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Opiate addiction is characterized by progressive increases in drug intake over time suggesting maladaptive changes in motivational and
reward systems. These behaviors are mediated by dopaminergic neurons originating from the ventral tegmental area (VTA), and long-
term changes of these dopaminergic neurons are attributed to increased postsynaptic glutamatergic activation. Indeed, chronic mor-
phine administration is known to increase AMPA receptor glutamate receptor 1 (GluR1) subunit in the VTA. However, there is no
ultrastructural evidence that morphine affects the expression or surface availability of GluR1 subunits in VTA neurons of defined
distribution or transmitter phenotype. Therefore, we examined electron microscopicimmunolabeling of GluR1 and tyrosine hydroxylase
(TH) in two VTA regions of rats perfused 1 h after a single injection of morphine, or chronic morphine in intermittent-escalating doses for
14 d, and appropriate saline controls. Acute morphine administration produced a significant increase in GluR1 immunogold particles at
the plasma membrane and postsynaptic densities in both TH- and non-TH-containing dendrites in the parabrachial VTA, a region that
contains mainly prefrontal-cortical-projecting dopaminergic neurons involved in motivation and drug-seeking behavior. Chronic mor-
phine administration maintained the increased synaptic GluR1 labeling in the parabrachial VTA, but also increased the number of
GluR1-labeled synapses and TH immunoreactivity in dendrites of the paranigral VTA where substantially more dopaminergic neurons
project to limbic structures implicated in locomotor activation and reward. These results demonstrate a region- and dose-dependent
redistribution of GluR1-containing AMPA receptors, which is consistent with acute morphine activation of cortical-projecting VTA

neurons and chronic morphine activation of limbic-projecting VTA neurons.
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Introduction

Dopaminergic neurons in the ventral tegmental area (VTA) play
a critical role in motivated goal-seeking behavior and reward
(Koob and Bloom, 1988; Le Moal and Simon, 1991). Opiates
indirectly activate these cells via disinhibition of GABA interneu-
rons (Johnson and North 1992), the major cell type expressing
p-opioid receptors in the VTA (Garzén and Pickel, 2001; Svingos
etal., 2001). Opiates also increase AMPA receptor-mediated glu-
tamatergic transmission to VTA dopaminergic neurons (Saal et
al., 2003), via glutamatergic inputs from the medial prefrontal
cortex (mPFC), lateral amygdala, and other brain regions (Carr
and Sesack, 2000; Sesack et al., 2003; Geisler and Zham, 2005).
This change in glutamate can, in turn, modulate dopamine re-
lease in the mPFC and nucleus accumbens (NAc), the respective
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primary targets of parabrachial (PB) and paranigral (PN) VTA
projection neurons (Kalivas et al., 1989; Taber and Fibiger, 1995;
Karreman and Moghaddam, 1996; Meltzer et al, 1997;
Kretschmer, 1999).

Lasting changes in AMPA receptor-mediated glutamatergic
transmission in VTA dopaminergic neurons are thought to con-
tribute to the development of addiction (Wolf, 2003). Stimuli
that induce long-term potentiation (LTP) increase the number of
functional AMPA receptors at synapses (Liao et al., 1995; Mali-
now and Malenka, 2002) and LTP can be elicited from neurons
within the VTA (Bonci and Malenka, 1999). Opiates may initiate
changes in VTA glutamate transmission leading to the develop-
ment of addiction. In fact, a single injection of morphine en-
hances AMPA receptor-mediated synaptic strength in the VTA
(Saal et al., 2003) and overexpression of the AMPA glutamate
receptor 1 (GluR1) subunit in the VTA is sufficient to produce
behavioral sensitization (Carlezon et al., 1997), an animal model
of addiction thought to parallel neuroadaptations that underlie
the development of addiction in humans.

There are distinct regional differences in glutamate connectiv-
ity and dopaminergic output of the VTA. The PB VTA contains
predominantly cortical-projecting dopaminergic neurons that
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receive direct glutamatergic input from the mPFC. In contrast,
glutamatergic efferents target mainly GABAergic interneurons in
the PN VTA (Carr and Sesack, 2000; Sesack et al., 2003; Geisler
and Zahm, 2005). Thus, limbic-projecting dopaminergic neu-
rons of the PN VTA are indirectly affected by glutamate. These
differences in anatomical connectivity have opposing effects on
tonic dopamine release in the mPFC and NAc (Takahata and
Moghaddam, 2000). Consequently, morphine administration
may produce region-specific changes in the availability and func-
tional assembly of GluR1 subunits at the synapse. Furthermore,
these mechanisms may be different depending on the duration of
morphine administration.

To address these important issues, we examined the electron
microscopic immunogold-labeling of the AMPA receptor GluR1
subunit in rat VTA perfused 1 h after acute (single injection) or
chronic (14 d of intermittent escalating-dose) morphine admin-
istration. Dopaminergic neurons were identified by peroxidase
labeling of tyrosine hydroxylase (TH), an essential enzyme for
dopamine synthesis not present in other VT'A neurons. The re-
sults show that morphine produces region-specific relocation of
AMPA GluR1 subunits consistent with immediate but persistent
effects on PFC-projecting mesocortical dopaminergic neurons
located predominantly in the PB VTA, and more delayed effects
on NAc-projecting mesolimbic dopaminergic neurons located
primarily in the PN VTA.

Materials and Methods

Animal models

Experimental protocols involving animals and their care were approved
by the Institutional Animal Care and Use Committee at Weill Medical
College of Cornell University and the Rockefeller University. Male
Sprague Dawley rats (Taconic Farms) of starting weight 250-300 g were
individually housed and maintained on a reverse 12 h light cycle (lights
out at 7:00 A.M.). Food and water were available ad libitum. Rats were
used for either (1) retrograde identification of VTA projection neurons,
or (2) systemic administration of morphine or saline.

Retrograde transport. To assure the proper selection of VTA subre-
gions, which contain neurons projecting to the mPFC (PB-VTA) and
NAc (PN-VTA) (Carr and Sesack, 2000), the location of these projection
neurons was examined in two male Sprague Dawley rats with successful
stereotaxic injections of the retrograde tracer Fluorogold (FG; Fluoro-
chrome) in either the mPFC or NAc. FG is a well established tract tracing
method which retrogradely labeled dendrites up to the fourth or fifth
branching orders and provides labeling comparable with wheat germ
agglutinin-conjugated horseradish peroxidase (Schmued and Fallon,
1986; Pieribone and Aston-Jones, 1988; Van Bockstaele et al., 1994).
Iontophoretic application of FG results in selective labeling of neurons,
with minimal labeling of fibers of passage (Pieribone and Aston-Jones,
1988). Each rat was anesthetized by an intraperitoneal injection of 65
mg/kg sodium pentobarbital (Sigma) together with 0.5 ml of a long-
acting local anesthetic (marcaine, 0.5%; Abbott Laboratories). Once
anesthetized, the scalp was shaved and the animal was mounted in a
stereotaxic frame with the incisor bar set at 3.3 mm below the interaural
line. The scalp was cleaned with 70% isopropyl alcohol (Cardinal
Health), and betadine solution (Perdue Products) and an incision was
made to expose the skull. A unilateral hole was drilled either above the
mPFC [3.3 mm anteroposterior (AP); 1.0 mm mediolateral (ML); 2.0—
4.0 mm dorsoventral (DV) to bregma] or the NAc (1.7 mm AP; 1.5 mm
ML; 6.5 mm DV to bregma) using coordinates from the Paxinos and
Watson (1986) rat brain atlas. Unilateral iontophoretic injection of FG
(1% FG in 0.1 M sodium acetate buffer) was achieved by a 10-50 nA
current pulse for 5son, 5 s off, for a total of two 10 min injections into the
mPFC (one at 4.0 mm and the other at 2.0 mm ventral to the brain
surface) or 20 min into the NAc. The micropipette was then removed, the
hole filled with bone wax, and the incision was sutured closed (Ethicon).
After surgery, rats received topical application of lidocaine ointment
(5%; Fougera) and Neomycin and Polymyxin B sulfates antibiotic oint-
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ment (Bausch and Lomb) at the incision site. Recovery from anesthesia
was closely monitored under a warm pad to maintain body temperature.
After rats regained consciousness, they were housed individually in poly-
ethylene cages and returned to animal housing. Animals were killed 7 d
after FG injection (see below, Tissue preparation).

