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Abstract
Kappa opioid receptors (κOR) are positioned to modulate pre- and post-synaptic responses of
norepinephrine-containing neurons in the rat locus coeruleus (LC). The ability of an acute
systemic injection of a long acting κOR agonist, U50,488, to induce trafficking of κOR was
assessed in the LC using immunogold-silver detection in male Sprague-Dawley rats. U50,488
administration shifted immunogold-silver labeling indicative of κOR from primarily
plasmalemmal sites to intracellular sites when compared to vehicle-treated subjects. This
translocation from the plasma membrane to the cytoplasmic compartment was prevented by pre-
treatment with the κOR antagonist, norbinaltorphimine (norBNI). To determine whether agonist
stimulation could induce adaptations in the expression of the noradrenergic synthesizing enzyme,
dopamine beta hydroxylase (DβH), and κOR expression, Western blot analysis was used to
compare expression levels of DβH and κOR following U50,488 administration. Expression levels
for DβH and κOR were significantly increased following U50,488 administration when compared
to controls. These data indicate that a systemic injection of a κOR agonist stimulates
internalization of κORs in noradrenergic neurons and can impact κOR and DβH expression levels
in this stress-sensitive brain region.
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1. Introduction
The dynorphin (DYN)-kappa opioid receptor (κOR) system has been implicated in stress-
induced vulnerability to drug abuse. Stress, which promotes relapse and can facilitate place
preference for drugs of abuse, increases prodynorphin gene expression in the limbic system
(Shirayama et al., 2004). Genetic deletion of prodynorphin or pharmacological antagonism
of κOR prevents stress-induced preference, implicating the DYN system in stress-induced
facilitation of drug abuse (Shirayama et al., 2004). Additionally, norbinaltorphimine
(norBNI), a κOR antagonist, prevents stress-elicited behaviors that are endpoints of
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depression such as immobility in the forced swim test and passive behavior in learned
helplessness (Mague et al., 2003; McLaughlin et al., 2003a; Shirayama et al., 2004;
Beardsley et al., 2005; Bruchas et al., 2007).

Recent anatomical and physiological studies have shown that κORs are positioned to pre-
synaptically modulate diverse afferent signaling in the locus coeruleus (LC) (Kreibich et al.,
2008; Reyes et al., 2009), a noradrenergic nucleus that is particularly sensitive to novel or
unexpected stimuli and is regulated by stress (Rasmussen et al., 1986; Grant et al., 1988;
Devauges and Sara, 1990; Sara et al., 1995). As the primary source of norepinephrine in the
brain, the LC is involved in the regulation of arousal, attention and vigilance (Berridge and
Waterhouse, 2003; Valentino and Van Bockstaele, 2005) and receives diverse inputs from
sensory, autonomic and limbic regions (Van Bockstaele et al., 2010; Aston-Jones et al.,
1991).

Our previous studies demonstrated that κOR-labeled axon terminals in the LC formed
excitatory-type (e.g. asymmetric) synapses with tyrosine hydroxylase (TH) -labeled
dendrites and that κOR and DYN are localized in common axonal profiles (Reyes et al.,
2009). Furthermore, microinfusion of U50,488, a selective κOR agonist, into the LC
attenuated discharge evoked by a variety of stimuli such as sciatic nerve stimulation,
auditory inputs, withdrawal from opiates and hypotensive stress (Kreibich et al., 2008). To
further define modulation of noradrenergic neurons by κOR ligands, we investigated
whether a κOR agonist, U50,488, causes re-distribution of κOR from the plasma membrane
to the intracellular compartment using immunoelectron microscopic analysis. We also
examined whether agonist stimulation could induce adaptations in the expression of the
noradrenergic synthesizing enzyme, dopamine-β-hydroxylase (DβH) as well as κOR
expression in the LC. For this, we used western blot analysis to compare expressionlevels of
DβH and κOR following U50,488 administration.

2. Materials and Methods
2.1 Animals

Fifty adult male Sprague Dawley rats (Harlan Laboratories, Indianapolis, IN, USA) housed
three to a cage (20°C, 12-h light, 12-h dark cycle lights on 0700) were used in this study.
Food and water were freely available. The rats weighed 190–227 g upon arrival and were
housed in the animal facility for at least 7 days before experimentation. All procedures
conformed to The Institutional Animal Care and Use Committee at Thomas Jefferson
University according to the revised Guide for the Care and Use of Laboratory Animals
(1996), The Health Research Extension Act (1985) and the PHS Policy on Humane Care and
Use of Laboratory Animals (1986). All efforts were made to utilize only the minimum
number of animals necessary to produce reliable scientific data, and experiments were
designed to minimize any animal distress.

2.2 Specificity of antisera
Characterization of the κOR antibody used in the present study was conducted in our
previous reports (Reyes et al., 2009) and others (Drake et al., 1996). κOR is an affinity-
purified polyclonal antibody raised against the carboxyl terminal 15 amino acids of the
cloned rat κOR (RDVGGMNKPV) and was generated in rabbit. κOR antibody is widely
used in immunohistochemistry and its specificity has been characterized by multiple
approaches. Antibody specificity was confirmed by Western blotting, enzyme-linked
immunosorbent assays and κOR immunolabeling in Xenopus oocytes (Drake et al., 1996).
Incubating serial sections in primary κOR antiserum preabsorbed with 10 μM antigenic
peptide showed no immunoreactivity. Blots incubated with 1.5 μg/ml of affinity-purified
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κOR antiserum preincubated with antigenic peptide did not show any bands. The κOR
antibody specificity was also demonstrated by κOR immunoreactivity in the forebrain and
pons (Drake et al., 2007; Drake et al., 1997; Drake et al., 1996) and spinal cord (Wang et al.,
2009). We previously reported κOR specificity by using HEK293 cells transiently
transfected with pcDNA3-FLAG-rat κOR and double labeled with the M2 monoclonal
antibody against FLAG where a consistent identical staining was observed indicating that
the antibody used recognizes κOR (Reyes et al., 2009; Wang et al., 2009).

