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Chronic Phenethylamine Hallucinogen Treatment Alters
Behavioral Sensitivity to a Metabotropic Glutamate 2/3

Receptor Agonist

Michael A Benneyworth', Randy L Smith' and Elaine Sanders-Bush*'
’Department of Pharmacology, Vanderbilt University School of Medicine, Nashville, TN, USA

Recent clinical studies in schizophrenic patients show that a selective agonist of group Il metabotropic glutamate (mGlu) receptors has
robust efficacy in treating positive and negative symptoms. Group I mGlu receptor agonists also modulate the in vivo activity of
psychotomimetic drugs, reducing the ability of psychotomimetic hallucinogens to increase glutamatergic transmission. The use of mouse
models provides an opportunity to investigate the dynamic action that mGlu2/3 receptors play in regulating the behavioral effects of
hallucinogen-induced glutamatergic neurotransmission using genetic as well as pharmacological strategies. The current study sought to
characterize the use of the two-lever drug discrimination paradigm in ICR (CD-1) mice, using the hallucinogenic 5-HT,c receptor
agonist (—)-2,5-dimethoxy-4-bromoamphetamine [(—)-DOB)] as a stimulus-producing drug. The (—)-DOB discriminative stimulus was
dose-dependent, generalized to the hallucinogen lysergic acid diethylamide, and was potently blocked by the 5-HT, receptor antagonist
M100907. However, contrary to our prediction, the hallucinogen-induced discriminative stimulus was not regulated by mGlu2/3
receptors. In a series of follow-up studies using hallucinogen-induced head twitch response and phencyclidine-induced hyperlocomotion,
it was additionally discovered that the repeated dosing regimen required for discrimination training attenuated the behavioral effects of
the mGlu2/3 receptor agonist LY379268. Furthermore chronic studies, using a |4 day (—)-DOB treatment, confirmed that repeated
hallucinogen treatment causes a loss of behavioral activity of mGlu2/3 receptors, likely resulting from persistent activation of mGlu2/3

receptors by a hallucinogen-induced hyperglutamatergic state.

INTRODUCTION

Metabotropic glutamate (mGlu) receptors are classified into
three groups based on sequence homology, coupling to
second messengers, and pharmacological selectivity (Conn
and Pin, 1997). Group II mGlu receptors, mGlu2 and mGlu3
subtypes, couple through Gj,, to various effector pathways,
including inhibition of adenylyl cyclase and regulation of
ion channels. Through such mechanisms, presynaptic
mGlu2/3 receptors may reduce glutamatergic neurotrans-
mission in brain regions where excessive glutamatergic
neurotransmission has been implicated in the pathophy-
siology of schizophrenia (Moghaddam and Adams, 1998;
Lorrain et al, 2003). Additionally, the behavioral effects of
the psychotomimetic drug ketamine in humans are
disrupted by an mGlu2/3 receptor agonist (Krystal et al,
2005) and a recent phase II clinical trial shows that an
mGlu2/3 receptor agonist is an effective antipsychotic
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therapy, comparable to the atypical antipsychotic drug,
olanzapine (Patil ef al, 2007). These studies demonstrate the
therapeutic potential of mGlu2/3 receptors and indicate the
need to further investigate the roles of mGlu2/3 receptors in
behavior and glutamatergic neurotransmission.
Psychotomimetic drugs, including dissociative anes-
thetics (phencyclidine (PCP) and ketamine) and hallucino-
gens (lysergic acid diethylamide (LSD) and psilocybin), are
commonly used in experimental models of psychosis to
probe the pathophysiology of schizophrenia. These drugs
produce a state of intoxication that resembles the symptoms
of acute schizophrenia (Vollenweider and Geyer, 2001).
Additionally, human brain imaging demonstrates a com-
mon pattern of increased activity in the frontal cortex
caused by psychotomimetic drugs and acute schizophrenia
(Cleghorn et al, 1989; Hermle et al, 1992; Kaplan et al, 1993;
Ebmeier et al, 1995; Vollenweider et al, 1997a,b), consistent
with a role for hyperglutamatergic signaling in psychotic
behaviors. Investigation of hallucinogenic drug action as
a model of psychosis suggests that the behavioral effects
of hallucinogens in humans are mediated by activation
of serotonin (5-HT) subtype 2A (5-HT,,) receptors
(Vollenweider et al, 1998). Hallucinogen-induced activation
of 5-HT,, receptors increases spontaneous excitatory
postsynaptic currents (EPSCs) in layer V pyramidal neurons


http://dx.doi.org/10.1038/sj.npp.1301600
mailto:elaine.bush@vanderbilt.edu
http://www.neuropsychopharmacology.org

of the medial prefrontal cortex (mPFC) (Aghajanian and
Marek, 1997, 1999) in a manner consistent with the induction
of glutamate release from presynaptic nerve terminals.
Activation of mGlu2/3 receptors dramatically attenuates
5-HT,, receptor-induced EPSCs (Marek et al, 2000),
supporting the use of hallucinogens as a model for studying
the regulation of hyperactive glutamatergic signaling by
mGlu2/3 receptors in vivo. Consistent with this model,
mGlu2/3 receptor agonists attenuate the behavioral effects of
hallucinogens (Gewirtz and Marek, 2000; Klodzinska et al,
2002; Winter et al, 2004). While a range of behavioral assays
have been developed to test hallucinogenic drug action in
rodents, of particular interest is the two-lever drug
discrimination paradigm. Drug-induced interoceptive cues
serve as the stimuli that animals learn to discriminate. This
assay allows an objective quantification of the interoceptive
cue in laboratory animals, and correlates with the subjective
effects of hallucinogens reported by humans (Appel et al,
1982; Colpaert, 1999). Drug discrimination studies in rats
have presented evidence that the discriminative stimulus
effects of LSD and other hallucinogens occurs via activation
of the 5-HT,, receptor (Glennon et al, 1983; Glennon et al,
1984; Titeler et al, 1988; Fiorella et al, 1995; Winter et al,
2004). The recent development of genetically-modified
mouse strains provides a unique opportunity to explore
the molecular basis of the hallucinogenic drug action,
however only a few studies have begun to characterize the
hallucinogen-induced discriminative stimulus in mice (Smith
et al, 2003; Benneyworth et al, 2005; Winter et al, 2005).

