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Abstract
Adaptive responses in glutamate and opioid receptor systems in limbic circuits are emerging as a
critical component of the neural plasticity induced by chronic use of abused substances. The
present commentary reviews findings from neuroanatomical studies, with superior spatial
resolution, that support a cellular basis for prominent interactions of glutamate and opioid receptor
systems in preclinical models of drug addiction. The review begins by highlighting the advantages
of high-resolution electron microscopic immunohistochemistry for unraveling receptor
interactions at the synapse. With an emphasis on a recent publication describing the anatomical
relationship between the μ-opioid receptor (MOR) and the AMPA-GluR2 subunit by Beckerman
and Glass (2010), we review the anatomical evidence for opioid-induced neural plasticity of
glutamate receptors in selected brain circuits that are key integrative substrates in the brain's
motivational system. The findings stress the importance of glutamate-opioid interactions as
important neural mediators of adaptations to chronic use of abused drugs, particularly within the
amygdaloid complex.

The Role of Glutamate in Opiate Addiction
The importance of glutamate signaling in drug addiction has been extensively characterized
for numerous drugs of abuse, including amphetamines, benzodiazepines, cocaine, ethanol,
nicotine and opiates [for reviews see, (Cunha-Oliveira, et al., 2008, Kalivas, et al., 2009,
Koob, 2003)]. Disruption of normal glutamate transmission has been implicated in drug-
dependent excitotoxicity, drug seeking and reinstatement, as well as reward and
reinforcement (Kalivas, et al., 2009, Kalivas, et al., 2006, Knackstedt and Kalivas, 2009).
For many drugs of abuse, glutamate-opioid interactions are important determinants of
addictive processes in the brain, and both stress and exposure to drugs of abuse engage the
glutamatergic system at common neural sites (Fitzgerald, et al., 1996). As with many
addictive compounds, opiate abuse can lead to disturbances in excitatory amino acid
signaling, particularly through homeostatic disruption of glutamate, a ubiquitous excitatory
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neurotransmitter in the nervous system (Cunha-Oliveira, et al., 2008). As a result, numerous
investigators have explored the nature of glutamate-opioid interactions in drug abuse in the
hopes of better identifying potential therapeutic targets for the treatment of addiction.

The amygdaloid complex, in particular, serves as a critical site where glutamate and opioid
signaling intersect, and the role of this limbic structure has been the subject of intensive
investigation (Koob, 2003). The impact of the opioid system on glutamate regulation of
synaptic plasticity will be reviewed in light of recently published findings from Beckerman
and Glass in a recent issue of the journal. Glass's group has examined the cellular basis for
glutamate-opioid interactions in the amygdala using high-resolution electron microscopy
and this work provides an important anatomical substrate for proposed interactions between
the two systems.

Benefits of a High Resolution Immuno-Electron Microscopy Approach
In order to understand how drugs of abuse may impact G protein-coupled receptor or
ionotropic receptor dynamics and contribute to synaptic plasticity, it is essential to achieve
superior anatomical resolution to unravel the complexities of their proposed interactions at
the synaptic level. In situations in which light and fluorescence microscopy techniques may
provide only limited resolution, electron microscopy provides enhanced subcellular
resolution. Dual labeling immunohistochemistry employing visually distinct
immunoperoxidase and immunogold markers has been an effective approach for elucidating
complex receptor profiles at the synapse and to definitively establish the localization of
individual receptors and ligands to common cellular profiles. The immuno-electron
microscopy approach offers the potential for determining membrane versus intracellular
protein localization (Bangasser, et al., 2010, Reyes, et al., 2010, Reyes, et al., 2006, Reyes,
et al., 2008), as well as the association with various identifiable cellular organelles. For both
G-protein coupled receptors and ionotropic receptors, resolving the subcellular distribution
of these proteins allows predictions to be made regarding potential receptor interactions and
the ability to test specific synaptic models of interaction between related receptor systems.

