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Abstract
Metabotropic glutamate receptor 5 (mGlu5) has been implicated in a variety of learning processes
and is important for inhibitory avoidance and conditioned taste aversion learning. MGlu5
receptors are physically connected with NMDA receptors and they interact with, and modulate,
the function of one another in several brain regions. The present studies used systemic co-
administration of an mGlu5 receptor positive allosteric modulator, 3-cyano-N-(1,3-diphenyl-1H-
pyrazol-5-yl)benzamide (CDPPB) and an NMDA receptor antagonist dizocilpine maleate
(MK-801) to characterize the interactions of these receptors in two aversive learning tasks. Male
Sprague-Dawley rats were trained in a single-trial step-down inhibitory avoidance or conditioned
taste aversion task. CDPPB (3 or 10 mg/kg, s.c.), delivered by itself prior to the conditioning trial,
did not have any effect on performance in either task 48 hours after training. However, CDPPB (at
3 mg/kg) attenuated the MK-801 (0.2 mg/kg, i.p.) induced learning deficit in both tasks. CDPPB
also reduced MK-801-induced hyperactivity. These results underlie the importance of mGlu5 and
NMDA receptor interactions in modulating memory processing, and are consistent with findings
showing the efficacy of positive allosteric modulators of mGlu5 receptors in reversing the
negative effects of NMDA receptor antagonists on other behaviors such as stereotypy,
sensorimotor gating, or working, spatial and recognition memory.
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1. Introduction
Glutamate, the major excitatory neurotransmitter in the adult central nervous system, acts
through ionotropic (NMDA, AMPA, kainate) and metabotropic glutamate receptors (mGlus:
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group I, mGlu1 and mGlu5; group II, mGlu2 and mGlu3; group III, mGlu4, mGlu6, mGlu7
and mGlu8) (Niswender & Conn, 2010). Recently, the interaction between group I mGlu
and NMDA receptors on synaptic plasticity has received a great deal of attention. The
functional interaction between mGlu5 and NMDA receptors has been studied at multiple
levels from the molecular to the whole animal. However, although major progress has been
made at the molecular and cellular levels, assessment of the effects of these interactions on
cognitive functioning remains relatively unexplored.

Stimulation of mGlu5 receptor positively modulates the NMDA receptor through PKC
phosphorylation and/or tyrosine kinase phosphorylation depending on the brain regions and
specific conditions involved (Collett & Collingridge, 2004; Kotecha, Jackson, Al-Mahrouki,
Roder, Orser, & MacDonald, 2003; Lu, Xiong, Lei, Orser, Dudek, Browning, &
MacDonald, 1999). NMDA enhances mGlu5 receptor responses via calcineurin activation,
which dephosphorylates the mGlu5 receptor at a PKC phosphorylation site (Alagarsamy,
Rouse, Gereau, Heinemann, Smith, & Conn, 1999). The two receptors interact in a positive
reciprocal manner, whereby stimulation of one receptor potentiates the function of the other.
As individual synapses have specific signaling components, and different mGlu5 and
NMDA receptor subtype/splice variants may be expressed, several mechanisms have been
implicated in the upregulation of NMDA receptor functions by mGlu5 receptor and vice
versa (Bruno, Battaglia, Copani, D’Onofrio, Di Lorio, De Blasi, Melchiorri, Flor, &
Nicoletti, 2001; Hermans & Challiss, 2001). The functional interactions between the two
receptors are of widespread significance as these have been reported in the hippocampus,
prefrontal cortex, striatum, subthalamic nucleus, nucleus accumbens and spinal cord
(Attucci, Carla, Mannaioni, & Moroni, 2001; Awad, Hubert, Smith, Levey, & Conn, 2000;
Fitzjohn, Irving, Palmer, Harvey, Lodge, & Collingridge, 1996; Kotecha et al., 2003;
Mannaioni, Marino, Valenti, Traynelis, & Conn, 2001; Martin, Nie, & Siggins, 1997; Pisani,
Gubellini, Bonsi, Conquet, Picconi, Centonze, Bernardi, & Calabresi, 2001; Ugolini, Corsi,
& Bordi, 1997). The two receptors physically link through anchoring proteins: mGlu5
receptor binds Homer proteins (Fagni, Ango, Perroy, & Bockaert, 2004), NMDA receptor
interacts with PSD-95, and Homer and PSD-95 can be clustered by Shank – a postsynaptic
density protein (Naisbitt, Kim, Tu, Xiao, Sala, Valtschanoff, Weinberg, Worley, & Sheng,
1999; Tu, Xiao, Naisbitt, Yuan, Petralia, Brakeman, Doan, Aakalu, Lanahan, Sheng, &
Worley, 1999). NMDA and mGlu5 receptors can act synergistically to activate a number of
proteins such as MAPKs, CaMKII, and CREB (Mao & Wang, 2002; Yang, Mao, Tang,
Samdani, Liu, & Wang, 2004). Accordingly, coactivation of the receptors is required for
distinct forms of LTP (Fujii, Sasaki, Mikoshiba, Kuroda, Yamazaki, Mostafa Taufiq, &
Kato, 2004). Other electrophysiological evidence for the interaction has been recently
reviewed (Homayoun & Moghaddam, 2010).

