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Abstract

Previous studies have shown that corticotropin-releasing factor (CRF), an integral mediator of the
stress response, and opioids regulate the activity of the locus-coeruleus-norepinephrine (LC-NE)
system during stress in a reciprocal manner. Furthermore, repeated opiate exposure sensitizes
noradrenergic neurons to CRF. Previous studies have shown that uORs are prominently distributed
within somatodendritic processes of catecholaminergic neurons in the LC and axon terminals
containing opioid peptides and CRF converge within the LC. To further examine cellular sites for
interactions between CRF receptor type 1 (CRFr) and uOR, immunofluorescence and electron
microscopic analysis of the rat LC was conducted. Triple immunofluorescence showed prominent
co-localization of the CRFr and pOR in noradrenergic somata in the LC. Ultrastructural analysis
confirmed dual localization of CRFr and pOR in common dendritic processes in the LC. Semi-
quantitative analysis showed that of the dendrites exhibiting CRFr immunolabeling, 57% expressed
LOR immunoreactivity. These data provide ultrastructural evidence that CRFr and pOR are co-
localized in LC neurons, a cellular substrate that may underlie opiate-induced sensitization of brain
noradrenergic neurons to CRF.
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Corticotropin-releasing factor (CRF), the hypothalamic neurohormone that initiates release of
adrenocorticotropin in response to stress [20] also serves as a neurotransmitter that activates
neurons of the noradrenergic nucleus locus coeruleus (LC). CRF administration increases the
spontaneous discharge rate of LC neurons [21]. Microinfusion of CRF receptor antagonists
into the LC abrogates increases in LC discharge activity elicited by both
intracerebroventricularly (icv) administered CRF [6] and certain stimuli [24]. Likewise,
hypotensive stress-induced activation of LC neurons is blocked by microinfusion of CRF
directly into the LC [24]. Taken together, these data suggest that CRF release in the LC
increases activity of noradrenergic neurons. In addition, CRF potently activates forebrain
electroencephalographic (EEG) activity [7]. Consistent with physiological findings,

Corresponding Author: Beverly A. S. Reyes, Ph.D., Department of Neurosurgery, Farber Institute for Neurosciences, Thomas Jefferson
University, 900 Walnut Street, Suite 400, Philadelphia, PA 19107, Voice: (215) 503-5268, FAX: (215) 955-7921, e-mail:
bsr103@jefferson.edu

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Reyes et al.

Page 2

ultrastructural studies demonstrated that CRF-immunoreactive terminals form synaptic
specializations with LC dendrites [31].

The LC is densely innervated by processes exhibiting endogenous opioid peptides [8,28,29].
In vitro studies have shown that the LC contains a high concentration of pu-opioid receptors
(wOR) [11,28,29]. Ultrastructural studies have demonstrated that uOrs are prominently
distributed on somatodendritic processes in the LC [28] and are specifically localized to the
plasma membrane of dendrites that are targeted by the enkephalin family of opioid peptides
[29].

Endogenous opioids and CRF interact [28,34] in the LC. The CRF-opioid convergence in the
LC-norepinephrine (LC-NE) system is shown to be involved in the neural circuitry underlying
stress responses [22] and opiate actions [12]. We have shown that chronic but not acute
morphine treatment selectively sensitized LC-NE system to CRF [34]. CRF produced a near
maximal-activation of LC neurons of rats chronically treated with morphine compared to
vehicle-treated rats. Moreover, the chronic opiate-induced LC sensitization altered the
behavioral repertoire in response to swim stress, a form of environmental stress [34]. In light
of these findings and the expression of CRFr and pOR immunoreactivities in the LC in
independent studies [15,29,34], we hypothesized that CRFr and uOR are co-localized in the
same dendritic processes in LC neurons.