The pre-embedding immunogold-silver technique used in the study by Beckerman and Glass
(2010) has several advantages. This approach maintains morphological preservation while
preserving discrete subcellular localization of the antigen of interest (Leranth and Pickel,
1989). Furthermore, pre-embedding immunogold-silver labeling can be more appropriate
than post-embedding immunogold labeling for localizing immunoreactivity at extra-synaptic
sites, and therefore, is particularly useful for determining the regional distribution of
receptors (Lujan, et al., 1996). Post-embedding immunogold labeling, although useful for
some antigens, can yield a high degree of non-specific adhesion of the gold particles,
making specificity of the reaction deposit difficult to discern. In combination with
peroxidase detection of a second antigen, which appears as a dense homogeneous precipitate
within cellular compartments, the dual labeling approach can unequivocally establish co-
existence of distinct receptor proteins in common cellular elements. Although the pre-
embedding immunogold-silver approach may produce lower estimates of receptor number
than immunoperoxidase labeling due to differences in reagent penetration (Leranth and
Pickel, 1989), limitations of the experimental approach are lessened by restricting analysis
of sections to the outer surface of the tissue where penetration of reagents is optimal.
Furthermore, whenever penetration is considered more important than preservation of fine
structure of the neuropil, enhancement methods (such as increased detergents i.e. Triton
X-100) can be considered (Leranth and Pickel, 1989). In summary, the quantitative approach
used by Beckerman and Glass (2010) has been extensively validated (Leranth and Pickel,
1989) and, under carefully controlled conditions, can allow for the quantitative evaluation of
the co-localization of neurotransmitters and receptors within the neuropil.
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Techniques used to discern the cellular distribution of glutamate and opioid receptor/ligand
constituents have provided critical information pertaining to functional implications of
interactions between these systems (Glass, et al., 2009). Using immunohistochemistry
combined with electron microscopy, such high-resolution neuroanatomical studies have
revealed sites of receptor interaction that can inform experimental approaches using
pharmacological manipulation to target these systems under conditions of chronic use of
abused substances versus control conditions.

The amygdala: an integrator of emotion and behavior
Due to its documented role in fear conditioning and emotional reactions to pain, the CeA has
been suggested to form a focal point for the convergence of emotional stimuli to produce
emotional responses (Koob, 2003). Moreover, the CeA is a key component of the extended
amygdala, a macrostructure composed of basal forebrain areas involved in mediating both
reward and stress, and is emerging as a critical neuroanatomical substrate of drug abuse and
addiction (Koob, 2003, Koob, 2008, Koob, 2008, Lang and Davis, 2006).

Increasing evidence indicates that glutamate transmission in the CeA plays a central role in
addiction-related processes (Bie, et al., 2009, Bie, et al., 2009, Glass, et al., 2008, Glass, et
al., 2009, Good and Lupica, 2010, Li, et al., 2007, Pollandt, et al., 2006, Zhu, et al., 2007,
Zhu and Pan, 2005). Glutamatergic afferents to the CeA originate from the lateral and BLA
nuclei (Pitkanen, et al., 1997, Zhu and Pan, 2004). Additionally, thalamic and limbic cortical
areas project to CeA subdivisions (McDonald, et al., 1999, Turner and Herkenham, 1991,
Vertes and Hoover, 2008). Information relating to sensory experiences and emotional states
relayed by these inputs are integrated with mnemonic systems via afferents from the
hippocampal formation (Pitkanen, et al., 2000) and processing of this information in the
CeA is modulated by dense monoaminergic innervation (Asan, 1998, Asan, et al., 2005,
Eliava, et al., 2003). The CeA, in turn, modulates autonomic, endocrine, and behavioral
processes through its projections to other components of the extended amygdala, the
hypothalamus, and the brainstem (Koob, 2008).