In contrast to in vitro studies, in vivo data examining this interaction in learning are very
limited. Studies have used co-administration of mGlu5 and NMDA receptor antagonists or
NMDA receptor antagonists and mGlu5 receptor positive allosteric modulators (PAMs).
Homayoun, Stefani, Adams, Tamagan, and Moghaddam (2004) showed that co-application
of behaviorally inactive doses of MK-801 (dizocilpine maleate, an NMDA receptor
antagonist) and MPEP (2-methyl-6-(phenylethynyl)-pyridine, an mGlu5 receptor antagonist)
impaired working memory in a four-arm maze and instrumental, appetitive light-nosepoke
association learning task. MPEP also enhanced the effects of MK-801 on locomotion and
stereotypy (Homayoun et al., 2004). In addition, phencyclidine (NMDA receptor antagonist)
and MPEP impaired spatial learning in a radial arm maze task (Campbell, Lalwani,
Hernandez, Kinney, Conn, & Bristow, 2004). In passive avoidance learning, co-
administration of MK-801 and MTEP (3-[2-methyl-1,3-thiazol-4yl)ethynyl]pyridine, an
mGlu5 receptor antagonist) impaired retention when given before training (Gravius,
Pietraszek, Schmidt, & Danysz, 2006). Recently, DFB (3,3′-difluorobenzaldazine), an
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mGlu5 receptor PAM, was shown to increase memory in a Y-maze spatial alternation task
(Balschun, Zuschratter, & Wetzel, 2006) and to attenuate ketamine-induced impairment in
object recognition (Chan, Chiu, Sou, & Chen, 2008). CDPPB (3-cyano-N-(1,3-diphenyl-1H-
pyrazol-5-yl)benzamide), another mGlu5 receptor PAM, reduced MK-801-induced
impairment in an operant-based set-shifting task (Darrah, Stefani, & Moghaddam, 2008).
Uslaner, Parmentier-Batteur, Flick, Surles, Lam, McNaughton, Jacobson and Hutson (2009)
investigated the effect of CDPPB in an object recognition task, and found that CDPPB can
increase novel object recognition and also can attenuate the MK-801-induced deficit in this
task.

Previous data from our laboratory as well as other laboratories have indicated the unique
importance of NMDA and mGlu5 receptors in aversive learning tasks, especially in
inhibitory avoidance learning and conditioned taste aversion (Gravius, Pietraszek, Schafer,
Schmidt, & Danysz, 2005; Izquierdo, Bevilaqua, Rossato, Bonini, Medina, & Cammarota,
2006; Nunez-Jaramillo, Ramirez-Lugo, Herrera-Morales, & Miranda, 2010; Schachtman,
Bills, Ghinescu, Murch, Serfozo, & Simonyi, 2003; Simonyi, Serfozo, Parker, Ramsey, &
Schachtman, 2009; Simonyi, Serfozo, Shelat, Dopheide, Coulibaly, & Schachtman, 2007). It
was shown that these glutamate receptors play a critical role in acquisition and memory
consolidation of these tasks. Inhibitory avoidance learning is a hippocampus-dependent
associative learning task in which a response during training produces an aversive outcome.
In the step-down inhibitory avoidance, the animal is placed on a platform and receives a
shock when it steps off the platform. Memory for the shock is measured as an increased
latency to step off the platform on subsequent trials (Gold, 1986). Conditioned taste aversion
is a form of aversive classical conditioning in which a taste or flavored substance (the
conditioned stimulus, CS) is paired with a drug or experience that produces internal malaise
(the unconditioned stimulus, US), and this pairing results in the conditioned response — the
subjects avoid the substance on a test trial (Bures, Bermudez-Rattoni, & Yamamoto, 1998).