In an effort to further elucidate cellular substrates for interactions between CRF receptor type
1 (CRFr) and pnOR, the present study used combined immunofluorescence and dual
immunoelectron microscopy. Triple immunocytochemical labeling for CRFr, uOR and
tyrosine hydroxylase (TH) was conducted on the same section of tissue. Immunoelectron
microscopy combined methods of immunoperoxidase and immunogold-silver detection for
labeling CRFr and pOR, respectively. The present data suggest potential anatomical substrates
for LC’s involvement in opiate-induced sensitization of the brain NE system in stress.

Adult male Sprague-Dawley rats (220-250 g; Harlan Sprague-Dawley, Inc., Indianapolis, IN)
were used. The procedures in this study were approved by the Institutional Animal Care and

Use Committee of Thomas Jefferson University and conformed to NIH guidelines. All efforts
were made to utilize only the number of animals necessary to produce reliable scientific data,
and attempts were made to minimize animal distress.

Using immunohistochemical analysis, the characterization and specificity of the goat antiserum
against CRFr and the rabbit antiserum against uOR have been previously described [15,29,
34]. The goat polyclonal CRFr was raised against the C-terminus of CRFr that recognizes both
CRFrl and CRFr2 [15,34]. The rabbit polyclonal nOR was raised against a glutaraldehyde
conjugate of the C-terminal 18 amino acids rat pOR and keyhole limpet hemocyanin that
specifically recognizes immunocytochemical labeling for uOR in Western blotting,
immunoprecipitation and light microscopic studies [18,28,29]. Likewise, using immunodot-
blot analysis, the antiserum recognizes amino acid sequences within pOR, however, it does
not recognize either sequence of 8- and k-opioid receptors [4]. Mouse antiserum against TH
specifically recognizes the catecholamine synthesizing enzyme [34].

Perfusion, sectioning and immunohistochemical protocols for tissue sections intended for
immunofluorescence have been previously described [15,16]. Every fourth coronal tissue
section (30 um thick) of LC from four rats were incubated in goat anti-CRFr (C-20; 1:1,000;
Santa Cruz Biotechnology, Santa Cruz, CA), rabbit anti-u-OR antiserum (1:2,500; Chemicon,
Temecula, CA) and mouse anti-TH (1:1,000; Immunostar Inc., Hudson, WI) for 15-18 h in
0.1 M tris-buffered saline (TBS; pH 7.6) with 0.1% bovine serum albumin (BSA) and 0.25%
Triton X-100. Subsequently, tissue sections were incubated in a cocktail containing fluorescein
isothiocyanate-conjugated donkey anti-rabbit (1:100; Jackson Immunoresearch, West Grove,
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PA), rhodamine isothiocyanate-conjugated donkey anti-goat (1:100; Jackson
Immunoresearch) and Cy5-conjugaated donkey anti-mouse (1:100; Jackson Immunoresearch)
secondary antibodies for 2 h in the dark at room temperature. The sections were mounted using
DPX (Sigma-Aldrich Inc., St. Louis, MO, USA) and observed under a confocal microscope
(Zeiss LSM 510 Meta, Carl Zeiss Inc., Thornwood, NY, USA).

Perfusion, sectioning and immunohistochemical protocols for tissue sections intended for
electron microscopy have been previously described [18,29]. Forty micron thick coronal tissue
sections were incubated in goat anti-CRFr (C-20; 1:1,000; Santa Cruz Biotechnology) and
rabbit anti-p-OR (1:2,500; Chemicon) in 0.1 M TBS with 0.1% BSA for 15-18 h at room
temperature. For labeling CRFr, sections were processed using a previously described avidin-
biotin immunoperoxidase protocol For labeling u-OR, tissue sections were incubated in anti-
rabbit IgG conjugated to 1nm gold particles (Amersham Biosciences, Piscataway, NJ) and
intensified using a silver enhancement kit (Amersham Biosciences). Some sections were
processed for reverse immunolabeling to ensure that labeling was not biased due to
immunolabeling techniques. Sections from LC were examined using an electron microscope
(Morgagni, Fei Company, Hillsboro,OR, USA). Digital images were captured using the AMT
advantage HR/HR-B CCD camera system (Advance Microscopy Techniques Corp., Danvers,
MA, USA). All figures for immunofluorescence and electron microscopy were assembled and
adjusted for brightness and contrast in Adobe Photoshop.