The CeA may be an important neuroanatomical substrate for glutamate-opioid receptor
interactions in opioid addictive behaviors. Most, if not all of the CeA neurons are
GABAergic and, in subpopulations, produce neuropeptides including opioid peptides and
corticotropin releasing factor (CRF), a stress-related peptide. Increased release of CRF in the
CeA is thought to mediate stress and anxiety associated with withdrawal from drugs of
abuse, including opioids (Asan, 1998, Asan, et al., 2005, Cassell and Gray, 1989, Fallon and
Leslie, 1986, Koob, 2008). Opioid and other peptides are also found in CeA axon terminals
(Eliava, et al., 2003, Poulin, et al., 2006). Moreover, the MOR is expressed in neurons in the
CeA (Mansour, et al., 1995, Mansour, et al., 1987, Mansour, et al., 1986, Poulin, et al.,
2006), and dual immuno-EM labeling for the MOR and the CRF receptor-1 (CRFr-1; (Jaferi
and Pickel, 2009)) in the lateral CeA documented that both proteins were colocalized in
somata, dendrites, and dendritic spines with over 50% or the CRFr-1-reactive dendritic
profiles co-labeled for MOR and 25% of MOR-labeled dendritic profiles colocalizing
CRFr1. Dendritic profiles containing CRFr1 and/or MOR received asymmetric synapses
from unlabeled or CRFr-1-reactive terminals, while MOR was found in terminals forming
symmetric, inhibitory-type synapses. Electrophysiological evidence of an interaction of the
drug withdrawal-associated CRF system with glutamatergic transmission in the CeA was
suggested by the finding that CRF–dependent LTP in the BLA–CeA pathway was
potentiated 2 weeks after cocaine withdrawal, a process possibly involving postsynaptic
NMDA receptors (Pollandt, et al., 2006).
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Concerning MOR-glutamate receptor interactions, electrophysiological data has shown that
stimulation of NMDA and MORs can have significant interactive effects on neuronal
activity in the CeA, but suggested somewhat diverse and competing synaptic models of
NMDA and MOR signaling (Glass, et al., 2009, Zhu and Pan, 2004, Zhu and Pan, 2005).
Moreover, pharmacological antagonists of AMPA and NMDA receptors (Watanabe, et al.,
2002), as well as spatial-temporal deletion of NR1 (Glass, et al., 2008) were documented to
inhibit the conditioned aversive properties of opioid withdrawal.

Two recent ultrastructural studies by Glass et al. (2009) and Beckerman and Glass (2010)
have now provided conclusive morphological proof for association of ionotropic glutamate
receptor (iGluR) subunits, namely the NMDA-NR1 and the AMPA GluR2 subunits, with
MOR in the mouse CeA (Beckerman and Glass, 2010, Glass, et al., 2009). Their studies
corroborated the ultrastructural localization of MOR described for the mouse lateral
amygdala (Jaferi and Pickel, 2009), and documented that both glutamate receptor subunits
were frequently found to co-localize with MOR in postsynaptic structures of the CeA which
were contacted by terminals forming asymmetric, excitatory synapses. The findings were
taken to indicate that postsynaptic co-modulation of central amygdala neurons may be a key
cellular substrate mediating glutamate and opioid interactions of the neural signaling and
plasticity, underlying both normal and pathological emotional processes associated with
addictive behavior (Glass, et al., 2009). Interestingly, MOR and the AMPA-GluR2 subunit
were frequently associated with common intracellular organelles, as well as adjacent areas
of the surface membrane, indicating the possibility that both proteins can form larger
macromolecular complexes (Beckerman and Glass, 2010). The NMDA-NR1 subunit and
MOR were typically present in non-overlapping subcellular compartments, suggesting
distinct synthesis and trafficking of these receptors (Glass, et al., 2009).