The present study aimed to investigate whether the previously documented interaction
between NMDA and mGlu5 receptors is necessary for learning in aversively motivated
tasks, specifically inhibitory avoidance and conditioned taste aversion. The effects of
CDPPB, an mGlu5 receptor PAM, on an MK-801-induced impairment in learning was
examined in order to characterize mGlu5 and NMDA receptor interaction on hippocampal-
dependent and - independent memory formation. In addition, an open-field test was used to
examine possible changes in exploratory behavior after drug injection.

2. Materials and methods
2.1. Animals

2.1.1. Inhibitory avoidance and open-field tasks—Male, Sprague-Dawley rats
(Harlan, Indianapolis, IN) weighing 200-230 g were housed in groups of 2-3 with a 12 hr
light/12 hr dark cycle (time on at 6:00 AM). Food and water were available ad libitum.
Experiments were initiated near the beginning of the light period between 10:00 AM and
12:00 PM. In all experiments, animals were randomly assigned to groups. All experiments
were conducted blind to the treatment condition of the rat. The work was carried out in
accordance with National Institutes of Health guidelines and with permission from the
University of Missouri-Columbia Animal Care and Use Committee (Protocol #6494).

2.1.2. Conditioned taste aversion—Male, Sprague-Dawley rats (Harlan, Indianapolis,
IN) weighing 220-240 g were housed individually with a 16 hr light/8 hr dark cycle (time on
at 6:00 AM). Food and water were available ad libitum until the beginning of the behavioral
procedures. In all experiments, animals were randomly assigned to groups except for
counterbalancing of water consumption prior to the start of the experiment (Protocol #6474).

Fowler et al. Page 3

Neurobiol Learn Mem. Author manuscript; available in PMC 2012 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2.2. Behavioral procedures
2.2.1. Inhibitory avoidance—Procedures were similar to those described earlier
(Simonyi et al., 2007). Animals were handled daily for one week before the experiment. On
the conditioning day, animals were injected with MK-801 (0 or 0.2 mg/kg, i.p.) and CDPPB
(0, 3 or 10 mg/kg, s.c.) (n=10-12) or CDPPB alone (n=8-9) 20 min before being placed on
the 2.5-cm high, 8-cm wide platform in one side of a shuttle-box (Med Associates, St.
Albans, VT). The grid floor was connected to a scrambled shock generator. The detection
system consisted of six pairs of photobeams, located 3.5 cm above the floor. The system was
remotely controlled through an interface connected to an IBM-PC operating Med Associates
software (version SOF-700RA-11). Latency to step down onto the grid was measured. Upon
stepping down, the animals received a 0.4 mA, 0.5 sec footshock and were removed from
the shuttle box. The retention test occurred 48 hours after training. The test session was
identical to the training session except that the footshock was omitted. Step-down latency
was recorded with a maximum latency of 180 sec.

2.2.2. Open-field—Med Associates Open Field Test Environments (ENV-515) were used
to conduct open-field tests. Each activity box resided in a sound-resistant cubicle
(ENV-017M) containing a clear, acrylic cage (43.2 × 43.2 × 30.5 cm). Twenty minutes after
injection with MK-801 (0 or 0.2 mg/kg, i.p.) and CDPPB (0, 3 or 10 mg/kg, s.c.) (n=7) or
CDPPB alone (n=6-7), rats were placed into the center of the square arena of an unlit
activity box for 30 min. Locomotor activity data was collected in 5-min intervals using Med
Associates’ Open-Field Activity Software (SOF-811), and measured as distance traveled
(cm).