Acute and chronic morphine or saline administration. Twelve naive rats
were randomly assigned to one of four treatment groups: acute saline,
acute morphine, chronic saline, or chronic intermittent escalating mor-
phine administration. Acute groups received one injection of either sa-
line or morphine (20 mg/kg, i.p.) and were killed 1 h later. Chronic
groups received three injections per day (at 10:00 A.M., 4:00 P.M., and
10:00 P.M.) for 14 consecutive days of either saline or an escalating dose
of morphine, in a pattern based on previously established self-
administration doses of morphine (ranging from 3 mg/kg to 24 mg/kg,
i.p., cumulative dose per day) (Kruzich et al., 2003; Glass et al., 2005).
Animals were killed 1 h after the final morphine injection to avoid with-
drawal. Given that injected morphine sulfate has a half-life of 2-4 h,
morphine was, most likely, still physiologically active in the animals’
systems at the time they were killed.

Tissue preparation

Rats were deeply anesthetized with sodium pentobarbital (120 mg/kg,
i.p.; Sigma) and perfused through the ascending aorta with 20 ml of
heparin (1000 U/ml) in saline (American Pharmaceutic Partners) fol-
lowed by 50 ml of 3.75% acrolein (Polysciences) in 2% paraformalde-
hyde in 0.1 M phosphate buffer, and finally 200 ml of 2% paraformalde-
hyde in 0.1 M phosphate buffer (Sigma). The brains were removed and
cut into 4—5 mm coronal blocks that were postfixed in 2% paraformal-
dehyde for 30 min, then sliced to 40 wm sections on a Leica Vibratome
VT1000 in chilled 0.1 m phosphate buffer. The collected vibratome sec-
tions were placed in a storage solution (30% sucrose, 30% ethylene glycol
in 0.05 M phosphate buffer, pH 7.4) at —20°C until used for immunola-
beling of GluR1 and/or TH.

Antisera

A rabbit polyclonal antiserum against FG was commercially obtained
from Millipore. This antiserum has been used extensively for identifica-
tion of the injection sites and retrograde labeling of FG in many brain
regions including the VTA (Van Bockstaele et al., 1994; Van Bockstaele
and Pickel, 1995; Carr and Sesack, 2000).

GluR1 immunolabeling was achieved using an affinity purified rabbit
polyclonal antiserum raised against a 15 aa peptide sequence correspond-
ing to the C terminus of rat GluR1 AMPA subunit (Millipore). The
GluR1 antiserum is well characterized by immunolabeling and Western
blot analysis, which shows that this antiserum recognizes a single band of
110 kDa corresponding to the GluR1 subunit with no cross-reaction with
GluR2-GluR4 subunits (Siegel et al., 1995; Aicher et al., 2002; Glass et al.,
2005).

The mouse monoclonal antibody raised against the rate-limiting
catecholamine-synthesizing enzyme TH was commercially obtained
from Immunostar. This antiserum exclusively recognizes TH (molecular
weight, 60 kDa) and not other catecholamine-synthesizing enzymes
(Garzo6n and Pickel, 2001; Lessard and Pickel, 2005).

Immunocytochemistry

Coronal sections of the VTA, mPFC, and NAc of FG-injected animals
were coprocessed using immunoperoxidase labeling for the detection of
FG. Coronal sections of tissue containing the VTA of morphine and
saline-injected animals were coprocessed using a dual immunogold-
silver method for the detection of the GluR1 subunit of the AMPA glu-
tamate receptor and immunoperoxidase detection of TH. Coprocessing
decreased the potential variability in labeling between experimental
groups. The pre-embedding dual-labeling protocol used in the present
study was adapted from that of Chan et al. (1990). In preparation for
immunolabeling, sections of tissue containing the VTA were placed in
1% sodium borohydride in 0.1 M phosphate buffer to remove excess
aldehydes, then freeze-thawed to enhance penetration of immunore-
agents. For this, the tissue was incubated in a cryoprotectant solution
(25% sucrose and 2.5% glycol in 0.05 M phosphate buffer), then im-
mersed successively in liquid Freon, liquid nitrogen, and room temper-
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ature 0.1 M phosphate buffer. Tissue sections were rinsed (0.1 M phos-
phate buffer followed by 0.1 m Tris-buffered saline (TBS; pH 7.4) and
incubated in 0.5% bovine serum albumin (BSA) in TBS to minimize
nonspecific labeling. The tissue was then incubated for 42 h (24 hatroom
temperature and 18 h at 4°C) in a primary antibody solution containing
mouse anti-TH (1:50,000) and rabbit anti-GluR1 (1:150) antisera in
0.1% BSA in TBS. For immunoperoxidase detection of both FG and TH,
the avidin-biotin complex (ABC) method was used. Sections were incu-
bated for 30 min in biotinylated goat anti-rabbit (FG) or horse anti-
mouse (TH) IgG (both 1:400) and then a 1:200 ABC solution (Vector
Laboratories). The peroxidase reaction product was visualized with
0.022% 3,3’ -diaminobenzidine (Aldrich), and 0.003% H,O, in TBS for 6
min. For immunogold-silver visualization of GluR1 immunoreactivity,
tissue sections were incubated for 2 h in goat anti-rabbit colloidal gold (1
nm) IgG (1:50; GE Healthcare), fixed in 2% gluteraldehyde, and en-
hanced with a silver solution (IntenS-EM kit; GE Healthcare) for 7 min.

The tissue was postfixed with 2% osmium tetroxide in 0.2 M phosphate
buffer for 1 h and then dehydrated through a series of ethanols (30, 50,
70, 95, 100%), 100% propelyne oxide, then a 50:50 mixture of propylene
oxide and EMbed 812 Epon substitute (Electron Microscopy Supply)
overnight. The following day, the sections were incubated in the Epon
substitute for 2 h, then embedded in it between two sheets of Aclar plastic
and placed in an oven (60°C) for 24 h.