The immunogen for mouse monoclonal antiserum was raised against denatured TH from rat
pheochromocytoma, labels a single band at approximately 62kD corresponding to TH, and
does not cross-react with dopamine-β-hydroxylase, dihydropterdine reductase,
phenylethanolamine-N-methyltransferase, phenylalanine hydroxylase or tryptophan
hydroxylase. The antibody has wide species cross-reactivity. The specificity of the TH
antibody has been examined by preabsorption of the antibody with a high concentration of
TH (Van Bockstaele and Pickel, 1993). Omission of the primary antibody abolished any
detectable immunoreactivity (Reyes et al., 2007).

The monoclonal antibody against the DβH was raised against purified bovine DβH. The
specificity of the DβH antibody has also been demonstrated previously in our laboratory
(Oropeza et al., 2007).In addition, preabsorption with the respective antigen (Alpha
Diagnostics, San Antonio, TX) resulted in an absence of immunolabeling in tissue sections
from the frontal cortex.

2.3 Pharmacological treatment
U50,488 (Sigma-Aldrich Inc., St. Louis, MO, USA) was injected intraperitoneally (i.p.) at a
dose of 5 mg/kg. This dose was chosen since we have previously reported that this dose
attenuated the magnitude of LC phasic discharge evoked by a variety of stimuli (Kreibich et
al., 2008).

2.3.1 Acute administration—Eight rats received a single injection of 5.0 mg/kg U50,488
dissolved in 0.9% saline to a concentration of 5.0 mg/ml (administered in a volume of 1.0
ml/kg). Ten rats received a single injection of the vehicle (0.9% saline) in a volume of 1.0
ml/kg. Seventeen rats received a single injection of norBNI (Sigma). The dose and the time
selected for administration of norBNI was based on our previous study (Wang et al., 2009)
as well as others (Wang et al., 2008). The antagonist effect of norBNI has a well
characterized delayed onset and persists over long periods of time (Endoh et al., 1992).
10.0mg/kg norBNI was dissolved in 0.9% saline to a concentration of 10.0mg/ml
(administered in a volume of 1.0 ml/kg). Sixteen hours post-norBNI injection, seven rats
received a single injection of 5.0 mg/kg U50,488 in a volume of 1.0 ml/kg while 10 rats
received a single injection of the vehicle (0.9% saline) in a volume of 1.0 ml/kg. Both
U50,488 and vehicle injections were administered i.p. 30 min prior to perfusion.

2.4 Immunofluorescence
Five naïve rats were deeply anesthetized with sodium pentobarbital (80 mg/kg; Ovation
Pharmaceuticals, Inc., Deerfield, IL, USA) and transcardially perfused through the
ascending aorta with 500 ml of 4% formaldehyde in 0.1 M phosphate buffer (PB; pH 7.4).
Brains were removed, blocked, postfixed in 4% formaldehyde overnight at 4°C and stored in
30% sucrose solution in 0.1 M PB containing sodium azide at 4°C for few days. The rat
brain was frozen using Tissue Freezing Medium (Triangle Biomedical Science, Durham,
NC, USA). Frozen 30 μm-thick sections were cut in the coronal plane using a freezing
microtome (Micron HM550 cryostat; Richard-Allan Scientific, Kalamazoo, MI, USA) and
collected in 0.1 M PB. Sections were placed for 30 min in 1% sodium borohydride in 0.1 M
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PB to reduce amine-aldehyde compounds. The tissue sections were then incubated in 0.5%
bovine serum albumin (BSA) and 0.25% Triton X-100 in 0.1 M tris-buffered saline (TBS;
pH 7.6) for 30 min. Thorough rinses in 0.1 M TBS were done following incubation.
Subsequently, sections were incubated in rabbit anti-κOR at 1:500 and mouse anti-TH
(Immunostar Inc., Hudson, WI, USA) at 1:1,000 in 0.1% BSA and 0.25% Triton X-100 in
0.1M TBS. Incubation time was 15–18 hours in a rotary shaker at room temperature.
Sections were then washed in 0.1 M TBS and incubated in a secondary antibody cocktail
containing fluorescein isothiocyanate (FITC) donkey anti-rabbit (1:200; Jackson
ImmunoResearch Laboratories Inc., West Grove, PA, USA) and tetramethyl rhodamine
isothiocyanate (TRITC) donkey anti-mouse (1:200; Jackson ImmunoResearch) antibodies
prepared in 0.1 % BSA and 0.25% Triton X-100 in 0.1 M TBS for 2 hours in the dark on a
rotary shaker.