2.2.3. Conditioned taste aversion—The procedures have been described previously
(Schachtman et al., 2003; Simonyi et al., 2009). Rats were water deprived for 24 hours.
Then, animals were acclimated to drinking from the drinking tubes for four days to obtain
their daily water within 15 minutes in their home cages and water consumption was
measured. Fluids were provided at the same time every day in the experiments. Animals
were handled on these days. On the conditioning day, animals were injected with MK-801
(0 or 0.2 mg/kg, i.p.) and CDPPB (0, 3 or 10 mg/kg, s.c.) (n=10-14) or CDPPB alone
(n=7-8) and were presented with access to 8 ml of the 0.1% saccharin solution (the CS) 20
minutes later. Immediately after consumption of the saccharin, LiCl (US) was injected i.p.
(0.15M, 1.33% body weight). The animals were observed for behaviors that indicate internal
malaise (e.g., “lying on belly”). In the 48-hour period between conditioning and testing, the
rats received no treatment except for exposure to 15 minutes of water access. One or three-
four test trials were administered in each experiment (one in every 24 hours) in which
saccharin was presented in drinking tubes for 15 minutes.

2.3. Drugs
3-cyano-N-(1,2,-diphenyl-1H-pyrazol-5-yl)benzamide (CDPPB) was synthesized by
IQsynthesis (St. Louis, MO; according to (Lindsley, Wisnoski, Leister, O’Brien, Lemaire,
Williams, Burno, Sur, Kinney, Pettibone, Tiller, Smith, Duggan, Hartman, Conn, & Huff,
2004), was suspended in phosphate-buffered saline (PBS with 10% Tween-80), and dosed at
1 ml/kg (s.c.). (+)–MK-801 maleate (Ascent Scientific, Princeton, NJ) was administered
intraperitoneally at 1 ml/kg in PBS. Animals were administered CDPPB/Vehicle
immediately after being given MK-801/PBS.

2.4. Statistical analysis
Because step-down latencies are not normally distributed, inhibitory avoidance data were
analyzed using the Kruskal-Wallis test followed by pairwise comparisons using the Mann-

Fowler et al. Page 4

Neurobiol Learn Mem. Author manuscript; available in PMC 2012 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Whitney U test. Results from the open-field and conditioned taste aversion tasks are
presented as mean ± SEM, and data were analyzed either by one-way analysis of variance
(ANOVA) or by two-way repeated measures ANOVA followed by pairwise comparisons
using Bonferroni’s test. P values of <0.05 were considered statistically significant.

3. Results
3.1. CDPPB does not influence inhibitory avoidance learning but reduces MK-801-induced
impairment in learning

Step-down latencies of animals given CDPPB (0, 3, or 10 mg/kg, s.c.) prior to training are
shown in Fig. 1A. There were no significant differences in training or test latencies among
CDPPB treatment groups. Fig. 1B shows step-down latencies of animals co-administered
MK-801 (0 or 0.2 mg/kg, i.p.) and CDPPB (0, 3, 10 mg/kg, s.c.). Animals given 0.2
MK-801/0 CDPPB had significantly shorter training latencies than 0 MK-801/0 CDPPB
controls (p <0.001). Kruskal-Wallis test revealed a significant difference in test latencies
among groups (p<0.001). Pairwise comparisons revealed test latencies of rats given 0.2
MK-801/0 CDPPB and 0.2 MK-801/10 CDPPB were significantly shorter than those of 0
MK-801/0 CDPPB controls (p<0.001). Administration of 3 mg/kg CDPPB attenuated this
MK-801 effect, restoring performance to the control level (p<0.05, Fig. 1B).

3.2. CDPPB does not influence spontaneous locomotor activity but attenuates MK-801-
induced hyperlocomotion

Fig. 2 shows the total distance traveled in an open field for animals given CDPPB alone
(Fig. 2A) or MK-801 and CDPPB (Fig. 2B). There were no significant differences among
treatment groups given CDPPB alone. One-way ANOVA revealed a significant effect of
treatment among animals co-administered MK-801 and CDPPB (F3, 22 = 10.69, p = 0.0002).
Animals given 0.2 MK-801/0 CDPPB were significantly more active than 0 MK-801/0
CDPPB controls (p<0.001, Bonferroni’s posttest). Administration of 3 mg/kg CDPPB
attenuated MK-801-induced hyperactivity (p<0.01, Bonferroni’s posttest).