For immunofluorescence, the percentage of TH-immunoreactive perikarya showing co-
localization with CRFr and uOR were obtained from four rats. Every fourth section (120 um
intervals) through the rostro-caudal segment of the LC was collected and used for analysis.
Cell counts included only tissues taken at approximately —10.30 mm from bregma, through
approximately — 9.3 mm from bregma. This resulted in 8 sections per animal. Cell counts were
then taken unilaterally and were represented as mean + SEM of the numbers of cells found per
animal. Data for electron microscopy were taken from four rats with optimal
immunocytochemical labeling and preservation of ultrastructural morphology. The
quantitative approach used in the present study is well established and has been described
previously [28-31]. The cellular elements were identified based on the description of Peters
and colleagues [13]. Asymmetric and symmetric synapses were identified based on the
description of Gray [9]. A nonsynaptic contact or apposition was defined as an axon terminal
plasma membrane juxtaposed to that of a dendrite or soma devoid of recognizable membrane
specializations and no intervening glial processes.

Spurious gold-silver labeling for pOR that was not associated with cellular membranes was
negligible. Hence, nOR-labeled profiles containing two or more gold particles were classified
as immunolabeled and included in the counts. CRFr-labeled profiles exhibited an intense
labeling and were clearly distinguishable from immunogold-silver labeling for pOR. A total
of 451 and 485 pOR- and CRFr-labeled profiles, respectively, were identified.

Controlled conditions were necessary to ensure the reproducibility of the quantitative analysis
of the co-localization of the neurotransmitters and types of synaptic associations formed by
immunoreactive processes. Thus, tissue sections were collected near the tissue-Epon interface
because we have observed that this procedure minimizes artifacts that may be associated with
the incomplete penetration of antiserum [31] and enables both markers to be clearly detectable
in all sections used for analysis [3].

Using immunofluorescence labeling, immunoreactivities for CRFr, yOR and TH were

identified in the same tissue section through the LC (Fig. 1A-D). CRFr immunoreactivity was
present within LC dendrites and perikarya, however, none was evident within nuclei (Fig. 1B,
D). Similarly, pOR immunoreactivity was found distributed within LC dendrites and perikarya
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with no apparent immunofluorescence labeling in the nuclei (Fig. 1A, D) as previously reported
[28,29]. TH immunoreactivity in cell bodies was evident in the LC specifically in the core (Fig.
1A, D), the area containing mainly noradrenergic somata [2]. Within the core of the LC, CRFr
and pOR are both co-localized within common TH-labeled neurons (Fig. 1D). Of the 418
16.17 TH-labeled perikarya analyzed, approximately 38% (157.75 * 8.46) contained both
CRFr and pOR.

Using electron microscopy, immunocytochemical labeling for CRFr and uOR was prominently
distributed within the LC (Fig. 2). Peroxidase labeling for CRFr was represented by an electron
dense, and diffuse reaction product within cytoplasmic compartments of perikarya and
dendrites (Fig. 2). Most frequently CRFr was found in dendritic processes and was associated
with the plasmalemma (Fig. 2A-B, D).

Immunogold-silver labeling for tOR was identified in perikarya and dendrites (Fig. 2). Similar
to CRFr, the plasmalemmal distribution of pnOR immunoreactivity was evident (Fig. 2A-C).
uOR immunoreactivity was also associated with the cytoplasmic component of somatic and
dendritic plasma membranes (Fig. 2A-C). In addition, nOR immunoreactivity was associated
with the cytoplasmic surfaces of extrasynaptic plasma membranes of dendrites and perikarya
(Fig. 2A-B). Gold-silver labeling was found distributed along the extrasynaptic portion of the
dendritic membrane as previously described [29]. Extrasynaptic labeling was defined by the
presence of gold-silver particles along any portion of the plasma membrane of the dendrites,
whether or not synaptic input was seen within the section examined [29].