2.5 Immunoelectron microscopy
Rats acutely treated with vehicle with (n=3) or without (n=4) norBNI, and rats acutely
treated with U50,488 with (n=3) or without (n=4) norBNI were anesthetized with sodium
pentobarbital (60 mg/kg) 30 minutes following U50,488 injection, and perfused
transcardially through the ascending aorta with 10 ml heparinized vehicle followed with 50
ml of 3.75% acrolein (Electron Microscopy Sciences, Fort Washington, PA, USA) and 200
ml of 2% formaldehyde in 0.1 M PB. The brains were removed immediately after perfusion
fixation, sectioned into 1–3 mm coronal slices and postfixed in the same fixative overnight
at 4ºC.

Alternate 40-μm-thick coronal sections through the rostrocaudal extent of the LC were
processed for electron microscopic analysis of κOR or κOR and TH following the protocol
described earlier for immunofluorescence except that Triton X-100 was not added to the
solution for antibody incubation. Sections were incubated in rabbit anti-κOR at 1:500 or
rabbit anti- κOR at 1:500 and mouse anti-TH (Immunostar Inc.) at 1:1,000 in 0.1% BSA in
0.1M TBS. Incubation time was 15–18 hours in a rotary shaker at room temperature. In
singly-labeled sections, κOR immunoreactivity was detected using immunogold-silver
labeling. In sets of sections that were dual-labeled for κOR and TH, immunoperoxidase
labeling was used to identify TH immunoreactivity while immunogold-silver labeling was
used to identify κOR immunoreactivity. Following primary antibody incubation, tissue
sections were rinsed three times in 0.1 M TBS and incubated in biotinylated donkey anti-
mouse (1:400; Vector Laboratories, Burlingame, CA) for 30 min followed by rinses in 0.1
M TBS. Subsequently, a 30-minute incubation of avidin-biotin complex (Vector
Laboratories) followed. For all incubations and washes, sections were continuously agitated
with a rotary shaker. TH was visualized by a 4-min reaction in 22 mg of 3,3′-
diaminobenzidine (Sigma-Aldrich Inc.) and 10 μl of 30% hydrogen peroxide in 100 ml of
0.1 M TBS.

For gold-silver localization of κOR, sections were rinsed three times with 0.1 MTBS,
followed by rinses with 0.1 M PB and 0.01 M phosphate buffered vehicle (PBS; pH 7.4).
Sections were then incubated in a 0.2% gelatin-PBS and 0.8% BSA buffer for 10 min and
followed by incubation in goat anti-rabbit IgG conjugate in 1 nm gold particles (Amersham
Bioscience Corp., Piscataway, NJ, USA) at room temperature for 2 h. Sections were then
rinsed in buffer containing the same concentration of gelatin and BSA as above. Following
rinses with 0.01 M PBS, sections were then incubated in 2% glutaraldehyde (Electron
Microscopy Sciences) in 0.01 M PBS for 10 min. This procedure was followed by washes in
0.01 M PBS and 0.2 M sodium citrate buffer (pH 7.4). A silver enhancement kit (Amersham
Bioscience Corp.) was used for silver intensification of the gold particles. The optimal times
for silver enhancement were determined by empirical observation for each experiment and
ranged between 8 and 10 min. Following intensification, tissue sections were rinsed in 0.2 M
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citrate buffer and 0.1 M PB, and incubated in 2% osmium tetroxide (Electron Microscopy
Sciences) in 0.1 M PB for 1 h, washed in 0.1 M PB, dehydrated in an ascending series of
ethanol followed by propylene oxide and flat embedded in Epon 812 (Electron Microscopy
Sciences; Leranth and Pickel, 1989).

Thin sections of approximately 50–100 nm in thickness were cut with a diamond knife
(Diatome-US, Fort Washington, PA, USA) using a Leica Ultracut (Leica Microsystems,
Wetzlar, Germany). Captured images of selected sections were compared with captured light
microscopic images of the block face before sectioning. Sections were collected on copper
mesh grids, examined with an electron microscope (Morgagni, Fei Company, Hillsboro, OR,
USA) and digital images were captured using the AMT advantage HR/HR-B CCD camera
system (Advance Microscopy Techniques Corp., Danvers, MA, USA). Figures were
assembled and adjusted for brightness and contrast in Adobe Photoshop.

2.6 Controls and data analysis
Some sections were processed in parallel with the rest of the procedures identical but one of
the primary antisera was omitted. Sections processed in the absence of primary antibody did
not exhibit immunoreactivity. To evaluate cross-reactivity of labeling of the primary
antiserum by secondary antisera, some sections were processed for dual labeling with
omission of one of the primary antisera. Tissue sections were taken from three to four rats
per group with the good preservation of ultrastructural morphology and with clearly
apparent immunocytochemical labeling. At least 10 grids containing 5 to 10 thin sections
each were collected from at least two plastic-embedded sections of the LC from each
animal. The quantification of κOR-immunolabeled profiles were carried out at the plastic-
tissue interface to ensure that immunolabeling was detectable in all sections used for
analysis (Chan et al., 1990). To determine whether levels of spurious silver grains could
contribute to false positives, blood vessels and myelinated axons (structures that should not
contain κOR immunolabeling) were counted in random ultrathin sections. Minimal spurious
labeling was identified. Therefore, the criteria for considering a process as immunolabeled
was defined by the presence of at least 2–3 silver grains in a cellular profile. Only tissue
sections that were singly labeled for κOR were used for the electron microscopic analysis.
The identification of cellular elements was based on the standard morphological criteria
(Peters and Palay, 1996). The analysis of κOR internalization in various groups studied was
quantified by calculating the ratio of cytoplasmic to total immunogold-silver particles for
each singly immunolabeled axonal and dendritic profile in individual rats. As with previous
studies from our group (Reyes et al., 2006; Reyes et al., 2008; Wang et al., 2009), care was
taken to ensure that control and experimental groups contained similarly sized profiles.
There was no statistical difference in the size of profiles analyzed in any group examined.
The number of axonal and dendritic profiles per animal included in the analysis ranged from
128–147 and from 122–134, respectively.