3.3. CDPPB does not influence conditioned taste aversion but attenuates MK-801-induced
disruption in conditioned taste aversion

Saccharin consumption of animals on the test trials is shown in Fig. 3. There were no
statistical differences among groups in saccharin consumption during conditioning (data not
shown). There were no statistical differences among CDPPB treatment groups at test (Fig.
3A). However, one-way ANOVA revealed a significant effect of treatment among animals
co-administered MK-801 and CDPPB (F3, 49 = 6.21, p = 0.012) (Fig. 3B). Animals given
0.2 MK-801/0 CDPPB consumed more saccharin on test day than 0 MK-801/0 CDPPB
controls; MK-801 attenuated conditioned taste aversion (p<0.001, Bonferroni’s posttest).
Additionally, there was a significant difference between 0.2 MK-801/0 CDPPB and 0.2
MK-801/3 CDPPB groups (p<0.05), indicating that CDPPB partially reversed the learning
deficit induced by MK-801.

Cognitive enhancing drugs are often only effective in a narrow range of doses, and
frequently follow a U-shaped dose response curve. Optimally effective drug doses can
depend on the experimental conditions and parameters used (McGaugh & Roozendaal,
2008). To investigate the potential cognitive enhancing effects of CDPPB, we conducted a
conditioned taste aversion experiment using a conditioning procedure aimed at producing a
weaker conditioned taste aversion by using 0.075M LiCl, in 1.33% b.w. injected 30 minutes
after saccharin consumption (Miranda, Quirarte, Rodriguez-Garcia, McGaugh, &
Roozendaal, 2008). There were no significant differences in saccharin consumption between
groups on test days 1-4 using this procedure, confirming the above result and indicating that
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CDPPB did not significantly enhance the learning of a conditioned taste aversion (data not
shown).

4. Discussion
The present study demonstrated that CDPPB, while by itself is devoid of any effect,
attenuates an MK-801-induced disruption of inhibitory avoidance and conditioned taste
aversion learning. Furthermore, CDPPB was found to attenuate the hyperactivity induced by
MK-801. The mGlu5 receptor PAM, CDPPB, was administered prior to conditioning since
mGlu5 receptors are implicated in both acquisition and consolidation of learning and
memory processes. The drug has a brain half-life of approximately 4.4 hours (Kinney,
O’Brien, Lemaire, Burno, Bickel, Clements, Chen, Wisnoski, Lindsley, Tiller, Smith,
Jacobson, Sur, Duggan, Pettibone, Conn, & Williams, 2005), thus it was still active in the
brain during consolidation. The behavioral measures employed in the present study involve
a relatively short conditioning trial (duration of the CS-US pairing) so it is likely that both
acquisition and consolidation were affected by CDPPB administration.

The NMDA receptor antagonist, MK-801, has been found to impair learning in a variety of
tasks including inhibitory avoidance and conditioned taste aversion when administered
systemically (Golden & Houpt, 2007; Ishiyama, Tokuda, Ishibashi, Ito, Toma, & Ohno,
2007; Roesler, Vianna, De-Paris, & Quevedo, 1999; Saute, da Silveira, Soares, Martini,
Souza, & Ganzella, 2006). Dosages commonly used range from 0.1 mg/kg to 0.5 mg/kg, but
have been found to induce hyperactivity at these doses (e.g. Stefani & Moghaddam, 2010;
Uslaner et al., 2009; Vales, Svoboda, Benkovicova, Bubenikova-Valesova, & Stuchlik,
2010). A dose of 0.2 mg/kg MK-801 was used in the present study because a higher dose of
0.3 mg/kg was found to produce taste aversion on its own (Jackson & Sanger, 1989) and a
lower dose of 0.1 mg/kg was found to be behaviorally ineffective in inhibitory avoidance
(Gravius et al., 2006). No pre-exposure to the inhibitory avoidance apparatus was used in the
present study because habituation to a context has been shown to facilitate learning. That is,
pre-exposure to the inhibitory avoidance box or exposure to a low intensity footshock prior
to training prevented an NMDA receptor antagonist-induced memory impairment (Roesler,
Vianna, Sant’Anna, Kuyven, Kruel, Quevedo, & Ferreira, 1998). Context pre-exposure has
also been found to facilitate learning and memory in fear conditioning (e.g. Biedenkapp &
Rudy, 2007; Huff, Wright-Hardesty, Higgins, Matus-Amat, & Rudy, 2005).

