, Tukey’s test).

Experiment 4. Effect of chronic treatment of LY379268 on 25CN-NBOH-induced HTR

Chronic treatment with LY379268 attenuated the HTR response to 25CN-NBOH (Figure 4; 

chronic treatment × acute treatment interaction; (F(1,54) = 30.91, p<0.001). There were also 

main effects of acute 25CN-NBOH (F(1,54) = 773.92, p<0.001) and chronic LY379268 

(F(1,54)=16.63, p<0.001). Although 25CN-NBOH significantly increased HTR in both 

vehicle- and LY379268-treated mice, the number of counts was significantly greater in mice 

chronically treated with vehicle compared with chronic LY379368 (p<0.01, Tukey’s test).
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Experiment 5. Chronic LY379268 alters the ability of acute LY379268 to block PCP-induced 
hyperlocomotion

This experiment tested the action of acute LY379268 on PCP-induced hyperlocomotion in 

mice treated chronically with either vehicle or LY379268 (Figure 5). The initial 4-way 

ANOVA showed that PCP significantly increased locomotor activity in both chronic groups 

(F(1,52) = 40.23, p<0.0001) and that LY379268 significantly attenuated PCP-induced 

locomotor activity as evidenced by an acute LY379268 by PCP interaction (F(1,52) = 7.98, 

p<0.01). There was no main effect observed of chronic LY379268, indicating no overall 

effects of chronic treatment on locomotor activity. Although there were no interactions with 

chronic treatment, the ability of acute LY379268 to reverse the effect of PCP appeared to be 

attenuated in the chronic LY379268 group. Thus, follow-up 3-way ANOVAs were 

performed on each chronic treatment group separately. In the chronic vehicle group, acute 

LY379268 significantly blocked the locomotor-stimulating effects of PCP (acute LY379268 

vs PCP interaction: F(1,26)=4.78, p<0.05) during the last 40 min of the 1-h BPM test 

session. In the chronic LY379268 group, there was only a trend for the overall interaction 

between acute LY379268 and PCP (F(1,26)=3.23, p=0.084) with LY379268 blocking the 

locomotor-stimulating effects of PCP only during the last 20 min, suggesting the ability of 

acute LY379268 to reverse PCP effects was reduced. Table 1 summarizes the distance 

traveled, rearing and holepoke data from Exp. 5. PCP significantly reduced the number of 

rearings, whereas holepokes were unaffected. Acute pretreatment with LY379268 did not 

alter the effect of PCP on rearing behavior.

DISCUSSION

There is increasing evidence that 5-HT2A receptors functionally interact with mGlu2 

receptors. In the present investigation, we examined whether chronic treatment with an 

mGlu2/3 agonist would attenuate the acute effects of a selective 5-HT2A agonist. Using an 

automated HTR detection system (Halberstadt and Geyer 2013), these studies demonstrated 

that the selective 5-HT2A agonist 25CN-NBOH increased HTR through activation of 5-

HT2A receptors. Studies also demonstrated that acute administration of an mGlu2/3 agonist 

(LY379268) blocked HTR induced by selective activation of the 5-HT2A receptor (via 

25CN-NBOH). Likewise, chronic treatment with an mGlu2/3 agonist attenuated the HTR to 

25CN-NBOH. While acute LY379268 attenuated PCP-induced hyperlocomotion, these 

effects were somewhat blunted in mice treated chronically with LY379268, indicating a 

likely alteration in mGlu2/3 receptors with chronic agonist administration.

As reported in several studies, hallucinogen effects are primarily mediated by the 5-HT2A 

receptor in mice (Halberstadt 2015). The current study corroborates previous findings by 

showing that the new selective 5-HT2A agonist 25CN-NBOH increases head twitch response 

in mice using an automated detection system. The median effective dose of 25CN-NBOH in 

the present experiment (ED50 = 0.51 mg/kg) was higher than the value from our previous 

experiment (ED50 = 0.36 mg/kg; Halberstadt et al. 2016). Dose-response relationships for 

hallucinogen-induced head twitches often show biphasic inverted-U-shaped curves 

(Fantegrossi et al. 2010); these complex dose-effect curves can complicate analyses 

performed using sigmoidal distributions, as was the case in our previous report. Although 
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the response to 25CN-NBOH did not show a clear descending arm, use of a Gaussian 

distribution provided a more accurate estimation of the top of the dose-response curve. 