Anatomical Evidence for Glutamate-Opioid Interactions
Cellular substrates for glutamate and opioid system interactions have been demonstrated
through the co-localization of various glutamate and opioid receptor system constituents in
several brain regions known to play a role in opiate addiction. A host of studies of
glutamate-opioid interactions have focused upon the iGluRs such as N-methyl D-aspartate
receptors (NMDARs) and α-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate receptors
(AMPARs). These ion channel receptors allow for the flow of cations such as Ca2+, Na+ and
K+, and mediate fast excitatory neurotransmission in the nervous system. The NMDARs are
transmembrane ionotropic receptors that require the presence of the NR1 subunit for
functionality and, by regulating synaptic plasticity, play an essential role in learning and
memory processes [reviewed in (Brown, et al., 1988, Cull-Candy, et al., 2001, Maren, 1999,
Rebola, et al., 2010)]. AMPARs are transmembrane ionotropic receptors that mediate fast
excitatory synaptic transmission in the nervous system, named for AMPA, a glutamate
analogue that binds specifically to these receptors (Cull-Candy, et al., 2006, Kessels and
Malinow, 2009, Tanaka, et al., 2000). These receptors are often heterotetramers comprised
of combinations of the four AMPAR subunits: GluR1 GluR2, GluR3, and GluR4. The
subunit composition of these receptors determines cation permeability, with Ca2+

impermeability conferred by the presence of the GluR2 subunit (Tanaka, et al., 2000).
Activity-dependent cellular regulation of the subunit composition of both AMPAR and
NMDARs determine both their functionality and the amount of current transmitted. Within
the amygdala, NMDA receptor subunits have differential localization in comparison to the
AMPA receptor subunits (Farb, et al., 1995, Radley, et al., 2007).

Evidence for co-existence of NMDA and opioid receptors
Because of its well-known role in synaptic plasticity, opioid influences on the NMDAR
have received considerable attention. Within the central nucleus of the amygdala (CeA),
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Glass et al. (2009) provided an anatomical substrate for NMDA-NR1 subunit co-existence
with the μ-opioid receptor (MOR) subtype in primarily dendritic profiles that often received
asymmetric excitatory-type synaptic input. Within the nucleus of the solitary tract (NTS), a
major afferent to the CeA, Huang, et al. (2000) detected the functional NR1 subunit of the
NMDAR along organelle membranes within the soma and proximal dendrites of NTS
neurons that also exhibited MOR labeling along extrasynaptic membranes. Co-localization
of presynaptic MOR and NMDA-NR1 was also detected, to a lesser extent, within axon
terminals forming asymmetric-type synaptic junctions (Huang, et al., 2000). Within the
nucleus of the solitary tract (NTS), MOR immunoreactivity has been demonstrated within
postsynaptic targets of axon terminal projections from the CeA (Pickel and Colago, 1999).
Furthermore, within the NTS, small axons containing MOR were identified apposed to
anterogradely-labeled axons from the CeA, suggesting that MOR agonists may modulate the
postsynaptic inhibition produced by CeA afferents, but may also play a role in the
presynaptic release of other neurotransmitters (Aicher, et al., 2000). Though MOR-
immunoreactive terminals formed primarily inhibitory-type synaptic junctions in the NTS,
asymmetric excitatory-type junctions were also occasionally observed to contain
plasmalemmal immunogold labeling for MOR (Cheng, et al., 1996). In rats self-
administering morphine, Glass et al. (2004) examined the subcellular targeting of the
NMDA-NR1 receptor subunit in the NTS. Compared to saline-treated controls, self-
administration of escalating doses of morphine led to a reduction in plasmalemmal NMDA-
NR1 with concurrent increases in intracellular NMDA-NR1 localization. This shift in the
distribution of NMDA-NR1 was primarily within smaller, presumably more distal dendritic
profiles of medial NTS neurons (Glass, et al., 2004).

In other key brain regions implicated in opioid-mediated behaviors, prominent co-existence
between NMDAR and MOR has been reported. Within the shell of the nucleus accumbens
(NAc), a subset of dendritic profiles was shown to contain both MOR and NMDA-NR1
immunoreactivities. Additionally, presynaptic NMDARs were observed in direct apposition
with MOR-labeled dendrites. These dual anatomical substrates provide multiple potential
substrates for glutamate-opioid interactions in the NAc, a region critical to the regulation of
the motivational and motor effects of opioids (Gracy, et al., 1997). MOR-enriched regions
within the caudate-putamen were often observed to exhibit labeling for NMDA-NR1 within
dendrites and dendritic spines, and asymmetric synapses accounted for the majority of
synaptic complexes targeting MOR and NR1-labeled profiles (Wang, et al., 1999).