In the present study, systemic administration of MK-801 significantly impaired performance
in both the inhibitory avoidance and conditioned taste aversion procedures, which is
consistent with findings that indicate the importance of NMDA receptor function in learning
(see Riedel, Platt, & Micheau, 2003 for a review). Local administration of NMDA receptor
antagonists demonstrated that both hippocampal and amygdalar NMDA receptors are
necessary for memory processing in inhibitory avoidance learning (Jerusalinsky, Ferreira,
Walz, Da Silva, Bianchin, Ruschel, Zanatta, Medina, & Izquierdo, 1992; Szapiro, Vianna,
McGaugh, Medina, & Izquierdo, 2003). Additionally, cortical and amygdalar NMDA
receptors are required for learning of a conditioned taste aversion (Berman, Hazvi, Neduva,
& Dudai, 2000; Escobar, Alcocer, & Bermudez-Rattoni, 2002; Ferreira, Gutierrez, De La
Cruz, & Bermudez-Rattoni, 2002; Gutierrez, Hernandez-Echeagaray, Ramirez-Amaya, &
Bermudez-Rattoni, 1999; Yasoshima, Morimoto, & Yamamoto, 2000). Similarly,
involvement of mGlu5 receptors in aversive learning has been well documented for a variety
of learning tasks (see Simonyi, Schachtman, & Christoffersen, 2010 for a review). Studies
using systemic administration of mGlu5 receptor antagonists prior to training have
demonstrated that activation of mGlu5 receptors is required for inhibitory avoidance
learning (Genkova-Papazova et al., 2007; Gravius et al., 2005; Jacob, Gravius, Pietraszek,
Nagel, Belozertseva, Shekunova, Malyshkin, Greco, Barberi, & Danysz, 2009; Simonyi,
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Schachtman, & Christoffersen, 2005). Another study showed that hippocampal mGlu5
receptors contribute to consolidation, but not extinction in this task (Simonyi et al., 2007).
Moreover, earlier studies from our laboratory revealed that mGlu5 receptor antagonism
attenuates conditioned taste aversion and latent inhibition (Bills, Schachtman, Serfozo,
Spooren, Gasparini, & Simonyi, 2005; Schachtman et al., 2003). In a recent study, MTEP,
an mGlu5 receptor antagonist, when administered to the basolateral amygdala, resulted in
normal conditioned taste aversion on the initial test trial, but slowed extinction (Simonyi et
al., 2009).

At the molecular and cellular level, multiple studies have confirmed the functional
interactions of mGlu5 and NMDA receptors (see details in the Introduction). At the
behavioral level, antagonists of mGlu5 receptors potentiate the effects of NMDA receptor
antagonists on locomotor activity, working memory, spatial memory, prepulse inhibition and
stereotypy (Campbell et al., 2004; Henry, Lehmann-Masten, Gasparini, Geyer, & Markou,
2002; Homayoun et al, 2004; Kinney, Burno, Campbell, Hernandez, Rodriguez, Bristow, &
Conn, 2003; Pietraszek, Gravius, Schafer, Weil, Trifanova, & Danysz, 2005). Similarly,
MK-801 and MTEP when co-administered at doses which were behaviorally inactive when
administered alone, were found to impair performance in a step-through inhibitory
avoidance task (Gravius et al., 2006). Finally, mGlu5 receptor PAMs are able to reverse the
cognitive deficits induced by NMDA receptor antagonism. For example, DFB attenuated
hyperactivity and impairment in object recognition induced by ketamine (Chan et al., 2008).
CDPPB reversed the MK-801-induced deficit in cognitive flexibility, object recognition, and
working and spatial memory (Darrah et al., 2008; Stefani & Moghaddam, 2010; Vales et al.,
2010). The effects of mGlu5 receptor PAMs in these learning tasks are likely due to
cognitive effects and not motivational, sensory or motoric effects of the drug. These studies,
along with the present study suggest that mGlu5 and NMDA receptors interact to affect
learning and memory although results obtained using systemic injection cannot support any
anatomical hypothesis about the sites at which these receptors interact on memory
processing. Some non-associative (e.g., motoric or sensory) effects of MK-801 occur, such
as the differences between groups on the conditioning trial of the avoidance experiment
reported here, but such effects of the drug cannot readily explain differences in test
performance (poor learning produced by this drug and reversal by CDPPB) when drug is
absent.