We chose pre-embedded gold-silver immunocytochemistry to analyze
the subcellular distribution of GluR1 labeling because this technique
preserves the necessary fine structural details such as extrasynaptic mem-
branes, which can be lost during the plastic embedding process (Adams
et al., 2002). The pre-embedding method for immunogold also avoids
spurious attachment of gold particles to the plastic, which often results in
significant background labeling with postembedding techniques (Ler-
anth and Pickel, 1989). Despite these advantages, the pre-embedding
method may underestimate receptor proteins within the postsynaptic
portions of the synapse. However, this limitation would be expected to
apply equally to both saline- and morphine-treated tissue, making com-
parisons of synaptic labeling between conditions appropriate.

Selection and sectioning of VTA tissue

The PB and PN subdivisions of the VTA were separately isolated from the
flat-embedded tissue (see Fig. 1D, trapezoids) by comparing the distri-
butions of FG (see Figs. 1A and 1B) and TH (Fig. 1C) immunoreactivity
in reference to landmark structures identified in a rat brain atlas (Paxinos
and Watson, 1986). We selected rostral to medial aspects of the VTA
(ranging from —5.2 to —5.3 mm from bregma) based on the greatest
density of TH-immunoreactive cells. However, it is important to note
that there are differences in the ratio of dopaminergic and GABAergic
neurons throughout the rostral to caudal aspects of VTA (Olson and
Nestler, 2007), and the rewarding effects of morphine are mediated from
more caudal regions of the VTA where there is a higher proportion of
GABAergic neurons (Olson et al., 2005; Olson and Nestler, 2007). There-
fore, changes in GluR1 localization in more caudal regions of the VTA
may be different from those reported here. However, the majority of
changes in GluR1 localization occurred in dopaminergic dendrites of the
VTA, which are more prevalent in the regions selected for the present
study.

Ultrathin sections (70 nm) were cut from the isolated tissue on an
ultratome (Leica). The same method was used to cut each block of tissue
to ensure that similar levels of tissue were examined, minimizing labeling
variability (see below) caused by differences in penetration of the anti-
sera. First, a glass knife was used to align the tissue into an equal cutting
plane and to remove excess embedding material from the surface of the
tissue. No tissue was collected using the glass knife. As soon as any tissue
was evident at the cutting surface, the glass knife was exchanged for a
diamond knife (Diatome) which was used to cut ultrathin sections of
tissue. These sections were collected on 400-mesh copper grids (Electron
Microscopy Science). For each block of tissue, five copper grids were
collected, containing two to three sections of tissue on each grid. Thus,
the total depth of tissue collected was 0.7-1.0 wm from the surface of the
flat-embedded tissue, where optimal penetration of immunoreagents oc-
curs. The sections were counterstained with uranyl acetate and lead ci-
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trate (Reynolds, 1963) and examined with a Phillips CM-10 electron
microscope (FEI). The microscopic images were captured with an Ad-
vanced Microscopy Techniques Advantage HR/HR-B CCD camera
system.

Data analysis

A total tissue area of 95,157 wm? (2436 micrographs at 13,500-25,000X
magnification) was examined from the VTA of 12 rats in four treatment
groups. Neuronal or glial profiles, that is, individual cross-sectioned
structures within a given neuropil, which contained one or more gold
particles, were considered labeled with immunogold. A minimal false
positive identification of labeled profiles when using this criterion was
assured by examining the percentage of gold particles overlying myelin
which is not known to express AMPA GluR1 subunits, thus serving as a
control for spurious gold-silver deposits. In individual profiles, the gold
particles were characterized by location, such as contact with the plasma
membrane, postsynaptic density, or other cytoplasmic structures.
Peroxidase-immunoreactive profiles were defined as having an electron
density considerably greater than that seen in comparable structures in
the surrounding neuropil. Classification of all of the labeled profiles was
determined by criteria from the study by Peters et al. (1991).

The parameters used for between-groups comparison include (1) pro-
file size, (2) GluR1 immunogold distribution, (3) GluR1 synaptic analy-
sis, and (4) TH immunoreactivity. To verify that the tissue used for
analysis was selected at similar levels, a within-groups analysis was com-
pleted and revealed no significant difference in gold labeling between
individual animals within each treatment group (F(, 479y = 1.52; p >
0.05). A power analysis of the significant parametric tests was completed
to evaluate confidence of the results and to ensure that adequate sample
sizes were used. Significant findings had power values ranging from 0.749
to 0.945.

Profile size. The profile area, perimeter, average diameter, and form
factor were measured for each profile (total of 5362 profiles; 2751 in the
parabrachial VTA and 2611 in the paranigral VTA) using Microcom-
puter Image Device software (MCID; Imaging Research). A cluster anal-
ysis was performed to statistically sort the profiles by size and Student’s ¢
tests were conducted to evaluate size differences between the PB and PN
VTA regions.

GluR1 immunogold labeling. GluR1 gold particles were characterized
by their location within the profile, such as whether they were in contact
with the plasma membrane or within the cytoplasm. These numbers
were combined with size measurements obtained from the MCID pro-
gram to give the following measures of gold particle density: the number
of GluR1 gold particles on the plasma membrane divided by the perim-
eter of the profile, the cytoplasm divided by the area of the profile, and the
total number (cytoplasmic plus plasmalemmal) of gold particles divided
by the area of the profile. The data were analyzed using a two-factor
(drug X dendritic size) ANOVA followed by post hoc analysis using
Tukey’s test.

GIuR1 synaptic analysis. Synaptic labeling was examined by quantify-
ing the number of GluR1-labeled synapses out of the total number of
synapses per experimental group. In addition, the number of GluR1 gold
particles at postsynaptic densities was counted. The gold particles at
postsynaptic densities were analyzed separately and not included in plas-
malemmal counts (described above). The ratio of synaptic labeling was
evaluated using x> analyses and differences in the number of synaptic
GluR1 gold particles was analyzed with a single factor ANOVA.

Multivesicular bodies analysis. AMPA receptors are quite mobile and
are rapidly inserted into and removed from postsynaptic membranes
(Ehlers, 2000). Multivesicular bodies (MVBs) are late endosomal struc-
tures involved in receptor degradation and recycling and have been
shown to contain GluR1-labeled AMPA receptors (Baude et al., 1994).
Thus, the number of MVBs within labeled profiles was determined and
correlated with synaptic GluR1 labeling.

TH immunoreactivity. Profiles with GluR1 labeling were characterized
as containing or lacking TH immunoperoxidase, and for most analyses
the single-labeled and dual-labeled profiles were considered separately.
TH-peroxidase-immunoreactive neurons in the VTA can be divided into
two groups, each with a distinct TH labeling intensity (Bayer and Pickel.,
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Figure1. A, B, Light micrographs showing retrogradely labeled neurons in VTA. After injec-
tion of the retrograde tracer, FG, into the mPFC (inset, A), peroxidase-labeled neurons are
mainly located within the parabrachial subdivision of the VTA (dotted circle in A). After FG
injection to the NAc (inset, B), retrogradely labeled neurons are located within the paranigral
VTA (dotted circle in B). €, D, Light micrographs of plastic embedded TH and GIuRT labeled
tissue. Both the PB and PN regions of the VTA show peroxidase labeling for TH, whereas the
GluR1-gold is not discernable at this magnification (C). A higher magpnification (D) includes
trapezoids demarcating the areas used for electron microscopic analysis of the PB and PN VTA.
(Pu, Caudate—putamen; fmcc, foceps minor corpus callosum; mp, mammilary peduncle; PAG,
periaqueductal gray; SC, somatosensory cortex; SNc, substantia nigra zona compacta; SN, sub-
stantia nigra zona reticulate; d, dorsal; |, lateral. Scale bars, 500 m.