2.7 Identification of gold-silver labeling in profiles
Using electron microscopy in all rats analyzed, immunogold-silver labeling for κOR was
identified in axon terminals and dendrites, sometimes in unmyelinated axons in the LC.
Selective immunogold-silver labeled profiles were identified by the presence, in single thin
sections, of at least two immunogold-silver particles within a cellular compartment.
Whenever possible, the more lightly labeled axonal labeling for κOR was confirmed by
detection in at least two serial sections. The criterion of two gold particles as indicative of
κOR labeling is conservative and may have led to an underestimation of the number of κOR-
labeled profiles. Another factor that may have led to the underestimation of labeled profiles
is the limitation of immunocytochemical methods to detect trace amounts of κOR.
Moreover, unbiased stereological methods were not used for counting labeled profiles, and
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the results of the numerical analysis can only be considered to be an estimate of the numbers
of synapses and labeled profiles.

2.8 Protein extraction
An additional two sets of rats received either U50,488 or vehicle. Thirty minutes following a
single injection of 5.0 mg/kg U50,488 or vehicle, rats were anesthetized with isoflurane
(Webster Veterinary, Sterling, MA, USA; 0.5–1.0%, in air) and euthanized. Considering that
the LC is a small nucleus in the anterodorsal part of the pontine tegmentum (Swanson, 1976;
Foote et al., 1983), care was taken to excise the LC with as little tissue from neighboring
structures as possible. To this end, coronal sections at a level of 9.16 mm to 10.52 mm
posterior to bregma (Paxinos and Watson, 1986) were obtained using a rat brain mold.
Subsequently, the cerebellum was retracted and a trephine was used to punch out the LC
region. It is likely that some neighboring nuclei including the mesencephalic trigeminal
nucleus may have been present in the micropunches (Paxinos and Watson, 1986). Brain
tissue was rapidly removed from each animal on ice. Using a trephine, the LC brain region
was microdissected from each animal. LC was homogenized with a pestle and extracted in
radioimmunoprecipitation assay lysis buffer (Santa Cruz Biotechnology, Santa Cruz, CA,
USA) on ice for 20 min. Lysates were cleared by centrifugation at 13,000 rpm for 12 min at
41°C. Supernatants or protein extracts were diluted with an equal volume of Novex 2® tris
glycine sodium dodecyl sulfate sample buffer (Invitrogen, Carlsbad, CA, USA) containing
dithiothreitol (Sigma-Aldrich Inc.). Protein concentrations of the undiluted supernatants
were quantified using the bicinchoninic acid protein assay reagent (Pierce, Rockford, IL,
USA).

2.9 Western blot analysis
Cell lysates containing equal amounts of protein were separated on 4–12% tris-glycine
polyacrylamide gels and then electrophoretically transferred to Immobilon-P polyvinylidene
fluoride membranes (Millipore, Bedford, MA, USA). Membranes were incubated in rabbit
anti-κOR at 1:200 or mouse anti-DβH at 1:200, primary antibody overnight and then in
alkaline phosphatase-conjugated secondary antibodies for 30 min to probe for the presence
of proteins using a Western blotting detection system (Western Breeze Chemiluminescent
Kit; Invitrogen). Following incubation in a chemiluminescent substrate (Western Breeze
Chemiluminescent Kit), blots were exposed to X-OMAT AR film (Kodak, Rochester, NY,
USA) for different lengths of time to optimize exposures. κOR or DβH was readily detected
by immunoblotting in rat LC extracts. κOR immunoreactivity was visualized as a single
band that migrates at approximately 58 kDA, while DβH migrates at approximately 75 kDA.
Blots were incubated in stripping buffer (Restore Stripping Buffer, Pierce) to disrupt
previous antibody-antigen interactions and then re-probed with β-actin (1:5,000, Sigma-
Aldrich Inc.) with 1-hour incubation to ensure proper protein loading. The density of each
band was quantified using Un-Scan-It blot analysis software (Silk Scientific Inc., Orem,
Utah, USA). κOR or DβH was normalized to β-actin immunoreactivity on each respective
blot. Western blot data was analyzed using Student’s t-test (GraphPad Prism 4, GraphPad
Software, Inc., San Diego, CA, USA)