Several recent studies have found that mGlu5 receptor PAMs enhance performance in a
variety of tasks. For example, both CDPPB and ADX-47273 enhanced performance in the
Morris water maze (Ayala, Chen, Banko, Sheffler, Williams, Telk, Watson, Xiang, Zhang,
Jones, Lindsley, Olive, & Conn, 2009) and novel object recognition (Liu, Grauer, Kelley,
Navarra, Graf, Zhang, Atkinson, Popiolek, Wantuch, Khawaja, Smith, Olsen, Kouranova,
Lai, Pruthi, Pulicicchio, Day, Gilbert, Pausch, Brandon, Beyer, Comery, Logue,
Rosenzweig-Lipson, & Marquis, 2008; Uslaner et al., 2009), and DFB increased retention of
a spatial alternation task (Balschun et al., 2006). In the present study, CDPPB alone did not
appear to enhance performance in either task. However, a higher dose of CDPPB, along with
weaker conditioning procedures was not investigated, so we cannot adequately comment on
the potential memory enhancing effects of CDPPB. Nonetheless, our results in the open-
field test support and complement previous findings (Gass and Olive, 2009; Liu et al., 2008;
Rosenbrock, Kramer, Hobson, Koros, Grundl, Grauert, Reymann, & Schroder, 2010; Stefani
& Moghaddam, 2010; Vales et al., 2010). In addition, similar to the study by Uslaner and his
colleagues (2009), our study found that 3 mg/kg CDPPB attenuated the MK-801-induced
learning impairment but 10 mg/kg CDPPB was ineffective. The Uslaner study reported that
3 mg/kg CDPPB reversed an MK-801-induced deficit in novel object recognition; but higher
doses of 10 and 30 mg/kg CDPPB did not, suggesting an inverted-U-shaped dose response
curve. This type of dose-response curve is not uncommon among cognitive enhancers, and
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for a specific drug can vary depending on which behavioral task is being used. Uslaner et al.
(2009) note that mGlu5 receptor activation produces multiple downstream effects which are
not always straightforward, such as influences on LTP and LTD. Interestingly, different
mGlu5 receptor PAMs can influence mGlu5 receptor-related signaling pathways
differentially (Zhang, Rodriguez, & Conn, 2005). The fact that mGlu5 receptor activation
leads to different downstream effects, depending on which behavioral task is being used and
the amount of drug administered, may account for the present dose-response relationship.

NMDA and mGlu5 receptors are highly co-localized in regions associated with learning and
memory, such as the cortex, hippocampus and amygdala (Laurie & Seeburg, 1994; Romano,
Sesma, McDonald, O’Malley, Van den Pol, & Olney, 1995), and are physically linked
through anchoring proteins, which allow the synergistic activation of many signaling
proteins such as MAPKs and CREB underlying synaptic plasticity (Mao & Wang, 2002;
Yang et al., 2004). CDPPB has also been shown to increase CREB phosphorylation as well
as activation of CaMKII in the hippocampus and the prefrontal cortex (Uslaner et al., 2009).
However, further studies are needed to test whether these effects are more universal or
region-specific. A recent study found that administering CDPPB (10 mg/kg, i.p.) prior to
MK-801 administration prevented an NMDA receptor antagonist-induced increase in
prefrontal cortex neuron firing rate and also normalized disruptions in burst activity
(Lecourtier, Homayoun, Tamagnan, & Moghaddam, 2007). Researchers analyzed prefrontal
cortex neuron firing rate for two hours after drug administration and found the firing rate
remained elevated for over an hour, suggesting that the mGlu5 receptor PAM, CDPPB, does
not induce rapid mGlu5 receptor desensitization (Lecourtier et al., 2007).