Hence, compared to the earlier potency estimate, the value reported herein is likely more 

accurate, demonstrating the importance of fitting biphasic HTR dose-response data using a 

Gaussian distribution.

The dose-response curves for 25CN-NBOH generated using the automated HTR system 

were stable over time and across different animal cohorts. The present studies confirmed that 

25CN-NBOH induces the HTR in mice and showed that 25CN-NBOH is slightly more 

potent than the phenethylamine hallucinogens 2C-I (ED50 = 2.42 µmol/kg) and 25I-NBMD 

(ED50 = 2.36 umol/kg; Halberstadt and Geyer 2014), and 2C-B (ED50=2.43 µmol/kg; 

Halberstadt et al., submitted). Although Fantegrossi and coworkers reported that the HTR 

induced by 25CN-NBOH peaks at 1 mg/kg (Fantegrossi et al. 2015), the HTR peaked at 3 

mg/kg in both of our experiments. Additionally, we observed a more robust response in 

terms of the maximum number of HTR counts induced by the drug. These differences may 

be a consequence of the fact that (Fantegrossi et al. 2015) used a mouse strain (NIH Swiss) 

known to display relatively modest levels of HTR, whereas the present investigation was 

conducted with a strain (C57BL/6) that exhibits a large HTR (Canal and Morgan 2012). We 

were also able to confirm that the selective 5-HT2C antagonist SB-242,084 did not attenuate 

the 25CN-NBOH-induced HTR. By contrast, the selective 5-HT2A antagonist M100907 

completely abolished the HTR induced by 25CN-NBOH. These results support the 

contention that the HTR is mediated by 5-HT2A and not by 5-HT2C receptors. The current 

studies also showed that the mGlu2/3 agonist LY379268 attenuated HTR induced by 25CN-

NBOH. These findings support previous reports showing that the mGlu2/3 agonist 

LY379268 blocked DOI-induced HTR (Benneyworth et al. 2007; Klodzinska et al. 2002; 

Wieronska et al. 2013). Thus, our findings corroborate previous studies showing the ability 

of an mGlu2/3 agonist to attenuate hallucinogen-induced HTR and extend these findings to a 

moderately selective 5-HT2A agonist, 25CN-NBOH. These data support the hypothesis that 

mGlu2/3 receptors modulate 5-HT2A receptor-regulated behavior (Moreno et al. 2011).

We hypothesized that chronic treatment with a mGlu2/3 agonist would attenuate the 

behavioral response to a 5-HT2A agonist. Indeed, chronic LY379268 diminished 25CN-

NBOH-induced HTR 48 hours after 21 days of repeated administration. Although blood or 

brain levels of LY379268 were not obtained, studies in gerbils have revealed that ~90% of 

the LY379268 present in the brain after administration of 10 mg/kg IP is cleared within 8 h 

(Bond et al. 2000), and thus the present effects probably cannot be explained by prolonged 

occupation of mGlu2/3 receptors by LY379268. We cannot definitively rule out the 

possibility that low levels of LY379268 remained in the brains of mice. There are several 

possible explanations that could account for the reduced response to hallucinogens after 

chronic treatment with a mGlu2/3 agonist, including: (1) downregulation or desensitization 

of mGlu2 receptors, (2) downregulation or desensitization of 5-HT2A receptors, or (3) 

uncoupling of 5-HT2A-mGlu2/3 heterodimers. Chronic treatment with receptor agonists 

often results in receptor downregulation; hence, the results may be explained by a 

downregulation or desensitization of mGlu2/3 receptors; however, the current study did not 

assess mGlu2/3 receptor levels or function.
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One potential explanation for the attenuated response to 25CN-NBOH is that chronic 

treatment with LY379268 desensitizes 5-HT2A receptors. Potential mechanisms for 5-HT2A 

desensitization after LY379268 treatment include elevated 5-HT release or cross-talk 

between mGlu2 and 5-HT2A receptors, either through heteromeric complexes or indirectly 

via functional interactions. It is well known that compounds that increase 5-HT levels, 

including SSRIs, can induce 5-HT2A desensitization (Sanders-Bush et al. 1989). Acute 

administration of LY379268 to freely-moving rats has been shown to increase extracellular 

5-HT levels in medial prefrontal cortex; injection of 10 mg/kg LY379268 increased the 

concentration of 5-HT by 79% and the effect persisted for several hours (Cartmell et al. 