The initial goal of the present study was to investigate and
characterize the use of the hallucinogenic 5-HTa/c
receptor agonist (—)-2,5-dimethoxy-4-bromoamphetamine
[(=)-DOB] as a discriminative stimulus in ICR (CD-1) mice
in order to study the physiological antagonism between 5-
HT,, and mGlu2/3 receptors. In the process of investigating
the ability of mGlu2/3 receptors to modulate the (—)-DOB
discriminative stimulus, it was discovered that there
appeared to be a chronic effect of the repeated drug dosing
in the continual discrimination training. Consistent with the
observations that hallucinogens cause an in vivo increase in
extracellular glutamate in the rat cerebral cortex (Scruggs
et al, 2003; Muschamp et al, 2004), we hypothesized that the
repeated hallucinogen treatment required for discrimina-
tion training resulted in persistent glutamatergic signaling,
which chronically activated mGlu2/3 receptors resulting in
desensitization and/or downregulation. As a first step at
testing this hypothesis, we investigated the behavioral effect
that repeated (—)-DOB treatment had on the efficacy of
mGlu2/3 receptor agonists in additional behavioral para-
digms, including the hallucinogen-induced head twitch
response (HTR). This response is a stereotyped behavior
known to rely on the activation of 5-HT,s receptors by
hallucinogenic drugs (Schreiber et al, 1995; Willins and
Meltzer, 1997; Gonzalez-Maeso et al, 2007).

MATERIALS AND METHODS
Subjects

Subjects for experimentation were male ICR (CD-1) mice
8-10 weeks of age (Harlan, Indianapolis, IN). Mice were free
fed, except during the drug discrimination experiments
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when the mice were maintained on a restricted diet aimed at
keeping them at ~80% of free-fed body weight (monitored
daily); food restriction was begun 2 weeks prior to the onset
of training and consisted of free access to food for 4h per
day Monday through Thursday (after the training session),
and ad lib access from Friday (after testing) until Sunday
afternoon. Mice had free access to water except during the
training session. All mice were maintained on a 12: 12 light/
dark cycle with light onset at 0600 h. All experiments were
done in compliance with the guide for the Principles of
Laboratory Animal Care (NIH publication No. 85-23,
revised 1996).

(—)-DOB Discrimination

Apparatus. Training and experimentation were conducted
in six commercially available mouse operant conditioning
chambers (ENV 307A; Med Associates, Georgia, VT, USA),
housed in a sound attenuated box. The experimental
chambers were equipped with two ultra-sensitive response
levers (ENV 310M) and a liquid dipper (ENV 302 M)
centered between the two levers. The equipment and
experimental parameters were programmed using MED
Associates software and controlled by MED Associates
interface and MS-DOS compatible computers.

Training and testing procedures. Training procedures were
adapted from previous studies in this laboratory (Smith
et al, 2003; Benneyworth et al, 2005). Mice (n=22) were
trained to lever press for food reward, then discrimination
training was initiated using a variable interval (VI) schedule
of reinforcement that progressed from a VI 10s to a VI 30s
schedule where it remained for the duration of the
experiments.

Discrimination learning was monitored twice weekly by
calculating the percent correct lever responses (number of
responses on correct lever/total number of responses)
during a 2.5min extinction period at the beginning of the
training session. Mice were initially trained on 0.3 mg/kg
(—)-DOB (s.c.) vs saline. Through training day 66, the mice
as a whole had not acquired the discrimination (defined as
85% correct for both drug and saline during the 2.5min
extinction tests), so the dose of (—)-DOB was gradually
increased to a final training dose of 0.5mg/kg (—)-DOB
administered 20 min prior to the training session.

Experimental testing was initiated when the mice
averaged >90% correct for both (—)-DOB and saline
during the twice-weekly trials. Experimental tests consisted
of 5min extinction sessions, which were always preceded by
a minimum of four training days. Unless otherwise
indicated, tests were performed using a between-subject
design with each animal being tested under one treatment
condition.

(—)-DOB-Induced Head Twitch Response

Mice were transferred from the colony room to the
observation room and allowed to habituate for 30 min. To
assess HTR, mice were treated with (—)-DOB (0.5 mg/kg,
s.c.) and immediately placed in a 3L glass beaker and
observed for 30 min by two observers, one of whom was
blind to the treatment. HTRs were counted in 5min time
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bins. Counts from the two observers were averaged. Drug-
naive mice (8-10 weeks of age) were tested for the ability of
LY379268 to attenuate (—)-DOB-induced head twitches.
Mice (n=7-8) were treated with either LY379268 (3.0 or
10 mg/kg, i.p.) or saline 10 min prior to (—)-DOB. HTR was
also assessed in mice trained to discriminate (—)-DOB from
saline. Mice were tested 48 to 72h after the last (—)-DOB
training session, reproducing the conditions of the dis-
crimination tests. (—)-DOB-trained mice were divided into
three groups (n=7-8), receiving either LY379268 (3.0 or
10 mg/kg, i.p.) or saline 10 min prior to 0.5 mg/kg (—)-DOB
(s.c.). Immediately following injection of (—)-DOB, mice
were placed in a glass beaker and head twitches were
counted. To assess the effects of a drug ‘washout’, the same
groups of mice were retested 9 weeks after the last (—)-DOB
training session allowing for a repeated measures compari-
son to the HTR data obtained during training.