3. Results
3.1 Immunocytochemical distribution of κOR in LC

Consistent with our previous report, κOR immunoreactivity was frequently localized in axon
terminals as well as in dendrites and somata of LC neurons, albeit less frequently (Reyes et
al., 2009). When present in somata or dendrites, κOR immunoreactivity was associated with
catecholaminergic-containing profiles as evidenced by the presence of the synthesizing
enzyme, TH (Figure 1). Within postsynaptic processes, κOR immunoreactivity was also
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identified within dendrites that lacked TH immunoreactivity and are presumed to be
inhibitory interneurons (Aston-Jones et al., 2004). Using dual immunofluorescence detection
and confocal microscopy, κOR immunoreactivity exhibited a punctate pattern of labeling, as
previously described (Reyes et al., 2009), which was observed throughout the rostrocaudal
segment of the LC. Specifically, immunoreactivity for κOR appeared uniformly distributed
within the core of the LC (Figure 1A) and in the peri-coerulear (peri-LC) area (not shown).
Anatomically, the core of the LC is enriched with TH-immunoreactive perikarya (Shipley et
al., 1996; Bajic et al., 2000) while the peri-LC contains a robust distribution of TH-labeled
dendrites (Shipley et al., 1996; Van Bockstaele et al., 1996). The distribution of κOR
immunoreactivity observed in the dual immunofluorescence studies is supported by the
localization of κOR at the ultrastructural level. Using immunoelectron microscopy, κOR
immunoreactivity was detected in axon terminals (Figure 1D–E) and in dendritic profiles
(Figure 1F). Some axon terminals contacted unlabeled dendrites (Figure 1D) while many
others targeted TH-labeled dendrites (Figure 1E). Consistent with the confocal fluorescence
microscopy, κOR immunoreactivity is also associated with TH-labeled dendrites (Figure
1F).

Using immunogold-silver detection, κOR immunoreactivity was distributed along the
plasma membranes as well as within the cytoplasm of pre-synaptic cellular profiles (Figure
2A–C) and postsynaptic profiles (Figure 3A–C) as previously described (Reyes et al., 2009).

3.2 Agonist-induced internalization of κOR in LC
Our present results show that an injection of U50,488 at a dose that attenuated the phasic
discharge of LC evoked by auditory stimuli and significantly decreased tonic activity of LC
neurons (Kreibich et al., 2008) resulted in significant κOR internalization which was both
apparent in axon terminals (Figure 2B) and dendrites (Figure 3B). Table 1 presents the mean
ratio of cytoplasmic to total immunogold-silver particles in κOR-immunoreactive axon
terminals and dendrites in LC following vehicle or U50,488 administration with or without
norBNI. The mean ratio of cytoplasmic to total immunogold-silver particles in axon
terminals following U50,488 injection was 0.76 ± 0.02 which was significantly different (P
< 0.001) from vehicle-treated subjects (0.31 ± 0.02). Following U50,488 injection, the mean
ratio of cytoplasmic to total immunogold-silver particles in dendrites was 0.77 ± 0.04 which
was significantly different (P < 0.001) from vehicle (0.40 ± 0.02) and other treated groups
(0.38 ± 0.05 for axon terminals and 0.44 ± 0.03 for dendrites in U50,488 + norBNI-treated
group while 0.32 ± 0.07 for axon terminals and 0.46 ± 0.05 for dendrites in vehicle +
norBNI). Furthermore, Table 1 shows the total number of immunogold-silver particles
localized to the intracellular compartment or the plasma membrane in either axon terminals
or dendrites of all the experimental groups studied. In dendrites, κOR immunoreactivity was
associated with endosome-like structures (Figure 3B). Figure 2A shows that in axon
terminals, a comparable ratio of cytoplasmic to total immunogold-silver particles was
observed when compared to vehicle-treated rats (0.40 ± 0.02) norBNI+U50,488 (0.38 ±
0.05) and norBNI+vehicle (0.32 ± 0.07). Thus, pretreatment with norBNI prior to U50,488
administration prevented the U50,488-induced internalization in axon terminals. Likewise,
in dendrites of rats pre-treated with norBNI prior to U50,488 injection (0.44 ± 0.03) and rats
that received norBNI and vehicle (0.46 ± 0.05) a comparable ratio of cytoplasmic to total
immunogold-silver particles was also observed with the vehicle-treated rats (0.40 ± 0.02)
(Figure 3A, 3C) indicating that pretreatment with norBNI prevented κOR internalization not
only in axon terminals but in dendrites as well. Agonist-induced internalization of κOR
following U50,488 treatment was also evident in dendritic profiles obtained from sections
that were dual labeled for κOR and TH (Fig. 4B). Dual labeled dendrites for κOR and TH
showed that following saline or norBNI prior to U50,488 treatment, κOR labeling was more
frequently observed along the plasma membrane.
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3.3 U50,488 alters expression levels of DβH and κOR in LC
The LC was microdissected bilaterally and the expression levels of DBH and κOR were
assessed using Western blot analysis (Figure 5). Following U50,488 injection, DβH
expression level was significantly increased (P < 0.05) compared to the vehicle-treated
control. Likewise, U50,488-treated rats exhibited higher levels (P < 0.05) of κOR expression
compared to vehicle-treated control. When pre-treated with the KOR antagonist, norBNI,
κOR expression was not significantly different from control.

4. Discussion
In a cellular environment, the role of LC neurons is pivotal in the regulation of arousal and
facilitation of adaptive behavioral responses (Aston-Jones et al., 1984; Berridge and
Waterhouse, 2003; Valentino and Van Bockstaele, 2005). While the LC noradrenergic
system sends widespread projections throughout the neuraxis, multiple afferents also
converge on the LC which in turn influences neuronal activity. We have recently shown that
DYN-κOR system modulates diverse afferent signaling to the LC (Kreibich et al., 2008;
Reyes et al., 2008; Reyes et al., 2009). Thus, modulation of LC neuronal activity through the
DYN-κOR system could be relevant to the cognitive and behavioral responses of
noradrenergic neurons to stress.