2001). It is not known, however, whether LY379268 would continue to increase 5-HT levels 

after repeated administration, or if a similar effect occurs in mice. Nevertheless, 5-HT-

induced desensitization of 5-HT2A probably did not play a role in our findings because it 

was previously shown in mice that chronic administration of the mGlu2/3 antagonist 

LY341495 produces 5-HT2A downregulation (Moreno et al. 2013). It is unlikely that 

mGlu2/3 agonists and antagonists would have similar effects on 5-HT release and receptor 

downregulation.

There is evidence that chronic mGlu2/3 activation can result in behavioral tolerance to the 

acute effects of a mGlu2/3 agonist. In order to determine whether the behavioral response to 

a mGlu2/3 agonist is altered by chronic treatment with LY379268, we also assessed whether 

chronic treatment with this substance alters its ability to reduce the locomotor-stimulating 

effects of PCP. Previously, it was reported that LY379268 can decrease NMDAR antagonist-

induced locomotor activity acutely in doses of 3 and 10 mg/kg (Benneyworth et al. 2007; 

Chartoff et al. 2005; Galici et al. 2005). We were able to corroborate these findings and 

show that acute LY379268 (3 mg/kg) blocked PCP-induced locomotor activity in the chronic 

vehicle group (Fig 5A) using a different experimental design in which mice were not 

habituated to the locomotor chambers prior to drug administration and thus allowing for the 

ability to detect decreases in locomotor activity in the LY379268 alone group. In the chronic 

LY379268 group, acute LY379268 also attenuated PCP-induced locomotor activity but to a 

lesser extent than the in chronic vehicle-treated mice. These data indicate that there may 

have been some degree of downregulation of mGlu2/3 receptors; however, this experiment 

did not definitively answer whether mGlu2/
3 receptors are subject to downregulation or 

desensitization upon chronic administration of an mGlu2/3 agonist. Previous studies have 

indicated that chronic treatment with LY379268 (3 mg/kg) for 7 days decreased the ability 

of LY379268 to attenuate PCP- and amphetamine-induced hyperactivity was absent, 

indicating tolerance to mGlu2/3 receptor activation had developed (Galici et al. 2005). In the 

current study, LY379268 was still effective at reducing PCP-induced locomotor activity in 

mice administered LY379268 for 21 days; however, this effect was diminished compared to 

vehicle-treated mice. In contrast to the current study, Galici et al. tested whether LY379268 

was able to block amphetamine- and PCP-induced hyperlocomotor activity 24 hours after a 

7-day treatment period with LY379268 (Galici et al. 2005). The ability of LY379268 to 

decrease amphetamine- and PCP-induced hyperlocomotion was lost in animals receiving it 

chronically. Future studies should assess the chronic effects of mGlu2 positive allosteric 

modulators since these compounds may prove to be more effective therapeutics.
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There is also the possibility that a downregulation or desensitization of the mGlu2/3 receptor 

after chronic exposure would possibly disrupt 5-HT2A–mGlu2/3 heteromeric complex 

functionality or other mechanisms of cross-talk between 5-HT2A and mGlu2/3 receptors. In 

a complementary study (Benneyworth et al. 2008), mice treated with the 5-HT2A/2C agonist, 

R-(−)-2,5-dimethoxy-4-bromoamphetamine (DOB) for 14 days exhibited an impaired 

behavioral response to LY379268. Our data shows that the opposite is also true: chronic 

treatment with LY379268 significantly reduced the behavioral response to the 5-HT2A 

agonist 25CN-NBOH, which strongly indicates that the functional interaction between 

mGlu2/3 and 5-HT2A receptors is bidirectional. Nevertheless, additional studies are required 

to determine the specific mechanism for this interaction. Further support for a functional 

interaction comes from chronic studies with the mGlu2/3 antagonist LY341495. Mice 

administered LY341495 for 21 days were less sensitive to the effects of LSD on HTR 

behavior and expression of immediate early genes such as c-fos and egr-2. These behavioral 

differences were accompanied by a reduction of 5-HT2A receptor expression in the 

somatosensory cortex, an effect absent in mGlu2 KO mice (Moreno et al. 2013). Thus, there 

is increasing evidence that the chronic administration of either mGlu2/3 ligands or 5-HT2A 

agonists can disrupt the functional interaction between these two receptor systems.