Evidence for co-existence of AMPA and opioid receptors
More recently, evidence for AMPAR-opioid interactions within brain regions critical to
opioid addiction is emerging. In one of the first studies to examine the ultrastructural
relationship of Ca2+ impermeable AMPARs with MOR, Beckerman and Glass (2010) have
recently described evidence of AMPA-GluR2 co-localization with MOR within the CeA.
This builds on the group's prior studies showing that self-administration of morphine alters
the distribution of the AMPA-GluR1 subunit in the amygdala (Glass, et al., 2005). In that
study, Glass demonstrated that the Ca2+ sensitive AMPA-GluR1 subunit was recruited to
extrasynaptic plasmalemmal sites of larger dendrites in response to morphine self-
administration in the basolateral amygdaloid nuclei (BLA). However, similar observations
were not made within the central nucleus, where AMPA-GluR1 distribution was unchanged
in response to morphine self-administration (Glass, et al., 2005). The limited observation of
co-localized AMPA-GluR1 and MOR in these regions suggested that direct opioid-AMPA-
GluR1 interactions within the amygdala may not underlie the observed shift in the
distribution of AMPA-GluR1 to the plasma membrane in response to morphine
administration (Glass, et al., 2005). Similarly to that reported for MOR and AMPA-GluR2
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in the CeA (Beckerman and Glass, 2010), these receptors co-localized within dendritic
profiles that often received asymmetric excitatory-type synaptic input (Glass, et al., 2009).

Whereas repeated exposure to morphine led to an increased presence of AMPA-GluR1
along the membrane of neurons in the BLA (Glass, et al., 2005), opposite findings were
reported in the NAc. Chronic exposure to escalating morphine doses led to a decreased
plasmalemmal presence of the AMPA-GluR1 in medium-large dopamine D1 receptor (D1R)
labeled dendrites in the NAc shell subregion. In the NAc core subregion, decreased
plasmalemmal AMPA-GluR1 was observed in smaller dendritic profiles that were found to
lack dopamine D1Rs. The findings suggested differential sensitivity to dopamine in NAc
core versus shell dendrites that exhibit decreased plasmalemmal GluR1 in response to
chronic, intermittent morphine exposure (Glass, et al., 2008). Additionally, Lane, et al.
(2008) described alterations in AMPA-GluR1 in response to both acute and chronic
morphine exposure in the ventral tegmental area (VTA), a midbrain dopaminergic region
integral to reward and reinforcement(Lane, et al., 2008). Chronic opioid exposure induced
an increased presence of AMPA-GluR1 immunoreactivity at the plasma membrane and
post-synaptic densities of forebrain-projecting (motivation and drug-seeking) and of limbic-
structure projecting (locomotor and reward) VTA neurons (Lane, et al., 2008).