1990) and GABAergic inputs (Bayer and Pickel, 1991). Chronic mor-
phine has been shown to increase TH levels in the VTA (Beitner-Johnson
and Nestler, 1991; Spiga et al., 2003). Thus, TH-peroxidase-labeled pro-
files in the VTA were sorted into two categories (intense or light) and the
ratio of intensely to lightly labeled TH dendrites after acute and chronic
morphine was examined using x> analyses. The classification of “in-
tense” or “light” was based on qualitative assessment of the observed
electron density to neighboring profiles in the surrounding neuropil.

Results

Fluorogold retrograde labeling

The FG injections into the mPFC produced retrograde FG label-
ing predominantly in the PB VTA (Fig. 1A). In contrast, the
majority of VTA neurons retrogradely labeled after FG injection
in the NAc were located in the PN VTA (Fig. 1B), supporting
previous findings by Carr and Sesack (2000), who also used FG to
reveal VTA cortical projections. There was some degree of over-
lap in the distribution of the VTA neurons that project to each
region, consistent with known collateralization of the VTA pro-
jection neurons (Van Bockstaele et al., 1994). The overlapping
distributions were more evident with retrograde transport from
the mPFC, which resulted in sparse retrograde labeling in the PN
VTA in addition to the labeling in the PB VTA. Injections of FG in
the NAc resulted in more abundant FG immunoperoxidase la-
beling in the PN VTA, and produced some retrograde transport
in the PB VTA.

GluR1 immunogold distribution

In both the PB and PN VTA, GluR1 immunogold labeling was

mainly in dendrites, although labeling was also detected in so-

mata and to a lesser extent in axons and terminals (Fig. 2A, B).

GluR1 labeling was evident in dendritic profiles with or without

TH immunoreactivity in each of these regions (Fig. 2A, B).
GluR1 immunogold-labeled dendrites were abundant

O THHGIUR1-
B THHGIUR T+
B TH/GQuR1+

©
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Figure2. A, Arepresentative electron micrograph of the PB VTA showing GIuR1 gold label-
ing in both dopaminergic (TH+/GIuR1+ den) and nondopaminergic (TH—/GIuR1+ den)
dendrites of the VTA. Within these dendrites, GIuRT is present within the cytoplasm (black
arrows), often associated with endomembranes (em). GluR1 is also on the plasma membrane
(white arrows) and at excitatory-type postsynaptic densities (gray arrows). A clathrin-coated
endosome (black arrowhead) can be seen near an excitatory-type synapse (gray arrow) with a
GluR1-labeled gold particle. Small axons and axon terminals (ter) or glial processes were more
rarely immunolabeled for GIuRT but not TH. Scale bar, 500 nm. B, Quantification of the distri-
bution of GIuRT and TH in the VTA reveals a predominance of both labels in dendrites.

throughout the VTA. An average of 56 == 6% of dendritic profiles
in a given micrograph showed GluR1 labeling, with no significant
differences in the percentage of labeled dendrites between treat-
ment groups (x° ;) = 0.23; p > 0.05). This percentage, however,
is most likely an underestimate of the ratio of labeled (to unla-
beled) dendrites in a given neuropil. Within longitudinally cut
dendrites, the distance between gold particles ranges from 0.5-3
pm, a distance that is much greater than the 70 nm thickness of
the ultrathin sections of tissue. Thus, when a dendrite is cut trans-
versely into thin sections, there may be several profiles from each
GluR1-containing dendrite that show no GluR1 immunogold
particles.

The GluR1- and/or TH-labeled dendritic profiles were gener-
ally small to medium in size. GluR1 immunogold particles were
mainly in the cytoplasm, where they appeared to associate with
endomembranes. Other gold particles were in contact with the
plasma membrane (Fig. 2), and these were more common in
small, presumably more distal dendrites. Dendritic GluR1 label-
ing was highly selective for particular dendrites and was absent
from other similar profiles within the same neuropil.

Ofall of the plasmalemmal GluR1 immunogold particles (n =
4457), 57% were on portions of the membrane opposed to glia,
whereas the remaining 43% were located at, or near, synaptic
contacts from axon terminals. Of the synapse-associated GluR1
immunogold particles (n = 1922), 91% were located at the
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postsynaptic densities of asymmetric synapses, and 9% were lo-
cated in postsynaptic densities of apparent symmetric synapses.
These apparent symmetric synapses may also represent periph-
eral portions of asymmetric synapses where the postsynaptic
membrane specialization is less notably dense. The morphology
of these synapses is of interest because a link between synaptic
structure and function has been shown (Eccles, 1964; Peters et al.,
1991). Asymmetric synapses are generally thought to be
excitatory-type synapses because they apposed to glutamatergic
terminals (Rollenhagen and Liibke, 2006) and are associated with
excitatory proteins (Carlin et al., 1980), whereas symmetric syn-
apses are generally thought to be inhibitory because they are ap-
posed to GABAergic terminals (Sesack and Pickel, 1995; Stef-
fensen et al., 1998) and are potentially linked with inhibitory
proteins (Carlin et al., 1980).

Size-dependent dendritic immunolabeling

The majority of all labeled dendrites (GluR1 and/or TH from all
treatment groups) were small in diameter (range of 0.04—0.7
pm) and comprised 56.7% of the total number of dendrites.
Medium dendrites made up 35.5% of all labeled dendrites, and
these ranged from 0.7 to 1.3 wm average diameter. Only a small
portion (7.8%) of the total number of labeled dendrites was >1.3
pm in average diameter. These large dendrites were the most
variable in size and ranged from 1.4 to 4.0 wm in average diam-
eter, with the largest likely including portions of the labeled
somata.

The average cross-sectional diameters (size) of labeled den-
drites were significantly different between the PN and PB VTA
subregions (f(s350) = 3.33; p < 0.05). On average, the PN VTA
dendrites were smaller and slightly less often contained TH im-
munoreactivity than those in the PB VTA. Nondopaminergic
dendrites with GluR1 labeling (TH—/GluR1+), however, were
significantly larger than dopaminergic dendrites (TH+/
GluR1+) in both the PN (F5 5,55, = 65.51; p < 0.001) and PB
VTA (F(s 5610y = 32.55; p < 0.001).

Morphine effect on dendritic size

Acute morphine administration produced a significant increase,
above saline controls, in the average diameter of dopaminergic
(TH+/GluR1+ labeled) dendrites in both regions of the VTA
(PB: F; 935, = 19.88, p < 0.001; PN: F,, 5 = 44.43, p < 0.001)
and in nondopaminergic (TH—/GluR1+ labeled) dendrites ex-
clusively in the PN VTA (F, 5,5, = 5.08; p < 0.05) (Fig. 3). There
was no significant difference between acute morphine and saline
groups in size of nondopaminergic (TH—/GluR1+ labeled) den-
drites of the PB VTA, although there was a trend toward increased
size after acute morphine (F, 5,9y = 3.50; p > 0.05) (Tables 1, 2,
Fig. 3).