PCP-Induced Hyperlocomotion

Apparatus. Open field chambers (27 x 27 x 20cm; MED
Associates, St. Albans, VT) equipped with 16 horizontal
(x- and y-axes) and 16 vertical (z-axis) infrared photobeams
located 1 and 5.5cm above the floor of the chamber,
respectively, were used to detect locomotor activity. Move-
ments were detected as photobeam breaks and were
recorded by a PC-based computer equipped with mouse
activity-monitoring system software (MED Associates). The
software program filtered the data to count only multiple
beam-breaking movements as ambulations, and converted
beam breaks into distance traveled (in cm).

Blockade of PCP-induced hyperlocomtion by mGlu2/3
receptor agonist. Drug-naive mice (8-10 weeks of age) were
divided into three groups (n=8), to receive one of two
doses of LY379268 (3.0 or 10 mg/kg, i.p.) or saline. All mice
were treated with PCP (5.6 mg/kg, s.c.). Mice were placed in
the open field chamber for a 30 min habituation period. At
this point (f=30min) the mice were injected with
LY379268 or saline, followed immediately by injection of
PCP and returned to the open field chamber. Locomotor
activity was recorded for an additional 90 min. Mice trained
on (—)-DOB-saline discrimination were similarly tested 48 h
after the last (—)-DOB training session (n=7-8).

Chronic (—)-DOB Treatments

In order to further assess the effects of repeated (—)-DOB
treatments on behavioral sensitivity to mGlu2/3 receptor
agonists, a more traditional chronic dosing design was
employed. Mice were injected daily for 14 days with either
1.0 mg/kg (—)-DOB (n=12) or saline (n=12). Treatments
were administered (s.c.) at the same time each day (12:00-
2:00). Forty-eight hours after the last chronic treatment,
mice were pretreated with either LY379268 (3.0 mg/kg, i.p.)
or saline 10 min prior to (—)-DOB (0.5 mg/kg, s.c.) and head
twitches counted.

Drugs

Drugs were dissolved in deionized water and administered
in an injection volume of 10 ml/kg, except M100907 that was
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dissolved in a minimal volume (0.1 ml) of 2% tartaric acid
and then diluted in deionized water. LY379268, LY354740,
and LY341495 were dissolved in water and pH was
normalized with IN NaOH. (—)-DOB and LSD were
provided by the National Institute of Drug Abuse.
M100907 was a gift from Marion Merrell Dow (Cincinnati,
OH). LY379268 and LY354740 were gifts from Eli Lilly and
Co (Indianapolis, IN). LY341495 was purchased from Tocris
Cookson (Baldwin, MO). PCP hydrochloride was purchased
from Sigma-Aldrich (St. Louis, MO).

Statistics

Results are presented as mean = SEM. Data were compiled,
plotted, and analyzed using GraphPad Prism 4.00 (Graph-
Pad Software, Inc., San Diego, CA). Variable slope sigmoidal
dose-resposne curves, with minimal (0) and maximum
(100) constraints, were generated to calculate the EDs, and
IDs, values. The goodness of fit (R*) of these nonlinear
regressions was also calculated. Dose-response studies were
analyzed with either a one-way or two-way analysis of
variance (ANOVA). The within-subject experiment (head
twitches in (—)DOB-trained mice) was analyzed with
repeated measures ANOVA. Post hoc comparisons were
done using the Dunnett’s multiple comparison tests. All
single-dose drug discrimination experiments were analyzed
using an unpaired student’s ¢-test. For all analyses, a p-value
of less than 0.05 was considered to be statistically
significant.

RESULTS
Discrimination Training

Initially mice were trained to discriminate 0.3 mg/kg (—)-
DOB from saline, and the acquisition of discrimination was
followed using twice-weekly 2.5min extinction sessions
performed at the outset of a training session. Figure 1
illustrates the gradual acquisition of a discriminative
response. Through 63 days of training the mice had failed
to reach a stable discrimination above the criterion (85% on
the appropriate lever, depicted by the horizontal lines in the
figure). On training day 66 the dose of (—)-DOB was
increased to 0.4 mg/kg, and on day 78 the dose was further
increased to 0.5 mg/kg. This subsequent dose resulted in the
discriminative response improving well beyond the criter-
ion, with the average nearing 95% on the appropriate lever.
This high degree of discrimination was desired because it
produces more reliable and reproducible responses in test
sessions.

Pharmacological Characterization of (—)DOB
Discrimination

Following acquisition of the discriminative response, a
dose-response curve was determined with four doses of
(—)-DOB (0, 0.125, 0.25, and 0.5mg/kg), administered
20min prior to testing. As shown in Figure 2, (—)-DOB
choice behavior (percent responding on the (—)-DOB
correct lever) was dose-dependent [F(3,15)=31.81,
p<0.0001], with an EDs, of 0.16 mg/kg (R*=0.86). Post
hoc analysis showed that both 0.25 and 0.5 mg/kg produced
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Figure | Acquisition of (—)-DOB discrimination. Mice (n=22) were

trained to discriminate 0.5mg/kg (—)-DOB from saline on a VI 30s
schedule of reinforcement. Data represent mean  SEM choice response
(upper panel) and total responses (lower panel) measured during 2.5 min
extinction tests given twice weekly. Data are plotted as the mean percent
responding on the (—)-DOB correct lever 20 min after saline or (—)-DOB
treatment. Horizontal lines indicate discrimination criteria (85% on the
appropriate lever). Vertical dashed lines indicate the sessions where dose
was increased to indicated dose (mg/kg).

significantly higher (—)-DOB choice response than saline
treatment. Response rate did not significantly change with
increasing doses of (—)-DOB [F(3,15) = 1.51].