These studies have important implications for translational research seeking to identify
potential drug treatments for a variety of diseases involving glutamate receptor dysfunction
such as schizophrenia. The negative symptoms and cognitive deficits of schizophrenia may
be the result of NMDA receptor hypofunction (for a review see Conn, Tamminga, Schoepp,
& Lindsley, 2008). Current antipsychotic drugs treat the positive symptoms of
schizophrenia, but are largely ineffective in treating the negative symptoms. NMDA
receptor agonists are not a viable treatment option because they pose a high risk of
excitotoxicity, which is why selective mGlu5 PAMs are receiving so much empirical
attention (Gravius, Pietraszek, Dekundy, & Danysz, 2010). PAMs, such as CDPPB,
potentiate mGlu5 receptor activity, which provides a way to increase NMDA receptor
activity without the risk of excitotoxicity (Gass & Olive, 2009). Recent research using
different animal models further supports the potential antipsychotic efficacy of mGlu5
receptor PAMs (Kinney et al., 2005; Liu et al., 2008; Vardigan, Huszar, McNaughton,
Hutson, & Uslaner, 2010).

The results of the present study are consistent with the notion that receptor interaction is
involved in the regulation of induction and persistence of LTP and LTD, and more generally
with the concept of metaplasticity (for a review see Abraham, 2008). Our study
demonstrates the functional interaction of mGlu5 and NMDA receptors in conditioned taste
aversion and inhibitory avoidance learning. This is an important basic feature of synaptic
plasticity underlying learning and memory and supports previous studies, as well as adds to
their results describing the interaction between mGlu5 and NMDA receptors.
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Fig. 1.
CDPPB does not influence inhibitory avoidance learning but reduces MK-801-induced
impairment in learning. (A) Vehicle (0), 3 or 10 mg/kg CDPPB was injected s.c. 20 minutes
before training. (B) PBS/Vehicle (0/0), 0.2 mg/kg MK-801/Vehicle (0.2/0), 0.2 mg/kg
MK-801/3 mg/kg CDPPB (0.2/3) or 0.2 mg/kg MK-801/10 mg/kg CDPPB (0.2/10) were
injected s.c/i.p. simultaneously 20 minutes before training. Retention was tested 48 hours
after training. The figure depicts the latencies during training (shaded bars) and test (open
bars). Results represent the median, interquartile range, and the lowest and highest values
(n=8-12). *p<0.05 vs. 0.2 mg/kg MK-801/Vehicle group, #p<0.001 vs. PBS/Vehicle group
(Kruskal-Wallis test, Mann-Whitney U test).
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Fig. 2.
CDPPB does not influence spontaneous locomotor activity but attenuates MK-801-induced
hyperlocomotion. (A) Animals were injected s.c. with Vehicle (0), 3 or 10 mg/kg CDPPB 20
minutes before being placed in the activity chamber. (B) Animals were injected (s.c./i.p.)
with PBS/Vehicle (0/0), 0.2 mg/kg MK-801/Vehicle (0.2/0), 0.2 mg/kg MK-801/3 mg/kg
CDPPB (0.2/3) or 0.2 mg/kg MK-801/10 mg/kg CDPPB (0.2/10) 20 minutes before being
placed in the activity chamber. Activity was recorded for 30 minutes. Data are expressed as
mean ± SEM of distance traveled (n=6-7). **p<0.01 vs. 0.2 mg/kg MK-801/Vehicle group
(One-way ANOVA, Bonferroni’s posttest).
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Fig. 3.
CDPPB does not influence conditioned taste aversion but attenuates MK-801-induced
disruption in classical conditioning. (A) Vehicle (0), 3 or 10 mg/kg CDPPB was injected s.c.
20 minutes before saccharin intake during conditioned taste aversion conditioning. Testing
was performed for three successive days, once per day, beginning 2 days after conditioning.
(B) PBS/Vehicle (0/0), 0.2 mg/kg MK-801/Vehicle (0.2/0), 0.2 mg/kg MK-801/3 mg/kg
CDPPB (0.2/3) or 0.2 mg/kg MK-801/10 mg/kg CDPPB (0.2/10) were injected s.c/i.p.
simultaneously 20 minutes before saccharin intake during conditioned taste aversion
conditioning. Testing was performed 48 hours later. Results are expressed as mean ± SEM
(n=7-14). *p<0.05 vs. 0.2 mg/kg MK-801/Vehicle group (One-way ANOVA, Bonferroni’s
posttest).
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