After chronic intermittent-escalating morphine administra-
tion, only the dopaminergic (TH+/GluR1+ labeled) dendrites
showed size differences from saline controls; the mean diameter
of these dendrites was greater in the PB VTA (F; 455 = 5.34;p <
0.05) and smaller in the PN VTA (F(, 55 = 7.99; p < 0.01).
Chronic morphine administration did not produce any signifi-
cant size changes in the nondopaminergic (TH—/GIuR1+ la-
beled) dendrites, which were similar in size to saline controls in
both the PB (F(, go5) = 1.37; p > 0.05) and PN VTA (F, ;) =
1.43; p > 0.05) (Fig. 3).

The changes in dendrite diameter observed in both regions of
the VTA may reflect the redistribution of GluR1 gold particles
within these dendrites (i.e., more smaller/larger dendrites ana-
lyzed because of the location of GluR1 labeling) or a morpholog-
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Figure 3. A, B, Quantification of the effect of acute and chronic morphine on mean size of
both dopaminergic (TH+/GR1+) and nondopaminergic (TH—/GR1+) dendrites within the
parabrachial (4) and paranigral (B) VTA after acute or chronicmorphine. 4, In the PBVTA, either
acute or chronic morphine administration results in an increase in the average diameter of
dopaminergic (TH+/GR1+) dendrites above saline controls. B, In the PN VTA, acute morphine
produced a significant increase in the average diameter of both dopaminergic (TH+/GR1+)
and nondopaminergic (TH—/GR1+) dendrites, whereas chronic morphine produced a de-
crease in dopaminergic (TH+/GR1+-) dendrites, compared with saline controls. ® p < 0.001;
*¥p <0.01; *p << 0.05. Error bars indicate SEM.

ical change after morphine administration. To examine this
question further, the average diameter of all TH-labeled den-
drites within a given neuropil, regardless of the presence of GluR1
gold particles, were measured for each VTA region. After acute
morphine, there was a significant increase in the average diameter
of dopaminergic dendrites in both VTA regions. With chronic
morphine administration, there was a significant increase in the
PB VTA and a significant decrease in the PN VTA in the average
diameter of all dopaminergic dendrites (GluR1 labeled or not).
These findings support the conclusion of a morphological
change, which is consistent with reported neurofilament changes
in VTA neurons with repeated morphine administration (Guitart
etal., 1992; Sklair-Tavron et al., 1996). However, we cannot com-
pletely rule out the potential contribution of changes in receptor
localization to the reported size differences, because all micro-
graphs were taken in regions where GluR1 labeling was evident.
Thus, we speculate that both factors may play a role in the
morphine-linked changes in dendrite diameter

Acute morphine effects on GluR1 dendritic distribution
GluR1 in TH-labeled dendrites

In dopaminergic (TH+/GluR1+ labeled) dendrites within the
PB VTA, a single injection of morphine resulted in a significant
decrease, below saline controls, in the average cytoplasmic den-
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Table 1. TH and GluR1 dual-labeled dendrites (significant changes from saline controls)

J. Neurosci., September 24, 2008 - 28(39):9670-9681 * 9675

Morphine Cytoplasmic dendritic Plasmalemmal dendritic Dendritic
VTA Region paradigm labeling labeling Synaptic labeling MVB size THimmunoreactivity
PBVTA Acute | small, medium 1 small 1 #of labeled synapses | 1 |

Chronic No change No change 1 #of labeled synapses; ! ) 1

1 #of gold particles

PN VTA Acute | small, medium No change No change No change ) No change

Chronic No change No change 1 #of labeled synapses ! | 1
1, Increase; |, decrease; #, number.
Table 2. GluR1 single-labeled dendrites (significant changes from saline controls)
VTA Region Morphine paradigm Cytoplasmic dendritic labeling Plasmalemmal dendritic labeling Synaptic labeling MVB Dendritic size
PBVTA Acute | small, medium 1 small 1 #of labeled synapses l No change

Chronic No change No change 1 #of labeled syn; | No change

1 #of gold particles

PNVTA Acute | small, medium No change 1 #of labeled synapses l 1

Chronic No change No change 1 #of labeled synapses l No change

1, Increase; | , decrease; #, number.
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Figure 4.  Acute morphine produces redistribution of GIuR1 labeling. A, B, GluR1-gold par-
ticles in small dopaminergic (TH+/GIuR1+-) dendrites have a predominantly cytoplasmic dis-
tribution (black arrows) in saline controls (4) but shift to a more plasmalemmal (white arrows)
distribution (B) after acute morphine administration. €, D, GluR1 immunogold labeling in do-
paminergic (TH+/GIuR1+) dendrites decreases in cytoplasm (C) and increases at the plasma-
lemma (D) after acute morphine administration. ®p << 0.001;*p << 0.05. Scale bars, 500 nm.
Error bars indicate SEM. em, Endomembrane.

sity (F(y 935y = 37.46; p < 0.001) and total (cytoplasmic and plas-
malemmal) density (F(, 935y = 28.66; p < 0.001) of GluR1 immu-
nogold particles in small and medium dendrites. There was a
concurrent significant increase in the plasmalemmal density of
GluR1 gold particles in small (TH+/GIuR1+ labeled) dendrites
only (F, 935y = 3.34; p < 0.05) (Tables 1, 2, Fig. 4).

A similar effect of acute morphine on GluR1-immunogold
particle distribution was seen in dopaminergic (TH+/GluR1+
labeled) dendrites of the PN VTA. After acute morphine admin-
istration, there was a significant decrease in both cytoplasmic
(Fi.875) = 20.97;p < 0.001) and total (F, 45 = 21.13; p < 0.001)
GluR1 particle density in small and medium sized dendrites,
compared with saline controls. A slightly greater plasmalemmal
density of GluR1 gold particles was seen in small dopaminergic
(TH+/GluR1+ labeled) dendrites of rats receiving acute mor-
phine compared with saline controls, however this difference was

not statistically significant (F(, 4,5y = 1.04; p > 0.05) (supple-
mental Fig. 1, available at www.jneurosci.org as supplemental
material). These observations suggest a plasmalemmal redistri-
bution of GluR1-containing AMPA receptors at more distal por-
tions of dopaminergic dendrites, where more excitatory synaptic
contacts are generally found, after acute morphine
administration.

GluR1 in dendrites without TH immunoreactivity

In the PB VTA, nondopaminergic (TH—/GluR1+ labeled)
dendrites showed no significant treatment-specific differences
between acute morphine and saline treatment groups in cyto-
plasmic (F(; 5,9 = 0.93; p > 0.05) or total density of GluR1
gold particles (F(, 5,9, = 0.22; p > 0.05). There were, however,
significant changes in plasmalemmal density after acute mor-
phine that depended on dendritic size (F; 5,9y = 4.68; p <
0.05). Compared with saline controls, animals that received
acute morphine showed a decrease in the plasmalemmal den-
sity of GluR1-immunogold in small dendrites, but an increase
in medium and large dendrites (Tables 1, 2). These observa-
tions suggest a redistribution of GluR1-containing AMPA re-
ceptors to more distal portions of the dendrite after a single
injection of morphine.