Next, the substitution of LSD for the (—)-DOB discrimi-
native stimulus was examined. This assay tests the generali-
zation of the interoceptive cue produced by drugs with a
similar pharmacological component. LSD (0.075, 0.15, or
0.3 mg/kg, s.c.) or saline was injected 10 min prior to testing
(Figure 2). Consistent with the observation that (—)-DOB
substitutes for LSD in mice (Benneyworth et al, 2005), LSD
produced a dose-dependent increase in percent responding
on the (—)-DOB lever [F(3,17)=13.9, p<0.001], with an
EDs of 0.11 mg/kg (R* = 0.69). Post hoc analysis shows that,
at 0.15 and 0.3mg/kg LSD, the choice response was
significantly different than saline treatment. At a dose of
0.3 mg/kg LSD, animals made 87 + 4% of their responses on
the (—)-DOB lever indicating that LSD fully substituted for
(—)-DOB. Response rates declined as a function of
increasing doses of LSD, however, this decline in rate did
not reach statistical significance [F(3,17) =1.01].

Further characterization of the (—)-DOB stimulus was
performed by examining the role of 5-HT,, receptor
activation in the interoceptive cue. Varying doses of the 5-
HT,, receptor-selective antagonist M100907 (0.01, 0.03, and
0.1 mg/kg) and saline were administered 20 min prior to
0.5mg/kg (—)-DOB, and mice were tested 20min later
(Figure 3). M100907 caused a dose-dependent decrease
in (—)-DOB lever responding [F(3,18) =119.7, p<0.0001],
with an IDs, of 0.008 mg/kg (R*=0.95). Post hoc
analysis indicated that all doses of M100907 significantly
reduced (—)-DOB lever selection as compared to saline
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Figure 2 (—)-DOB and LSD dose—response curves. Data represent
mean £ SEM (n=4-6) responding on the (—)-DOB lever (upper panel)
and total responses (lower panel) made during a 5 min extinction test as a
function of varying doses of (—)-DOB or LSD. Tests were performed
20 min after (—)-DOB injection or 10 min after LSD injection. Asterisks (*)
indicate groups treated with a drug dose that caused lever selection
significantly different than vehicle control (p<0.01, Dunnett).

pretreatment. A dose of 0.03 mg/kg M100907 was comple-
tely effective (response on (—)-DOB lever; 5.5+ 1.4%) at
antagonizing the (—)-DOB discriminative stimulus induced
by a dose of 0.5mg/kg (—)-DOB. There was no significant
effect of pretreatment on response rate [F(3,18) =1.02].

Effect of mGlu2/3 Receptor Drugs on (—)-DOB
Discrimination

To explore the physiological antagonism that group II mGlu
receptors are hypothesized to exert on hallucinogenic drug
action, (—)-DOB was tested after pretreatment with the
mGlu2/3 receptor agonists LY379268 and LY354740. Activa-
tion of mGlu2/3 receptors has been previously shown to
attenuate the LSD discriminative stimulus in rats (Winter
et al, 2004). Multiple doses of LY379268 (1.0, 3.0, and 10 mg/
kg) and saline or LY354740 (5.0, 10, and 20 mg/kg) and
saline were administered 20 min prior to a submaximum
dose of (—)-DOB (0.3 mg/kg) and discrimination behavior
was assessed (Table 1). Neither agonist reduced choice
response at any dose tested. LY379268 was tested again
under varying treatment conditions, including alterations in
(—)-DOB dose (0.15 or 0.3 mg/kg), route of administration
(s.c. or i.p.), and pretreatment time [0, 10, or 20 min prior to
(—)-DOB]. These experiments, summarized in Table 1,
found no difference between pretreatment with the mGlu2/3
agonist and saline. Additionally, the ability of the mGlu2/3
receptor antagonist LY341495 to potentiate the (—)-DOB
discriminative stimulus was examined. In single dose (3.0)
and dose-response (0.1, 0.3, 1.0, 3.0, and 10mg/kg)
experiments, LY341495 did not significantly alter the choice
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Figure 3 M™MI00907 dose-dependent antagonism of (—)-DOB. The
ability of the 5-HT,4 receptor antagonist M100907 to block the response
to (—)-DOB (0.5 mg/kg) is shown. Data represent mean + SEM (n = 5-6)
responding on the (—)-DOB lever (upper panel) and total responses (lower
panel) made during a 5 min extinction test as a function of increasing doses
of M100907 administered 20min prior to (—)-DOB (40min prior to
testing). Asterisks (*) indicate lever selection significantly different from
vehicle control (p<0.01, Dunnett).

of drug lever (Table 1). This complete absence of mGlu2/3
receptor regulation of the (—)-DOB discriminative stimulus
was reproduced in a separate group of mice also trained on
0.5mg.kg (—)-DOB (data not shown).