The results of the present study provide evidence for κOR modulation of LC neuronal
activity. Specifically, parenteral treatment of a κOR agonist, U50,488 results in the
trafficking of the κOR in the LC. However, this trafficking was attenuated by a pre-
administration of a κOR antagonist, norBNI. Concomitant with κOR trafficking is increases
in the expression levels of DBH and κOR in the LC.

4.1 Technical considerations
In the present study, the specificity of the antisera was previously characterized (Van
Bockstaele and Pickel, 1993; Drake et al., 1996; Reyes et al., 2007; Reyes et al., 2008;
Reyes et al., 2009). Omission of the primary antibody abolished any detectable
immunoreactivity for κOR or TH (Reyes et al., 2007; Reyes et al., 2008; Reyes et al., 2009).
The preembedding method provides distinct subcellular localization of reaction product
while preserving ultrastructural morphology (Leranth and Pickel, 1989). Furthermore,
preembedding method is more suitable than postembedding method for determining regional
localization and for localization of immunoreactivity at the extrasynaptic sites (Lujan et al.,
1996). However, immunolabeling in thick sections prior to embedding poses a caveat that is
unique to this approach which involves the optimal penetration of an antibody in thick tissue
sections. In order to minimize penetration problems because of the relative thickness of the
tissue sections, we collected tissue sections near the tissue-Epon interface where penetration
of antibody is optimal to ensure that immunolabeling was clearly detectable in sections
included in the analysis (Chan et al., 1990). In addition, profiles were sampled only when
both markers were clearly present in the fields included in the analysis. Furthermore,
experimental groups were processed in parallel; therefore, this limitation should not
contribute to group differences. Moreover, for dual-labeled tissue sections sampling was
only done when both markers (κOR+TH) were detectable in sections used for analysis
(Leranth and Pickel, 1989). Using the present methodology, we are unable to determine
whether κOR is recycled back to the plasma membrane or degraded following
internalization. The use of lysosomal markers would be useful in this regard. Nevertheless,
our immunoelectron microscopic technique allows important visualization of receptor
localization associated with the plasma membrane or the cytoplasmic compartment (Van
Bockstaele et al., 2001; Reyes et al., 2006; Reyes et al., 2008).
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4.2 Subcellular localization of κOR in the LC
Consistent with our recent report (Reyes et al., 2009), the present study identified κOR
localization predominantly in presynaptic sites indicating a greater preponderance in axon
terminals. κOR immunoreactivity was also localized in axons. In some profiles, postsynaptic
κOR localization was evident in dendrites and somata. The prominent localization of κOR in
axon terminals is indicative of a presynaptic influence of κOR activation in the LC which
has been reported in other brain regions including hippocampal formation (Drake et al.,
1996), dentate gyrus (Drake et al., 1996), ventral rostral medulla (Drake et al., 1996),
nucleus accumbens (Svingos et al., 1999), medial prefrontal cortex (Svingos and Colago,
2002) Physiological studies have shown that κOR mediates presynaptic inhibition in
multiple brain regions including hippocampus (Simmons and Chavkin, 1996), nucleus
ambiguus (Wang et al., 2004) and rostral ventral medulla (Ackley et al., 2001). Moreover,
the study of Ford and colleagues has demonstrated that in the ventral tegmental area,
modulation of κORs can suppress dopamine release via pre- and postsynaptic actions of
κOR selective agonists (Ford et al., 2007). Furthermore, our physiological studies have
shown that intracoerulear microinjection of U50,488 attenuated phasic discharge evoked by
various stimuli (Kreibich et al., 2008). Taken together, κOR can impact activity of LC
neurons through presynaptic modulation.

The existence of κOR on noradrenergic neurons is consistent with reports from others
(Mansour et al., 1994), albeit using other approaches that include in situ hybridization and
receptor autoradiographic techniques. The postsynaptic localization of κOR has been
reported in other brain regions including hippocampus (Halasy et al.,2000), medial
prefrontal cortex (Svingos and Colago, 2002), rostral ventromedial medulla (Drake et al.,
2004) and spinal cord (Wang et al., 2009; Harris et al., 2004). It is likely that the
postsynaptic action of κOR selective agonists could suppress norepinephrine release via
modulation of LC neurons as reported for dopamine release in the ventral tegmental area
(Ford et al., 2007).

4.3 Characteristics of κOR internalization
G-protein coupled receptors are the largest family of integral membrane receptors.
Following stimulation with agonists, G-protein coupled receptors are internalized (Yu et al.,
1993; Lefkowitz, 1998; Finch et al., 2009). Receptor internalization serves not only to turn
off persistent receptor signaling but it also allows cells to regulate sensitivity to subsequent
agonist exposure. It is usually followed by resensitization and receptor recycling to the
plasma membrane (Ferguson, 2001). These coordinated events prevent excessive receptor
stimulation or periods of prolonged inactivity. Previous in vitro studies have demonstrated a
dose dependent agonist-induced internalization of κOR. Whereas 0.1 and 1.0 μM U50,488
did not induce internalization of κOR, stimulation at a higher dose of 10 μM induced a
robust internalization of κOR using cultured HEK293 cells (McLaughlin et al., 2003b;
Jordan et al., 2000). Internalization of κOR is also agonist specific as epitope-tagged κOR in
HEK293 cells did not show internalization following acute treatment with 10 μM of the
selective mu-opioid receptor agonist, etorphine (Chu et al., 1997). Incubation with the κOR-
selective antagonist, norBNI, in HEK cells prevented κOR trafficking (McLaughlin et al.,
2003b).The agonist-induced internalization of κOR required serine phosphorylation on the
receptor (McLaughlin et al., 2003b). It is thought that agonist-induced κOR desensitization
initiates receptor internalization (Law et al., 1982; Puttfarcken et al., 1988).