In the PN VTA, nondopaminergic (TH—/GluR1+ labeled)
dendrites showed no differences in GluR1 density after acute
morphine. Specifically, there were no changes in cytoplasmic
(F(1,512) = 0.03; p > 0.05), plasmalemmal (F, 5,5y = 1.70; p >
0.05), or total (F(; 5,5, = 1.03; p > 0.05) density of GluR1 gold
labeling compared with saline controls.

Chronic intermittent escalating-dose morphine effects on
GluR1 dendritic distribution

GluR1 in TH-containing dendrites

After chronic morphine administration, dopaminergic (TH+/
GluR1+ labeled) dendrites within the PB VTA were not signifi-
cantly different from those in the saline control group in cyto-
plasmic (F(; 455y = 3.36; p > 0.05), plasmalemmal (F, 455, =
0.01; p > 0.05), or total (F(, 455y = 1.97; p > 0.05) density of
GluR1 immunogold particles. Similarly, in dopaminergic (TH+/
GluR1+ labeled) dendrites of the PN VTA, chronic morphine,
and saline groups showed no significant differences in cytoplas-
mic (F(, 555 = 1.09; p > 0.05), plasmalemmal (F(, 5,5, = 3.76;
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p > 0.05), or total (F; 5,5, = 1.49; p > 0.05) GluR1 gold density
(Tables 1, 2).

GluR1 in dendrites without TH immunoreactivity

Rats receiving chronic intermittent-escalating doses of morphine
showed a significant increase in plasmalemmal density of GluR1
gold labeling (F, 403y = 5.04; p < 0.05) in medium nondopam-
inergic (TH—/GluR1+ labeled) dendrites of the PB VTA. These
dendrites showed no other significant differences from saline
controls, but there was a slight decrease in plasmalemmal labeling
in small dendrites of the PB VTA. There were no significant
changes in nondopaminergic (TH—/GluR1+ labeled) dendrites
within the PN VTA (Tables 1, 2).

Effects of acute and chronic intermittent escalating morphine
on synaptic GluR1 distribution and relationship to MVBs

In dopaminergic (TH+/GluR1+ labeled) and nondopaminergic
(TH—/GluR1+ labeled) dendrites of the PB VTA, an increase in
the number of synapses labeled with GluR1 gold particles was
seen both with acute morphine (TH+/GIuR1+, x> =9.11, p<
0.01; TH—/GluR1+, x* = 20.44, p < 0.001) and with chronic
morphine (TH+/GluR1+, x> = 5.80, p < 0.05; TH—/GluR1+,
x> = 11.77, p < 0.001) compared with saline controls (Fig. 5).
Furthermore, chronic morphine also resulted in a significant in-
crease in the number of GluR1 gold particles at each labeled
synapse (F(; g36) = 7.68; p < 0.01). Thus, in the PB VTA, chronic
intermittent-escalating morphine administration produced not
only more synapses labeled with GluR1, but more GluR1 sub-
units at each synapse (Fig. 6).

In the PN VTA, in contrast, acute morphine administration
produced no significant changes from saline controls in synaptic
GluR1 labeling of dopaminergic (TH+/GluR1+ labeled) den-
drites (x? = 0.65; p > 0.05). After chronic morphine, however,
these dendrites showed a significant increase in the number of
synapses labeled with GluR1 gold particles (x> = 6.96; p < 0.01)
(Tables 1, 2). Thus, although chronic morphine administration
produced little change in the plasmalemmal and cytoplasmic dis-
tribution of GluR1 AMPA receptors, it had a large impact on
synaptic GluR1 distribution (see Discussion).

Interestingly, we observed a significant negative correlation
(r = —0.54; p < 0.05) between synaptic GluR1 labeling and the
number of MVBs: as the number of GluR1-labeled synapses in-
creased, the number of MVBs found within these dendrites de-
creased. This occurred in dopaminergic (TH+/GluR1+ labeled)
and nondopaminergic (TH—/GluR1+ labeled) dendrites with
acute and chronic morphine administration in both regions of
the VTA. The one exception to this correlation was that dopami-
nergic (TH+/GluR1+ labeled) dendrites of the PN VTA showed
no significant changes in the number of MVBs after acute mor-
phine administration; however, these dendrites did show a sig-
nificant decrease in the number of MVBs after chronic morphine
administration (Fig. 7). The inverse correlation between MVBs
and synaptic GluR1 labeling suggests that MVBs may play a role,
although indirect, in regulating AMPA receptors at excitatory

synapses.

Acute and chronic intermittent-escalating morphine effects
on tyrosine hydroxylase immunoreactivity

Dendrites in both the PN and PB VTA of all treated groups
showed notable differences in the density of the peroxidase im-
munoreaction product for TH. The difference in labeling was
independent of the depth from the surface, because only the su-
perficial portions of the tissue in contact with the plastic embed-
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Figure 5.  Acute morphine increases synaptic GIuR1 labeling in the VTA. A-D, Electron mi-
crographs of dopaminergic (TH+/GluR1+; 4, €) and nondopaminergic (TH—/GIuR1+-; B, D)
dendrites within the PB VTA. With saline administration (A, B), GIuR1 labeling is cytoplasmic
(black arrows) with no labeling at synaptic contacts (curved arrows). After a single injection of
morphine (C, D), there is a significant increase in the number of excitatory-type synapses la-
beled with GluRTimmunogold particles (gray arrows) in both dopaminergic (TH+/GIuR1+; C)
and nondopaminergic (TH—/GIuR1+; D) dendrites in the rat PB VTA. E, Quantification of the
number of synapses labeled with GluR1 gold after a single injection of morphine. GluR1-labeled
synapses were more abundant in both dopaminergic (TH+/GIuR1+) and nondopaminergic
(TH—/GIuR1+) dendrites of the PB VTA but only in nondopaminergic (TH—/GIuR1+) den-
drites in the PN VTA. White arrows, Plasmalemmal GIuR1 labeling. ® p < 0.001; **p << 0.01.
Scale bars, 500 nm.

ding material was used in the analysis and different levels of TH
peroxidase immunoreactivity were present within the same neu-
ropil (Fig. 8). Acute morphine resulted in a significant decrease in
the number of intensely labeled dopaminergic dendrites in the PB
VTA only (x* = 6.61; p < 0.05) with no change in the PN VTA
(x* = 2.57; p > 0.05) (Fig. 8). In contrast, a significantly greater
number of intensely TH-labeled dendritic profiles were seen in
both PB (x* = 5.89; p < 0.05) and PN VTA (x> = 6.30; p < 0.05)
(Fig. 8) of rats receiving chronic intermittent morphine com-
pared with saline controls (Tables 1, 2).