(—)-DOB-induced HTR in Mice Trained to Discriminate
(-)-DOB

The (—)-DOB-induced HTR was examined in the mice
trained to discriminate (—)-DOB from saline to determine
whether the repeated drug treatments of the discrimination
training were having a more generalized effect on the ability
of mGlu2/3 receptors to regulate the behavioral effects of
hallucinogens, as compared to drug-naive controls. (—)-
DOB-trained mice were tested for HTR 48-72h after the last
(—)-DOB training session to reproduce the timing that was
used in the discrimination tests. (—)-DOB-trained and
drug-naive mice were treated with the mGlu2/3 receptor
agonist LY379268 (3.0 or 10 mg/kg, i.p.) or saline 10 min
prior to (—)-DOB (0.5mg/kg, s.c.). The number of head
twitches was expressed as a percent of the HTR observed for
the saline pretreatment in each respective group of mice
(Figure 4). A one-way ANOVA showed that LY379268
reduced the (—)-DOB-induced HTR [F(2,15)=38.27,
p<0.01] in the drug-naive mice. Post hoc analysis indicated
that both doses of LY379268 (3.0 and 10mg/kg) were
significantly different than saline pretreatment. However,
the (—)-DOB-trained mice were insensitive to the effects of

Table I Summary of Multiple Experiments with mGlu2/3 Receptor Agonists and an Antagonist

mGIluR2/3  Pretreatment Route (—)-DOB dose % (—)-DOB lever correct response (experimental test dose, mg/kg)
agonists time (mgl/kg)
LY379268 40 min SC 03 85.4 (0) 85.8 (1.0) 78.6 (3.0) 773 (10.0)
725 (0) 69.4 (1.0) 88.8 (3.0) 78.0 (10.0)
30 min P 0.15 67.0 (0) 74.8 (3.0)
523 (0) 59.3 (3.0)
30 min P 0.15 65.0 (0) 62.8 (1.0) 774 (3.0) 48.5 (10.0)
20 min P 03 86.8 (0) 959 (3.0)
20 min 1P 0.15 459 (0) 62.1 (3.0)
30 min P 0.5 98.1 (0) 96.4 (3.0)
99.0 (0)* 989 (3.0)*
LY354740  40min SC 03 79.2 (0) 83.0 (5.0) 767 (100)  74.6 (20.0)
76.6 (0) 86.1 (5.0) 792 (100) 873 (20.0)
mGluR2/3
antagonist
LY341495 40 min P 0.15 67.0 (0) 54.0 (0.1) 48.3 (0.3) 757 (1.0) 497 30) 427 (100)
40 min SC 0.15 53.6 (0) 46.3 (3.0)
62.0 (0) 41.0 3.0)

This table summarizes the various experiments performed to examine the effects of mGlu2/3 receptor agonists (LY379268 or LY354740) or an antagonist
(LY341495) on (—)-DOB discrimination. Single (n = 8-10) and multiple (n = 4-6) dose experiments were performed. Pretreatment time represents total time before
test, including 20 min after (—)-DOB injection. Data represent the mean response on the (—)-DOB lever. No significant effect on choice response was found with any

pretreatment.
“Data collected following a 5-week washout period.
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Figure 4 Failure of LY379268 to block (—)-DOB head twitch response
(HTR) in mice trained to discriminate (—)DOB. Blockade of (—)-DOB-
induced HTR by LY379268 (0, 3.0 or 10.0 mg/kg) was compared between
drug-naive and (—)-DOB discrimination-trained mice (tested 48—72 h after
last (—)-DOB treatment). Data depict the HTR normalized to percent
maximum HTR (saline pretreatment for each group of mice). Mice (n=6—
8) were pretreated with the mGlu2/3 receptor agonist LY379268 (3.0 or
10.0 mg/kg) or saline 10min prior to (—)-DOB (0.5 mg/kg, s.c.). Total HTR
for mice treated with saline/(—)-DOB was 61.2 4.4 for drug-naive mice
and 48.9 £ 6.7 for (—)-DOB-trained mice. Asterisks (*) indicate significant
attenuation of response as compared to corresponding saline pretreatment
(p<0.05, Dunnett).

LY379268, displaying no attenuation of the (—)-DOB-
induced HTR F(2,19) =0.92].

PCP-Induced Hyperlocomotion in Mice Trained to
Discriminate (—)-DOB

Further examination of the effects of the discrimination
training drug regimen on behavioral sensitivity to activation
of mGlu2/3 receptors involved testing the hyperlocomotive
action of PCP. Previous work has demonstrated the ability
of mGlu2/3 receptor activation to attenuate PCP-induced
hyperlocomotion (Moghaddam and Adams, 1998; Cartmell
et al, 1999; Galici et al, 2005). Two doses of LY379268 (3.0
and 10mg/kg) and saline were tested in combination with
PCP (5.6 mg/kg) in drug-naive and (—)-DOB-trained mice.
Drugs were administered at =30 min, following a 30 min
habituation period. In drug-naive mice, both doses of
LY379268 reduced PCP-induced locomotor activity. As
illustrated in Figure 5a, PCP rapidly induces hyperlocomo-
tion, while the blockade by LY379268 does not become
apparent until 20 min after administration (#=50min). In
Figure 5b, PCP-induced activity, from time of injection
(t=30) to the end of the test (t=120), was summated and
analyzed by one-way ANOVA, demonstrating a dose-
dependent attenuation of activity [F(2,21)=11.1,
p<0.001]. Post hoc analysis showed that both 3.0 and
10 mg/kg LY379268 treatments were significantly different
than saline. This same experiment was subsequently
performed on mice trained to discriminate (—)-DOB, with
testing performed 48h after the last (—)-DOB training
session (Figure 5c). Analysis of cumulative PCP-induced
activity (Figure 5d) demonstrated that although there was a
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significant effect of LY379268 cotreatment [F(2,19) =11.2,
P <0.001], only the 10 mg/kg dose of LY379268 resulted in a
significant decrease relative to saline treatment.