Significance of subcellular localization
The functional implications of the neuroanatomical findings may depend, in part, on the
subcellular site at which MORs and iGluRs co-localize. Two potential issues for
consideration include dendritic size and localization relative to the synapse. Because
functional input to neurons may be quite different in proximal versus distal dendrites, the
implications of glutamate-opioid interactions may differ between smaller (distal) and larger
(proximal) profiles. Glass et al. (2005) described a significant increase in the proportion of
AMPA GluR1 on the plasma membrane of large profile (2–4 micron) dendrites in the
basolateral amygdala following morphine self-administration (Glass, et al., 2005). This
result differs from observations within the CeA where morphine self-administering and
control animals exhibited similar proportions of surface and intracellular GluR1 receptors in
dendrites that exhibited abundant co-expression of MORs. Interestingly, BLA neurons with
increased surface GluR1 receptors did not frequently co-express MORs. With respect to the
non-calcium-permeable AMPA receptor, GluR2, in the CeA, MOR was frequently co-
localized within small to medium dendrites providing a neuronal substrate for opioid-
mediated plasticity (Glass, 2010). This prominent co-localization is also consistent with the
distribution of NMDA R1 and MORs in CeA neurons which was also observed in small to
medium CeA dendrites (Glass, et al., 2009). Irrespective of the size of the postsynaptic
targets in either the BLA or the CeA, synaptic inputs to dual-labeled dendrites were
frequently from unlabeled axon terminals forming asymmetric excitatory-type synapses. In
summary, these results suggest that trafficking of GluR1, GluR2 and NMDA NR1 in
response to opiate exposure is not only regionally specific within amygdalar subdivisions
but differs with respect to proximal versus distal portions of dendrites (Figure 1).
Furthermore, these findings indicate that dendrites are a critical site of integration for
agonists of NMDA, AMPA receptors and MORs that may contribute to neural plasticity
associated with pathological emotional processes, particularly those associated with
substance abuse.

Convergent lines of evidence indicate that glutamate receptor localization is a highly
dynamic process that involves complex regulation of receptor trafficking and lateral
diffusion between synaptic and extrasynaptic sites (Groc and Choquet, 2006, Groc, et al.,
2004, Newpher and Ehlers, 2008, Triller and Choquet, 2005). Extrasynaptic glutamate
receptors can both regulate the equilibrium of synaptic receptor exchange in addition to
activation of independent signaling pathways (Newpher and Ehlers, 2008). Accordingly,
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examination of the subcellular localization of MOR and iGluR labeling relative to excitatory
synapses in the amygdala may help to elucidate glutamate-involvement in opioid-related
behaviors such as conditioned place preference, withdrawal-related place aversion, and
behavioral sensitization to drug exposure. Neuroanatomical and electrophysiological
findings suggest a significant extrasynaptic presence of both iGluR and MORs. These
receptors commonly co-localize in cellular profiles in which one or both receptors may be
extrasynaptic. Extrasynaptic NMDAR or MOR have been detected in the CeA (NR2B-
Lopez de Armentia and Sah, 2003), NTS (MOR: Huang, et al., 2000), PAG (MOR:
Commons, et al., 1999), and in the NAc (NR1, MOR: Gracy, et al., 1997). AMPAR and
MOR co-localization has also been detected in the BLA (GluR1, MOR: Glass, et al., 2005),
hippocampus (GluR1: Billa, et al., 2010), and most recently, in the CeA by Beckerman and
Glass (2010). Their findings provide evidence for both synaptic and extrasynaptic
localization of AMPA GluR2 and MOR in CeA dendrites. This body of neuroanatomical
data is indicative of the importance of iGluR and MOR interactions not only at the
excitatory synapse, but also within the numerous sites of extrasynaptic co-localization
throughout the brain. Moreover, a growing body of electrophysiological data is suggestive
of the functionality of extrasynaptic iGluRs (Jonas and Sakmann, 1992, Spruston, et al.,
1995, Spruston, et al., 1995).

Functional Consequences of Glutamate-Opioid Interactions in the
Amygdala

Glutamate-opioid interactions have direct implications for glutamate synaptic transmission.
Whole-cell recordings from CeA neurons in brain slices reveal that presynaptic activation of
MOR significantly attenuated glutamate synaptic transmission (Zhu and Pan, 2005), and
similar findings were reported in neocortical neurons (Ostermeier, et al., 2000). Within
cerebrocortical synaptosomes, acute morphine was shown to inhibit glutamate release
through the reduction of Ca2+ influx into the terminal (Yang, et al., 2004). The mechanisms
underlying these physiological changes have also been explored. While acute morphine
attenuates prefrontal cortical cell activation by excitatory afferents (Giacchino and
Henriksen, 1998), following chronic exposure, morphine withdrawal significantly
upregulates glutamatergic synaptic transmission via presynaptic mechanisms involving the
cAMP pathway (Bie, et al., 2005, Moron, et al., 2010), PKC activation (Bie, et al., 2005,
Chen and Huang, 1991). Ionotropic glutamate receptors have important regulatory roles
related to opioid system function in the amygdala, particularly through their contribution to
learning and memory. Opioid exposure leads to definitive effects on both the AMPAR and
NMDAR systems that can be observed at multiple different levels within the nervous
system.