Discussion

This study provides the first ultrastructural evidence that acute
and chronic morphine administration results in region-specific
changes in GluR1 distribution in dendrites in the rat VTA. The
differential effects of acute and chronic morphine in VTA subdi-
visions, which have at least partially segregated cortical (PB VTA)
and limbic (PN VTA) projections, have important implications
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Figure 6.  Chronic intermittent escalating-doses of morphine increased synaptic GIuR1 la-

beling. A-D, Electron micrographs of dopaminergic (TH+/GR1+-; A, €) and nondopaminergic
(TH—/GR1+; B, D) dendrites within the PB (4, B) and PN (C, D) VTA after chronic intermittent
escalating-doses of morphine. In the PBVTA (4, B), significantly more synapses are labeled with
GluR1-gold particles, and there s also an increase in the number of GIuRTimmunogold particles
(gray arrows) at each labeled excitatory postsynaptic density (curved arrows) after chronic
intermittent escalating-doses of morphine. In the PN VTA (C, D), there is an increase in the
number of GIuRT labeled synapses (curved arrows) with no significant increase in the number of
gold particles at each synapse (gray arrows). £, F, Quantification of increases in synaptic GluR1
labeling after chronic morphine administration. There is an increase in the percentage of GIuR1
immunogold-labeled synapses in both the PB and PN VTA after chronic morphine administra-
tion (E). In contrast, only in the PB VTA is there a significant increase in the number of GIuR1
immunogold particles at each synapse (F) after chronic morphine. White arrows, Plasmale-
mmal GluR1 labeling. ® p < 0.001; **p < 0.01. Scale bars, 500 nm.

for understanding the adaptive mechanisms underlying opiate
addiction (Fig. 9).

Methodological considerations

All sections from acute and chronic drug administration groups
were coprocessed, and special care was taken to avoid sampling
bias in either rostral-to-caudal tissue sections or depth from tis-
sue surface. Furthermore, micrographs of the neuropil were col-
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Figure 7.  A-D, Electron micrographs of MVBs in GluR1-labeled dendrites. MVBs are often
seen in close proximity to excitatory-type synapses (curved arrows; A-C), and an MVB is in
contact with a GluR1 immunogold particle (black arrow; D). E, After acute morphine adminis-
tration, the number of MVBs decreased in both dopaminergic (TH+/GR14) and nondopam-
inergic (TH—/GR1+) dendrites of the PB VTA and only in nondopaminergic (TH—/GR1+)
dendrites of the PN VTA. After chronic morphine administration, there were significant de-
creases in the number of MVBs in both the PB and PN VTA, compared with saline controls. There
is an inverse relationship between the number of MVBs and the amount of GIuR1 synaptic
labeling (Figs. 5, 6) in dendrites of the PB and PN VTA. White arrows, Plasmalemmal GluR1
labeling; em, endomembrane. *p << 0.05. Scale bars, 500 nm.

lected throughout each portion of the VTA to reduce the possi-
bility of sampling bias. Control of these variables is shown by
absence of significant variability between animals within each
treatment group (see Materials and Methods).

It is important to note that although the VTA primarily con-
tains dopaminergic (primary) and GABAergic (secondary) neu-
rons, a tertiary group of nondopaminergic neurons has been re-
ported with distinct pharmacological and physiological
properties (Cameron et al., 1997). In addition, Yamaguchi et al.
(2007) recently demonstrated the existence of glutamatergic neu-
rons in the VTA. Thus, the GluR1-labeled dendrites that lack TH
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Figure 8. A, Arepresentative electron micrograph showing dendrites with intense (ITH) or
light (LTH) TH immunoreactivity in the PN VTA. Also present are several dendrites without TH
peroxidase immunoreactivity (non-TH). B, Acute morphine produces a significant decrease in
the number of intensely TH-labeled dendrites of the PB VTA. Chronic intermittent escalating
morphine results in a significant increase in the number of intensely TH-labeled dendrites in
both the PB and PN VTA. *p << 0.05. Scale bar, 500 nm.

immunoreactivity may represent any of these secondary or ter-
tiary cells. However, the majority of nondopaminergic neurons
in the VTA have physiological properties of GABAergic neurons
(Johnson and North, 1992; Steffensen et al., 1998).

Effects of acute morphine administration on GluR1
distribution in the VTA
After acute morphine administration, dopaminergic dendrites of
the PB VTA show more plasmalemmal GluR1 distribution com-
pared with the predominantly cytoplasmic distribution found in
saline controls. These plasmalemmal GluR1 immunogold parti-
cles were in small, presumably more distal, dendrites. The in-
crease in GluR1 in small dendrites may lead to enhanced postsyn-
aptic glutamatergic activation, because excitatory glutamatergic
inputs are more prevalent on distal portions of a dendrite (Peters
etal., 1991). Consistent with this, more GluR1-labeled asymmet-
ric (excitatory type) synapses were also seen in dopaminergic
dendrites of the PB VTA after acute morphine administration.
These findings suggests that a single dose of morphine results in
increased plasmalemmal and synaptic mobilization of GluR1, an
effect that would facilitate the bursting activity of mesocortical
projecting dopaminergic neurons within the PB VTA.

In contrast, dopaminergic dendrites of the PN VTA showed no
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Figure 9.  Schematic diagram of dendritic distribution of GIuR1 immunogold particles in
dopaminergic neurons of the PB and PN VTA after acute or chronic morphine administration.
Each dendritic structure is divided by size (small, medium, and large; left to right, respectively)
and dopaminergic dendrites of the PB VTA are represented on the left with dopaminergic
dendrites of the PN VTA on the right side of the schematic. 4, In saline controls, both the PB and
PN VTA have similar, predominantly cytoplasmic (yellow circles) GluR1 gold particle distribu-
tions with sparse plasmalemmal (blue circles) GluRT labeling. MVBs (green circles) are present
in dendrites of both VTA regions. B, In the PB VTA (left), acute morphine administration results
in a decrease in cytoplasmic GluR1 gold labeling in small and medium-sized dendrites with an
increase in plasmalemmal (in small dendrites only) and synaptic (red) GIuR1 labeling. There is
alsoa decrease in the number of MVBs seen in these dendrites. In the PN VTA, there s a decrease
in cytoplasmic GIuR1 labeling in small and medium-sized dendrites with a slight increase in
plasmalemmal GluR1 labeling in small dendrites; however, there is no change in synaptic GluR1
labeling or prevalence of MVBs. C, After chronic morphine administration, increased synaptic
GluR1 labeling ensues in the PB VTA (left) with an increased amount of GIuR1 at each synapse
(red) and a concurrent decrease in the number of MVBs present within these dendrites. Me-
solimbic dopaminergic dendrites of the PN VTA (right) demonstrate an increase in the number
of synapses labeled with GIuR1 (red) and a decrease in the number of MVBs after chronic
morphine administration, which did not occur with acute morphine administration. Together,
these findings suggest that early activation of the mesocortical dopaminergic pathway of the PB
VTA may result in a decrease in mPFC glutamate release, leading to subsequent changes in
GluRT localization in the mesolimbic dopaminergic pathway of the PN VTA.

significant changes in plasmalemmal or synaptic GluR1 labeling in
animals receiving acute morphine compared with saline controls.
There was, however, a significant acute morphine-induced increase
in synaptic labeling of nondopaminergic dendrites of the PN VTA.
Part of this difference may be explained by circuitry. Mesocortical-
projecting dopaminergic neurons receive direct PFC glutamatergic
innervation, whereas there is an indirect effect of glutamate on
mesolimbic-projecting dopaminergic neurons (Carr and Sesack,
2000) preferentially located in the PN VTA. This circuitry is impli-
cated in AMPA-mediated tonic excitation of mesocortical-
projecting neurons, and inhibition of mesolimbic-projection neu-
rons (Takahata and Moghaddam, 2000). In addition to the PFC
inputs, however, the region-specific differences in AMPA GluR1 dis-
tributions in the VTA may also reflect morphine-induced changes in
the activity of glutamate projections to the VTA from the lateral
amygdala and other brain regions implicated in drug-seeking behav-
ior (Geisler and Zham, 2005; Omelchenko and Sesack, 2007).