Effect of Washout Period on LY37968 Pretreatment in
(—)-DOB-Induced Behaviors

Taking advantage of the persistent nature of the drug
discrimination response, the potential effect of the drug
treatment regimen involved in the discrimination training
on sensitivity to mGlu2/3 receptor activation was further
examined by testing the discriminative response after a 5
week drug ‘washout’ period during which time training was
stopped and the mice were drug-free. We reasoned that if
the chronic (—)-DOB dosing causes a desensitization/
downregulation of mGlu2/3 receptors with consequent
inability of mGlu2/3 receptor agonists to modulate the
(—)-DOB stimulus, the activity of the mGlu2/3 agonist
LY379268 might be revealed following a drug washout
period. Prior to the washout period, saline and LY379268
(3.0 mg/kg), administered 10 min prior to (—)-DOB (0.5 mg/kg),
were tested in reinforced test sessions; after the drug
washout period, the mice were tested again. No attenuation
of choice response by LY379268 was observed either during
training or after drug washout (Table 1).

The ability of LY379268 to attenuate the (—)-DOB-
induced HTR was also examined in the (—)-DOB-trained
mice following the 9 week drug-washout period, to
investigate whether cessation of the drug treatments
associated with the training regimen would restore sensi-
tivity to the mGlu2/3 receptor agonist in a different
behavioral paradigm. Mice received the same pretreatment
during training, LY379268 (3.0 or 10 mg/kg) or saline, and
after washout, allowing for within subject comparison of the
effect of the drug washout period (Figure 6). HTR data were
subsequently normalized within each experiment to the
percent maximum response (defined as the corresponding
saline pretreatment group). Data shown for ‘during train-
ing’ are the same as depicted in Figure 4 as ‘(—)-DOB-
trained’. As illustrated in Figure 6, LY379268 significantly
attenuated the (—)-DOB-induced HTR in the ‘after washout’
group, with one-way ANOVA of the ‘after washout’ data
indicating that there was a significant effect of pretreatment
[F(2,16) =4.44, p<0.05], Post hoc analysis demonstrated
that 10.0mg/kg of LY379268 produced a significant
attenuation of HTR compared to saline pretreatment
(p<0.05, Dunnett). Additionally, a two-way ANOVA
demonstrated that there was a significant main effect of
drug washout period [F(1,16) =6.83, p<0.05].

Chronic (—)-DOB Dosing Eliminates Attenuation of
(—)-DOB-Induced HTR by an mGlu2/3 Receptor Agonist

Having observed that the discrimination training regimen
abolishes the ability of an mGlu2/3 receptor agonist to
attenuate the HTR, an effect that was reversed by the drug
washout period, it was hypothesized that the repeated (—)-
DOB dosing causes a functional desensitization of mGlu2/3
receptors. This was tested by chronic daily injection with
(—)-DOB in a separate group of mice. Mice were treated
daily with either (—)-DOB (1.0 mg/kg, s.c.) or saline for 14
days; 48 h later, either LY379268 (3.0 mg/kg, i.p.) or saline
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Figure 5 Time course and dose—response of LY379268-mediated blockade of PCP-induced hyperlocomotion in drug-naive and (—)-DOB-trained mice.
Drug-naive (panels a and b) and (—)-DOB discrimination-trained mice (panels ¢ and d) were administered LY379268 (3.0 or 10.0 mg/kg) or saline followed
by an injection of PCP (5.6 mg/kg) at t=30 (n=6-8 per dose). Time of injections is indicated by the arrows (). In panels a and ¢, the time course of
locomotion is depicted, measured in 3 min blocks. Panels b and d illustrate total PCP-induced locomotion, a summation of total distance traveled from t =30
to t=120min. Asterisks (*) indicate a significant difference from saline treatment (*p <0.05; **p <0.01, Dunnett).

was administered 10 min prior to (—)-DOB (0.5 mg/kg, s.c.),
and head twitches recorded for 30 min (Figure 7). In spite of
the fact that the data appear to indicate that LY379268
effectively attenuates the (—)-DOB-induced HTR in the
chronic saline mice but not the chronic (—)-DOB, a two-way
ANOVA demonstrated that there was neither a main effect
of either the chronic treatment [F(1,20) =2.65, p=0.42] or
the LY379269 pretreatment [F(1,20) = 14.47, p =0.066], nor
the interaction of the two [F(1,20)=6.40, p=0.21]. This
was very surprising given the fact that the magnitude of the
apparent effect of LY379268 in the chronic saline mice is
similar to that observed in the drug-naive mice (Figure 4),
and in the (—)-DOB-trained mice after the washout period
(Figure 6). Given this observation, and the prior evidence of
a chronic treatment effect, we analyzed the chronic (—)-
DOB mice separately to test the specific hypothesis that the
chronic (—)-DOB treatment eliminated the ability of
LY379268 to attenuate the (—)-DOB-induced HTR. This
exploratory investigation supported our hypothesis, show-
ing that 1Y379268 had no effect in the mice that had been
chronically treated with (—)-DOB (p=0.36, f-test with
Welch’s correction). Interestingly, the (—)-DOB-induced
HTR does not appear to be changed by the chronic (—)-
DOB treatment (55.0 3.7 vs 58.4 = 5.7, saline control for
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chronic (—)-DOB vs chronic saline), suggesting that
tolerance to (—)-DOB does not occur. In contrast, the
(—)-DOB-trained mice (Figure 6) seemed to exhibit some
degree of tolerance to (—)-DOB, as observed by a maximal
HTR that was appeared to be reduced during training
relative to the response after a 9-week washout, suggesting
that intermittent, prolonged dosing is capable of causing
some degree of tolerance.