NMDAR-specific effects
Narita, et al. (2000) have documented that morphine-conditioning leads to up-regulation of
the NMDAR subunit NR2b specifically within the limbic forebrain. This phenomenon of
morphine-conditioned place preference was abolished through blockade of NR1 or NR2
activation without affecting the drug's rewarding effects (Narita, et al., 2000). Similar effects
have been noted specifically within the amygdala. Microinjection of the NMDAR antagonist
MK-801 (Ishida, et al., 2008, Rezayof, et al., 2007, Watanabe, et al., 2002) or DCPPene
(Watanabe, et al., 2002) in to the CeA significantly attenuated morphine-withdrawal-
induced place aversion. Furthermore, deletion of the NR1 subunit within the CeA preserved
the morphine withdrawal syndrome, but eliminated the ability of mice to exhibit
conditioned-place aversion following naloxone-precipitated withdrawal (Glass, 2010).
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AMPAR-specific effects
Similar to findings within the NMDAR system, local blockade of AMPAR activation in the
CeA effectively attenuated or eliminated opiate withdrawal-conditioned behaviors.
Microinjection of the AMPAR antagonist CNQX (Watanabe, et al., 2002) or GYK152466
(Ishida, et al., 2008) directly into the CeA attenuated the conditioned-place aversion induced
by precipitated opiate withdrawal. Behavioral sensitization to morphine was associated with
decreased AMPA-GluR2 mRNA expression in the amygdala, suggesting a potential role for
enhanced Ca2+ permeability of iGluRs in this opioid-conditioned behavioral response
(Sepehrizadeh, et al., 2008). Whereas AMPA-GluR2 expression decreased with behavioral
sensitization to morphine, NMDA mRNA expression in the amygdala was increased
(Sepehrizadeh, et al., 2008). Similarly, Billa, et al. (2010) reported that repeated morphine
administration also increased the abundance of GluR2-lacking, GluR1-containing AMPARS
at both synaptic and extrasynaptic sites (Billa, et al., 2010). Corresponding
electrophysiological studies have demonstrated increased Ca2+ permeability of synaptic
AMPARs following repeated morphine exposure (Billa, et al., 2010). Collectively, these
data suggest that glutamate-opioid interactions may result in a chronic opioid exposure
dependent shift in AMPAR composition and associated Ca2+ permeability that impacts the
excitability of neurons in the CeA and beyond.

Neuroanatomical findings such as those presented by Beckerman and Glass (2010) provide a
high-resolution snap-shot of iGluRs and MOR localization. While these data are strongly
supportive of glutamate-opioid interactions in the CeA and beyond, regulation of excitatory
synaptic transmission is a highly dynamic process that is dependent upon the presence of the
necessary synaptic players. With exposure to opioids, rapid adaptations to excitatory
transmission occur that regulate the presence of iGluR subunits both along the membrane
and at the synapse. For instance, an increased cell-surface presence of AMPARs lacking the
GluR2 subunit was noted 12 hours following repeated morphine exposure at both
extrasynaptic sites and within post-synaptic densities (Billa, et al., 2010). Repeated
morphine effects on the surface expression of AMPAR subunits were also examined
throughout the rat limbic system by Mickiewicz and Napier (2011). Surprisingly, surface
GluR1 and GluR2 presence was not altered by morphine exposure in several regions with
known involvement in opiate-mediated behaviors, including the NAc and ventral pallidum.
However, GluR1 surface expression was decreased in the medial PFC in response to
repeated opiate exposure, indicating that the functional consequences of glutamate-opioid
interactions appear to be highly region-specific (Mickiewicz and Napier, 2011).