Acute administration of LY379268 attenuated the HTR induced by 25CN-NBOH but did not 

completely eliminate the response.Although some studies have observed almost complete 

blockade of the response to DOI by LY379268 (Benvenga et al. 2018; Gonzalez-Maeso et al. 

2008), LY379268 produced ~50–60% attenuation of the HTR in most previous reports 

(Benneyworth et al. 2008; Gewirtz and Marek 2000; Klodzinska et al. 2002; Wieronska et 

al. 2013). Hence, the level of blockade observed with LY379268 in Fig. 3 is consistent with 

the effect of the drug in previous studies.

In conclusion, this study shows mGlu2/3 receptors play an important role in the regulation 

of hallucinogen-induced behavioral responses. Specifically, chronic treatment with 

LY379268 significantly decreased the HTR induced by 25CN-NBOH, providing additional 

evidence for a functional interaction between 5-HT2A and mGlu2/3 receptors. Whether these 

effects are mediated by a direct heteromeric complex between the receptors, or alternatively 

reflect downstream functional interactions, remains to be determined.
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Fig. 1. 
Effect of 25CN-NBOH on the head twitch response. Data are presented as group means

±SEM. *p<0.05 significantly different from vehicle control group.
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Fig. 2. 
Effect of M100,907 and SB242084 on 25CN-NBOH-induced head twitch response. Data as 

presented as group means±SEM. **p<0.01, significantly different from 25CN-NBOH alone.
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Fig. 3. 
Effect of LY379268 on 25CN-NBOH-induced head twitch response (A,B). Data are 

presented as group means±SEM. *p<0.05 significantly different from vehicle.
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Fig. 4. 
Effect of chronic LY379268 treatment on 25CN-NBOH-induced head twitch response. HTR 

response 48 hours after last chronic injection LY379268. Data presented as group means

±SEM. *p<0.01, significantly different from comparison group.
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Fig. 5. 
LY379268 reversal of PCP-induced hyperlocomotion in mice treated chronically with 

vehicle (A) or LY379268 (B). (A) Locomotor activity (distance traveled) in mice after 

chronic treatment with saline. (B) Locomotor activity (distance traveled) in mice after 

chronic treatment with LY379268. Data are presented as group means±SEM for 20-min time 

blocks. *p<0.05, significantly different from VEH – PCP group.
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Table 1.

Effect of chronic LY379268 (10 mg/kg) on the interaction between LY379268 (3 mg/kg) and PCP (5 mg/kg) 

in the Behavioral Pattern Monitor.

Chronic Treatment Acute Treatment Distance traveled (60 min) Rearings (60 min) Pokes (60 min)

Vehicle VEH - VEH 21172.1 ± 1551.7 294.1 ± 26.2 258.8 ± 19.4

VEH - PCP
35595.1 ± 2678.0

**
121.7 ± 24.0

** 210.1 ± 13.2

LY - VEH 21006.1 ± 2195.4 278.9 ± 29.2 194.0 ± 25.1

LY - PCP
25181.1 ± 2763.3

#
50.3 ± 23.3

**
141.5 ± 23.8

**

LY379268 VEH - VEH 20497.4 ± 1436.7 405.1 ± 14.1 245.3 ± 23.6

VEH - PCP
35445.1 ± 2344.0

**
177.9 ± 27.7

** 228.0 ± 23.9

LY - VEH 20402.9 ± 1557.8
286.1 ± 29.2

* 199.9 ± 25.7

LY - PCP 27495.1 ± 3070.0
138.7 ± 30.2

** 173.6 ± 6.0

Data are shown as group means

±
SEM.

#
p<0.05 compared to VEH –PCP.

*
p<0.05

**
p<0.01 compared to VEH-VEH.
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