DISCUSSION

Growing evidence suggests a link between hallucinogen
activation of 5-HT, receptors and glutamate release. In
addition to the activation of excitatory neurotransmission
in brain slices (for review see Aghajanian and Marek, 2000),
in vivo neurochemical experiments and ex vivo evaluation
of hallucinogen-induced immediate early gene expression
support the activation of glutamatergic signaling by
hallucinogens (Scruggs et al, 2000, 2003; Zhai et al, 2003;
Pei et al, 2004; Muschamp et al, 2004). Consistent with this
model, group II mGlu receptor agonists have been reported
to attenuate the behavioral effects of hallucinogens (Gewirtz
and Marek, 2000; Klodzinska et al, 2002; Winter et al, 2004).
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Figure 6 Effect of drug washout period on responsiveness to the
LY379268-mediated blockade of (—)-DOB head twitch response (HTR) in
mice trained to discriminate (—)-DOB. Blockade of (—)-DOB HTR by
LY379268 (0, 3.0 or 100mg/kg) was tested twice in (—)-DOB
discrimination-trained mice, once during training (48—72h after last (—)-
DOB treatment) and then again after a 9 week washout period. Mice were
given the same pretreatment in each test session (n=5-8). Mice were
pretreated with the mGlu2/3 receptor agonist LY379268 (3.0 or 10.0 mg/
kg) or saline |0 min prior to (—)-DOB. Data depict the HTR normalized to
percent maximum HTR (saline pretreatment for individual test). Total HTR
following saline/(—)-DOB treatment was 48.9 £ 6.7 for mice during training
and 79.3 % 10.0 for mice after the washout period. Asterisks (*) indicate
significant decrease relative to saline pretreatment (p <0.05, Dunnett).

Since few pharmacological tools are available to differenti-
ate the individual group II mGlu receptor subtypes, our goal
was to establish the drug discrimination paradigm in mice
to model the physiological interaction between 5HT,, and
mGlu2/3 receptors for further studies with genetically
modified mice that express a single group II mGlu receptor
subtype. Herein we report that the hallucinogenic drug (—)-
DOB produces a robust and reliable discriminative stimulus
with pharmacological characteristics that agree with an-
other hallucinogenic 5-HT,, receptor agonist, (£ )-DOI
(Smith et al, 2003). Additionally, the temporal profile of the
(—=)-DOB stimulus (data not shown) is similar to that
obtained for the substitution of (—)-DOB for LSD (Benney-
worth et al, 2005), with a maximal effect occurring within 30
and waning by 135min post injection. There are, however,
significant dose-related differences, with (—)-DOB discri-
mination showing greater sensitivity to both agonist
substitution and antagonist blockade than was found for
(£)-DOL These differences likely reflect multiple factors,
including inherent differences between (—)-DOB and ( *)-
DOI as discriminative stimuli and differences in mice
strains used in these studies (C57Bl6 vs ICR). Regardless,
the current paradigm in which mice are trained to
discriminate (—)-DOB was expected to be highly sensitive
to potentially subtle changes mediated by a physiological
interaction between 5-HT,, receptors and mGlu receptors.

Based on the extensive evidence that hallucinogens
promote excitatory neurotransmission in mPFC via 5-
HT,, receptor activation (Aghajanian and Marek, 2000;
Benneyworth et al, 2007) combined with recent evidence
that a hallucinogen discriminative cue depends on 5-HT,4
receptor activation within frontal cortex in rats (Gresch
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immediately following (—)-DOB treatment. There was no difference in
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with saline or (—)-DOB.
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et al, 2007), we predicted that hallucinogen discrimination
would serve as a model of alterations in glutamate
neurotransmission and the regulation by mGlu2/3 recep-
tors. Contrary to these predictions and previous work by
Winter et al (2004), the (—)-DOB discriminative stimulus, a
5-HT,, receptor-mediated behavior, is not modulated by
compounds acting at mGlu2/3 receptors. A wide range of
mGlu2/3 receptor agonist and antagonist doses tested at
multiple times fail to alter the discriminative stimulus effect
of (—)-DOB. Winter et al (2004) found that in rats the LSD
discriminative stimulus was subtly potentiated by an
mGlu2/3 antagonist and attenuated by an mGlu2/3 agonist.
However, several experimental variables differ between that
work and the present study. First, and possibly the most
likely causative factor is the difference in species, with the
prior study being conducted in rats. While discriminative
behavior is qualitatively similar between rats and mice,
there could exist significant differences between the
neuroanatomical substrates that underlie this task. Second,
the training drug used in the prior study was LSD while (—)-
DOB is used here; despite the fact that these drugs were
shown to substitute for each other in this and previous work
(Benneyworth et al, 2005), the fact remains that their
pharmacological properties are not identical. Last, the
discrimination training protocol is dissimilar with Winter
et al training on a fixed ratio schedule of reinforcement,
while in the present study a variable interval schedule of
reinforcement is used. We expected that the graded
response nature of the variable interval schedule would be
more conducive to subtle manipulation.

The negative findings with the mGlu2/3 agonists and
antagonist suggest that the hallucinogen-induced stimulus
in mice might not involve the activation of glutamatergic
neuronal terminals in the mPFC. However, the drug
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discrimination paradigm requires repeated drug dosing for
initial training of mice and continual retraining to maintain
a consistent response. The possible chronic effects of
repeated dosing, an unavoidable confound in drug dis-
crimination, have been extensively examined with regard to
training drug sensitivity and competitive pharmacological
interactions. The present study probed deeper into a
physiological interaction between two distinct receptor
populations, and revealed that chronic hallucinogenic drug
treatment elicits neuroadaptation at a secondary target. To
test for potential desensitization of mGlu2/3 receptors by
the repeated (—)-DOB treatment in the discrimination
paradigm, we compared the ability of an mGlu2/3 receptor
agonist to modulate (—)-DOB-induced HTR and PCP-
induced hyperlocomotion in drug-naive vs mice trained in
the drug discrimination paradigm. The group II mGlu
receptor agonist LY379268 produces a dose-dependent
blockade in both of these behaviors in drug-naive mice, in
agreement with previous studies (Klodzinska et al, 2002;
Galici et al, 2005). Conversely, the behavioral actions of
LY379268 are blunted in mice trained to discriminate (—)-
DOB from saline, with a complete lack of attenuation of the
(—)-DOB-induced HTR and a reduced potency to block
PCP-induced hyperlocomotion. We concluded that a
persistent hyperglutamatergic state caused by repeated
dosing in the (—)-DOB drug discrimination training (twice
weekly for many months) produces sufficient activation of
mGlu2/3 receptors to elicit desensitization and/or down-
regulation of these receptors. Our finding that this
functional deficit is also evident in the PCP hyperlocomo-
tion test intimates a broad consequence and raises
questions about the neurological and behavioral conse-
quences of chronic hallucinogen abuse.