Recent studies may shed some light on the mechanism whereby AMPA receptors exhibit
differential trafficking as an adaptive response. Pacchioni and Kalivas (2009) have described
a role for neuronal pentraxins in AMPA receptor clustering. Of the three neuronal pentraxins
described Narp, NP1 and NPR, Narp and NP1 appear to cluster AMPA receptors, while
NPR contributes to removing AMPA receptors during mGluR-dependent long-term
depression (Pacchioni and Kalivas, 2009). Further studies are required to determine whether
a similar mechanism applies to morphine-induce adaptations in amygdalar subregions.

Non-Opiate Drugs of Abuse: Potential Involvement of Glutamate-Opioid
Interactions?

A plethora of evidence provides support for the critical importance of glutamate-opioid
system interactions in opiate exposure, abuse, and addiction. Beckerman and Glass (2010)
emphasize the importance of glutamate-opioid receptor relationships in the CeA- a region
critical to the integration of learning and emotion associated with goal-directed behaviors
involved in opiate addiction. However, glutamatergic signaling has been shown to be
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intricately linked to the addictive processes associated with other drugs of abuse such as
cocaine, benzodiazepines, ethanol and nicotine [for general reviews, see (Cunha-Oliveira, et
al., 2008, Kalivas, et al., 2009, Koob, 2003)]. Cocaine has been shown to alter the
expression, abundance and trafficking of various NMDAR and AMPAR subunits in the
striatum (Ghasemzadeh, et al., 2009, Ghasemzadeh, et al., 2009, Ross and Peselow, 2009)
and NAc (Famous, et al., 2008, Good and Lupica, 2010). The role of glutamate in cocaine
seeking has received attention from numerous groups [for selected publications, see
(Anderson, et al., 2008, Famous, et al., 2008, Famous, et al., 2007, Ghasemzadeh, et al.,
2009, Ghasemzadeh, et al., 2009, Hearing, et al., 2010, Knackstedt and Kalivas, 2009,
Kumaresan, et al., 2009, Schmidt, et al., 2005)]. Important glutamatergic mechanisms have
been identified in the neural processes that occur in the context of benzodiazepine
withdrawal (Das, et al., 2008, Das, et al., 2010), nicotine dependence and reward
(Berrendero, et al., 2010), and cannabinoid exposure (Good and Lupica, 2010).
Glutamatergic-opioid interactions have already been demonstrated in studies of the delta-
opioid receptor function in the amygdala following ethanol exposure (Bie, et al., 2009, Bie,
et al., 2009).

Future studies will be necessary to provide continued assessment of the potential ways in
which opioid signaling may impact glutamatergic involvement in drug seeking,
reinstatement, reward and reinforcement. Given what is known about the role of opioids in
neural processes such as reward, motivation and nociception, it is quite possible that the
neuroanatomical evidence for glutamatergic-opioid interactions reviewed here may lead to
functional discoveries that expand our understanding of the synaptic dynamics of these
important receptor systems.
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Figure 1.
Summary diagram of results obtained from high resolution electron microscopy studies of
MORS and iGluRs. Glass et al. (2005) described a significant increase in the proportion of
AMPA GluR1 on the plasma membrane of large profile (2–4 micron) dendrites in the
basolateral amygdala following morphine self-administration, an effect not observed in the
CeA. With respect to GluR2 or NMDA NR1 in the CeA, MOR was frequently co-localized
with MORS within small to medium dendrites providing a neuronal substrate for opioid-
mediated plasticity (Glass, 2010; Glass, et al., 2009). These results suggest that trafficking
of GluR1, GluR2 and NMDA NR1 in response to opiate exposure is not only regionally
specific within amygdalar subdivisions but differs with respect to proximal versus distal
portions of dendrites and may contribute to neural plasticity associated with pathological
emotional processes, particularly those associated with drug abuse.
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