Effects of chronic intermittent escalating morphine on GluR1

subcellular distribution

Chronic intermittent-escalating morphine administration re-
sulted in a significant increase in synaptic GluR1 labeling in do-
paminergic and nondopaminergic dendrites of both VTA subre-
gions. TH-immunoreactive dendrites of the PN VTA, which
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showed no significant changes in synaptic GluR1 labeling with
acute morphine, showed an increase in the number of synapses
labeled with GluR1 after intermittent-escalating morphine.
Moreover, TH-immunoreactive dendrites of the PB VTA had
significantly more synaptic GluR1 gold labeling at each synapse
compared with saline controls. Thus, in addition to maintaining
the increased number of labeled synapses in the PB VTA, as seen
with acute morphine, chronic morphine also increases the num-
ber of AMPA GluR1 subunits at each synapse.

We found a significant negative relationship between the
amount of synaptic GluR1 labeling and the presence of MVBs,
late endosomal structures involved with degradation and, poten-
tially, recycling of receptors (Katzmann et al., 2002; Stahl and
Barbieri, 2002). AMPA receptors are highly mobile and continu-
ously move in and out of postsynaptic densities (for review, see
Song and Huganir, 2002). Recycling endosomes are thought to
regulate this process by mediating the amount of AMPA recep-
tors that are present at postsynaptic densities (Liischer et al.,
1999; Ehlers, 2000; Park et al., 2004). MVBs were strategically
positioned near asymmetric (excitatory-type) synapses in den-
drites without synaptic GluR1-gold labeling (Fig. 7A—C) or adja-
cent to cytoplasmic GluR1 gold particles (Fig. 7D). In contrast,
MVBs were not present near synapses with GluR1 gold labeling
(Figs. 5B,D, 6), suggesting that MVBs may play a role in AMPA
receptor endocytosis.

We observed virtually no GluR1-labled MVBs despite previ-
ous work showing peroxidase labeling for GluR1 in these or-
ganelles (Baude et al., 1994). The lack of MVB GluR1 labeling
may reflect a permeability issue for immunogold particles or the
subunits may have undergone a conformational change or deg-
radation during downregulation (Ehlers, 2000, 2004; Turrigiano,
2002), preventing immunocytochemical detection with the anti-
serum. Return of nondegraded GluR1 to functional synaptic sites
may explain why there was little change in cytoplasmic and/or
plasmalemmal distribution of GluR1 labeling, but large changes
in the synaptic location of GluR1 in the VTA of rats receiving
chronic morphine administration.

Changes in TH immunoreactivity with

morphine administration

TH is highly regulated and has been shown to increase after chronic,
but not acute, morphine administration (Beitner-Johnson and Nes-
tler, 1991). We observed qualitative morphine-induced differences
in the density of TH-peroxidase immunoreactivity in dendrites of
the VTA. Such differences were observed previously (Bayer and
Pickel, 1990) and reported to specifically relate to GABAergic inputs,
which were more prevalent on the lightly labeled TH dendrites
(Bayer and Pickel, 1991). Acute morphine produced a decrease in
the ratio of intense to light TH-labeled cells in the PB, but not PN
VTA. In contrast, chronic morphine produced an increase in the
ratio of intense to light TH-labeled dendrites in both regions of the
VTA supporting findings of increased TH synthesis after chronic
morphine (Beitner-Johnson and Nestler, 1991). These changes pro-
vide some insight into potential region-specific differences in TH
expression after morphine, but require quantitative measures to
substantiate the subjective classifications of immunoreactivity
intensity.

Changes in dendritic size with morphine administration

Chronic morphine administration has been shown to produce
a significant decrease in neuronal size and length of neuronal
processes in the VTA (Sklair-Tavron et al., 1996), although it
has been questioned whether this is a function of morphine or
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alternatively, because of withdrawal from morphine (Spiga et
al., 2003). Our findings support the idea of morphine-induced
structural changes that are independent of opiate withdrawal
(Fig. 3). Changes observed in the PN VTA support previous
work and show a decrease in the average diameter of dopami-
nergic dendrites after chronic morphine administration.
However, the opposite occurred in the PB VTA, where chronic
morphine administration resulted in a significant increase in
the average diameter of dopaminergic dendrites. Acute mor-
phine administration also produced an increase in average
diameter of dopaminergic dendrites in both VTA regions,
which has not reported previously (Sklair-Tavron et al., 1996).
The discrepancy in the findings may be attributable to differ-
ences in the methods of analysis or because of withdrawal
effects from morphine. Previous work examined the VTA as a
whole 24 h after the last morphine administration, which may
have concealed some of the opposing regional size differences
reported here.

Implications

Our results showing region-specific and duration-dependent differ-
ences in the subcellular distribution of GluR1 in the PB and PN VTA
are consistent with the respective differential glutamatergic control
of mesocortical and mesolimbic projection neurons (Bonci and
Malenka, 1999; Takahata and Moghaddam, 2000). These differences
are supported by the anatomical circuitry in each region (Van Bock-
staele and Pickel, 1995; Sesack and Carr, 2002; Sesack et al., 2003),
and demonstrate specific morphine-induced adaptations of motiva-
tional and reward systems of the brain.

Acute morphine administration increased the plasmale-
mmal density and number of GluR1-labeled synapses in do-
paminergic dendrites of the PB VTA. In contrast, dopaminer-
gic dendrites of the PN VTA, which generally do not receive
direct PFC glutamatergic input, show changes in GluR1 label-
ing, specifically in postsynaptic densities, after chronic inter-
mittent escalating morphine administration. The PFC, the
primary target of mesocortical dopaminergic neurons pre-
dominantly found in the PB VTA, is involved with motivation
and reinforcement (Schultz, 2002; Floresco and Magyar,
2006). The NAc, the primary target of mesolimbic dopaminer-
gic neurons located mainly in the PN VTA, is associated with
increased locomotor activity and rewarding effects of mor-
phine (Koob and Bloom, 1988; Le Moal and Simon, 1991;
Bals-Kubik et al., 1993). Together, these findings suggest that
acute morphine administration may produce increased
postsynaptic AMPA receptor-mediated glutamatergic trans-
mission preferentially within cortical-projecting dopaminer-
gic neurons which influence drug-seeking and -motivated be-
haviors. This activation pattern is distinct from that seen with
chronic morphine administration in which glutamatergic syn-
aptic plasticity preferentially occurs in dopaminergic neurons
within the mostly mesolimbic projection system affecting, and
potentially decreasing, the rewarding properties of morphine.
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