The functional desensitization to mGlu2/3 receptor
agonists observed in these studies is likely maintained by
continual drug administration and therefore could poten-
tially be alleviated by the cessation of drug treatment. This
question of reversibility was evaluated by retesting the
trained mice following a prolonged ‘washout’ period, during
which no discrimination training and related (—)-DOB
treatment was performed. A recovery of the LY379268-
induced blockade of (—)-DOB HTR occurs following the
washout period, supporting the argument that the drug
treatment regimen of the discrimination training results in
reversible changes in mGlu2/3 receptor activity. However,
(—)-DOB discrimination remains unaffected by LY379268
even after the washout period. These behaviors, one an
operant response and the other, a simple reflex, likely reflect
distinct neuroanatomical circuitry, which may be differen-
tially regulated by mGlu2/3 receptors. Such a dichotomy has
previously been observed in our laboratory (Benneyworth
et al, 2007), as well as others (Zhai et al, 2003), showing that
hallucinogen-induced immediate early gene expression is
regulated by mGlu2/3 receptors in the mPFC, but not the
somatosensory cortex. These experiments may also suggest
that these two commonly studied behavioral assays are
perhaps modeling distinct aspects of the range of psycho-
logical effects of hallucinogens. Alternatively, over the
course of training, tolerance may have developed to the
discriminative stimulus effects of (—)-DOB but gone
undetected because the animals were still able to discrimi-
nate the drug from the nondrug state to the criterion of
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85%. If tolerance had developed during training, a ‘washout’
period would be predicted to shift the (—)-DOB dose-
response curve to the left making antagonism of the training
dose of (—)-DOB difficult to demonstrate. An additional
confound is the difference in the length of the washout
period used for the discrimination and the HTR studies.
While 5 weeks is conventionally regarded as a long period of
time for a mouse, it is entirely conceivable that neuroadap-
tive changes induced by chronic (—)-DOB required a longer
period of time to recover.

In a more traditional chronic drug-dosing paradigm, we
show that pretreatment with (—)-DOB for 14 days
completely eliminated the mGlu2/3 receptor-mediated
attenuation of HTR, as demonstrated by the selective
analysis of the chronic (—)-DOB-treated mice. Caution
should be taken, since the results of this experiment are not
as robust as was expected, in that the two-way ANOVA did
not show significance. However, the results of this
experiment are consistent with the earlier finding in mice
trained to discriminate (—)-DOB from saline, providing a
more succinct chronic drug treatment regimen for future
studies of the molecular and cellular consequences of
chronic hallucinogen treatment on glutamatergic neuro-
transmission. It is interesting to consider that the apparent
hyperglutamatergic state produced by chronic hallucinogen
administration may persist for days after cessation of
dosing, providing a drug-free model of the hyperglutama-
tergic state of psychosis. Such an effect might be analogous
to studies that have examined the effects of chronic
administration of the dissociative anesthetic and psychoto-
mimetic drug, PCP (Javitt et al, 2004; Lindahl and Keifer,
2004; Rujescu et al, 2006; Dunn and Killcross, 2006; Abdul-
Monim et al, 2006; Abdul-Monim et al, 2007). These studies
with chronically administered PCP evaluated various
cellular and behavioral changes that were hypothesized to
be related to persistent hyperglutamatergic signaling and
chronic schizophrenia. None, however, examined mGlu2/3
receptor sensitivity. An additional study in rats by Xi et al
(2002) showed that withdrawal from chronic cocaine, which
in humans produces a psychotic state, causes reduced
functioning of mGlu2/3 receptors, attributed to persistent
glutamatergic signaling. Closer examination of how three
pharmacologically distinct drug classes (hallucinogens,
dissociative anesthetics, and psychostimulants) seem to
converge on hyperglutamatergic signaling when studied in
chronic experiments might lend greater understanding to
the pathophysiology of schizophrenia, a disease of unknown
and likely diverse etiology.

In conclusion, the current studies provide evidence for a
dynamic relationship between 5-HT,, and mGlu2/3 recep-
tors. The reciprocal nature of this interaction is suggested
by a recent study showing that a group II mGlu agonist,
LY354740, protects against downregulation of 5-HT,,
receptors induced by chronic (1 )-DOI treatment (Marek
et al, 2006). In addition to pointing out the need for a
broader scope when investigating the interaction between 5-
HT,4 and mGlu2/3 receptors, these experiments also have
important implications for the targeting of mGlu2/3
receptors for development of new antipsychotic drugs.
Furthermore, defining the mechanism of the altered
sensitivity of mGlu2/3 receptor activity in the hypergluta-
matergic state induced by repeated administration of



psychotomimetic drugs may reveal novel strategies for
modulating glutamatergic signaling and alleviating the
psychotic symptoms of schizophrenia.
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