Engaging κORs using pharmacological tools (e.g. U50,488) affects LC neuronal activity
(Kreibich et al., 2008; Tokuyama et al., 1998), norepinephrine release in regions targeted by
LC (Laorden and Milanes, 2000; Werling et al., 1988) and impacts behavioral output
(Redila and Chavkin, 2008; Shannon et al., 2007; Valdez et al., 2007). The present study
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adds to this literature by showing that acute agonist administration causes internalization of
κORs in the LC and is accompanied by increases in the expression levels of κOR and DβH.
In humans, acute effects of the κOR agonist, MR 2033 have shown that subjects treated with
a low dose experienced increased anxiety, racing thoughts, feelings of body distortion and
discomfort (Pfeiffer et al., 1986). Conversely, subjects treated with a high dose experienced
severe disturbances in the perception of time and space, visual hallucinations and symptoms
of derealization, depersonalization and loss of self-control (Pfeiffer et al., 1986). Other κOR
agonists including enadoline and Cl-977 caused subjects to experience visual distortions,
depersonalization, sedation, confusion and abnormal thinking (Walsh et al., 2001; Reece et
al., 1994). In rodents, κOR agonists administration including salvinorin A and U69593 cause
an increase immobility in the forced swim test (Carlezon et al., 2006; Mague et al., 2003).
These studies indicate that κOR agonists induce an adverse effect on behavior in both
humans and rodents. It is tempting to speculate that the manifestation of these behavioral
changes in humans and rodents is associated with the internalization of κOR and the
concomitant alteration of κOR and DβH expression in the LC. However, further studies are
needed to address these issues.

In response to changes in the activity of LC as well as in response to changes in brain levels
of norepinephrine, expression levels of DβH are tightly regulated. When κORs are engaged
via exposure to U50,488, an increase in DβH may reflect an increase in the activity of
noradrenergic LC neurons. The LC, known for its widespread divergence of noradrenergic
terminals to all levels of the neuroaxis (Foote et al., 1983) is activated in stress-related
psychiatric disorders (Sullivan et al., 1999; Zhu et al., 1999). In the present study, the ability
of norBNI to reverse the effect of U50,488 in κOR internalization suggests that the κOR
antagonist can be a potential component of a therapeutic regimen to treat stress-related
psychiatric disorders

In summary, using immunoelectron microscopy, our results demonstrate agonist-induced
internalization of κORs in axon terminals and dendrites of the LC. The ability of a κOR
antagonist to prevent κOR trafficking is a potential approach in the regulation of LC activity
in the presence of stressors that involve dysregulation of the dynorphin system.

Research highlights

• U50,488 administration shifted immunogold-silver labeling indicative of κOR
from primarily plasmalemmal sites to intracellular sites when compared to
vehicle-treated subjects.

• The U50,488-induced κOR translocation from the plasma membrane to the
cytoplasmic compartment was prevented by pre-treatment with the κOR
antagonist, norbinaltorphimine.

• U50,488 administration significantly increased the expression levels for DβH
and κOR when compared to controls.

• These data indicate that a systemic injection of a κOR agonist stimulates
internalization of κORs in noradrenergic neurons and can impact κOR and DβH
expression levels in this stress-sensitive brain region.
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Figure 1.
A–C. Confocal fluorescence photomicrographs showing κOR and tyrosine hydroxylase
(TH) immunoreactivities in the locus coeruleus (LC). κOR immunoreactivity was labeled
with fluorescein isothiocyanate (green) and TH was labeled with rhodamine isothiocyanate
(red). Arrowheads point to κOR-labeled processes that are localized in TH-labeled perikarya
that can also be seen in the merged image in panel C. Arrows point to varicose processes
that only contain κOR that are also seen in the merged image in panel C. Arrows indicate the
dorsal (D) and medial (M) orientation of the tissue section. Inset shows schematic diagrams
adapted from the rat brain atlas of Swanson (1992) depicting the LC region sampled. In the
insets, arrows indicate dorsal (D) and medial (M) orientation of the sections illustrated.
Abbreviations: scp, superior cerebellar peduncle; IV, fourth ventricle; mlf, medial
longitudinal fasciculus; moV, motor root of the trigeminal nucleus; V, motor nucleus of the
trigeminal nucleus. D–F. Electron photomicrographs showing immunoperoxidase labeling
for TH and immunogold-silver labeling for κOR in the LC. D. An immunoperoxidase-
labeled TH dendrite and an immunogold-silver labeled (arrowheads) κOR terminal (κOR-t)
are seen in the same field. κOR-t targets an unlabeled dendrite (ud). Located nearby is an
unlabeled axon terminal (ut) targeting a TH-d. E. An immunogold-silver labeled
(arrowheads) κOR-t is shown contacting a TH-d. In the same field is shown an unlabeled
terminal (ut) contacting a TH-d. F. A TH-d exhibiting immnoperoxidase labeling also
exhibits immunogold-silver labeling (arrowheads) for κOR (κOR+TH-d). Scale bars, 100
μm (A-C), 0.5μm. (D–F).
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Figure 2.
Electron microscopic visualization evidence for U50488-induced internalization of κOR in
locus coeruleus (LC) axon terminals. Sections from control (vehicle-treated) (A), U50488-
treated (B) and norBNI-pretreated rats prior to U50488 treatment (C). A. Immunogold-silver
labeling for κOR (arrows) can be seen along the plasmalemma in an axon terminal from
vehicle-treated rats. B. κOR labeling shifts from the plasmalemma to the cytoplasm
following U50488 in axon terminal. Arrowheads point to immunogold-silver labeling in the
cytoplasm. C. Immunogold-silver labeling for κOR can be seen along the plasmalemma
(arrows) and also in the cytoplasm (arrows) in an axon terminal from a norBNI-pretreated
rat prior to U50488 treatment. Scale bars, 0.5μm.
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Figure 3.
Electron microscopic visualization evidence for U50,488-induced internalization of κOR in
locus coeruleus (LC) dendrites. Sections from control (vehicle-treated) (A), U50,488-treated
(B) and norBNI-pretreated rats prior to U50488 treatment (C). A. Immunogold-silver
labeling for κOR (arrows) can be seen along the plasmalemma in a dendrite from vehicle-
treated rats. A κOR-labeled dendrite receives synaptic contacts from an axon terminal (t). B.
κOR labeling shifts from the plasmalemma (arrow) to the cytoplasm (arrowheads) in a
dendrite following U50,488 treatment. Arrowheads point to immunogold-silver labeling in
the cytoplasm. C. Immunogold-silver labeling for κOR can be seen along the plasmalemma
(arrow) and also in the cytoplasm (arrowhead) in a dendritic profile following norBNI
treatment prior to U50488 injection. Scale bars, 0.5μm.
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Figure 4.
Electron photomicrographs showing immunoperoxidase labeling for TH and immunogold-
silver labeling for κOR in the locus coeruleus (LC) following vehicle (A), U50,488 (B) and
norBNI-pretreated rats prior to U50488 treatment (C). A. A TH-labeled dendrite contains
immunogold-silver labeling (arrows) for κOR distributed along the plasma membrane from
a vehicle-treated control. The dually labeled dendrite (κOR+TH-d) is apposed to an
unlabeled terminal (ut). A TH-labeled dendrite (TH-d) that does not contain κOR is found
nearby. B. Shown is a TH-immunoperoxidase labeled dendrite containing immunogold-
silver labeling for κOR (κOR+TH-d). κOR labeling shifts from the plasmalemma to the
cytoplasm in a TH-labeled dendrite following U50,488 treatment. Arrowheads point to
immunogold-silver labeling in the cytoplasm. C. Immunogold-silver labeling for κOR can
be seen along the plasmalemma in a TH-labeled dendrite (κOR+TH-d) following norBNI
treatment prior to U50,488 injection. Arrows point to κOR labeling along the plasma
membrane. This κOR+TH-dual labeled dendrite is apposed by an unlabeled terminal (ut).
Scale bars, 0.5μm.
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Figure 5.
Western blot analysis of dopamine beta hydroxylase (DβH) and kappa-opioid receptor
(κOR) expression in the locus coeruleus following acute treatment of U50,488.κOR and
DβH expression levels in the LC of the animals are expressed as a fold change from the
control mean when the control equals 1.0 ± SEM. β-actin immunoblotting was used as a
control to verify equal protein loading. DβH and κOR were significantly increased (P <
0.05) following U50,488 treatment compared to the control group. *P < 0.05 vs control
group.Ms. Ref. No.: CHENEU-D-10-00031
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Table 1

Ratio of cytoplasmic to total κOR-immunogold silver particles in the LC

Axon terminals Dendrites

Vehicle 0.31 ± 0.02 0.40 ± 0.02

U50,488 0.76 ± 0.02* 0.77 ± 0.04*

U50,488 + norBNI 0.38 ± 0.05 0.44 ± 0.03

Vehicle + norBNI 0.32 ± 0.07 0.46 ± 0.05

*
P < 0.001 compared with all the vehicle and treatment groups
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Number of κOR-immunogold-silver particles in axon terminals

Total κOR- immunogold silver
particles in PM

Total κOR- immunogold silver
particles in IC

Total κOR- immunogold silver
particles (PM+IC)

Vehicle 246.67 ± 15.88 115.33 ± 15.49 362.00 ± 31.26

U50,488 77.25 ± 13.52 240.75 ± 21.65 318.00 ± 34.81

U50,488 + norBNI 189.50 ± 29.65 124.25 ± 22.19 313.75 ± 25.93

Vehicle + norBNI 201.33 ± 10.60 100.00 ± 27.21 301.33 ± 24.36
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Number of κOR-immunogold-silver particles in dendrites

Total κOR- immunogold silver
particles in PM

Total κOR- immunogold silver
particles in IC

Total κOR- immunogold silver
particles (PM+IC)

Vehicle 227.33 ± 10.69 164.67 ± 15.95 392.00 ± 23.52

U50,488 106.75 ± 20.16 355.50 ± 11.65 462.25 ± 27.67

U50,488 + norBNI 212.25 ± 35.25 188.00 ± 24.91 400.25 ± 49.14

Vehicle + norBNI 179.33 ± 3.71 168.00 ± 35.57 347.33 ± 39.28

Abbreviation: PM, plasma membrane; IC, intracellular compartment
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