Although immunoreactivities for CRFr and pnOR were observed in separate dendrites in the
LC, numerous dendrites containing CRFr also co-localized nOR (Figs. 2, 3). Of the 485 total
dendrites exhibiting CRFr immunoreactivity, 57% (n = 276) also exhibited pOR. While of the
451 total dendrites exhibiting pOR immunoreactivity, 61% (n = 276) also exhibited CRFr
immunoreactivity.

Numerous unlabeled axon terminals were directly apposed to dendrites showing both CRFr
and uOR immunoreactivities (Figs. 2B, 3). These unlabeled axon terminals did not form clearly
defined synaptic specializations with the dual-labeled dendritic processes in the plane of section
analyzed. Of the 276 total dendrites showing co-localization of CRFr and nOR, 76% (n = 209)
were apposed by unlabeled axon terminals (Fig. 3). Approximately 16% (45/276) of dual-
labeled dendrites received symmetric synapses (Figs. 2B, D, 3) from unlabeled axon terminals.
The unlabeled axon terminals contained copious small clear spherical vesicles which were
distributed throughout the axoplasm (Fig. 2). Often, these axon terminals contained one or
more large dense core vesicles (Fig. 2B, D). Axon terminals forming synaptic contacts with
dendrites exhibiting co-localization of CRFr- and pOR, also formed asymmetric synapses (n
= 22; Fig. 3).

The results of the present study provide ultrastructural evidence that CRFr and uOR are co-
localized in dendritic processes in the LC. Frequently, these dendrites receive heteregeneous
synapses from unlabeled axon terminals. CRFr immunoreactivity was commonly associated
within the cytoplasmic compartments of perikarya and dendrites as well as with the
plasmalemma. Correspondingly, pOR immunoreactivity was often localized to perikarya and
dendrites and found distributed along the somatic and dendritic plasma membranes.
Furthermore, immunofluorescence revealed that CRFr and uOR are co-localized within
noradrenergic neurons in the LC. Considering the previous investigations showing that CRF
and opioids regulate the activity of noradrenergic LC neurons in a reciprocal manner [12,21,
22,33], our data suggest that CRFr and pOR are strategically poised within noradrenergic
neurons to mediate opiate-induced sensitization of the brain NE system as well as
responsiveness to stress.
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The co-localization of CRFr and pOR in dendritic processes suggests that these two receptors
may function principally in a postsynaptic fashion. The present study does not unequivocally
establish whether dendrites exhibiting co-localization for CRFrand pOR are catecholaminergic
using EM. However, our immunofluorescence results revealed that CRFr and pOR are co-
localized within the same TH-labeled neurons in the LC suggesting that at ultrastructural level
the dendritic processes exhibiting co-localization for CRFr and pOR are likely to be
catecholaminergic. In addition, our ultrastructural analysis was restricted to portions of the
neuropil known to be enriched in catecholaminergic perikarya and dendrites. Independent
ultrastructural studies have demonstrated that about half of the nOR-labeled dendrites in LC
contained TH [28] and about a quarter of CRF-labeled axon terminals contacted TH-labeled
dendrites [31]. In the present study, immunofluorescence microscopy revealed that 38% of
catecholaminergic perikarya in the LC co-localized CRFr and pOR while ultrastructural
analysis showed that more than half of CRFr-labeled dendrites also exhibited pOR. Taken
together, these results suggest that the co-localized CRFr and pOR are expressed within a subset
of catecholaminergic dendrites.

The axon terminals contained both small clear vesicles and dense core vesicles, a characteristic
of opioid- and CRF-containing axon terminals in the LC [31] and has been described in the
dorsal raphe nucleus [23] the nucleus of solitary tract [14] and the area postrema [1]. The dense
core vesicles in unlabeled axon terminals contacting dendrites containing both CRFr and uOR
are often clustered at the perimeter of the axon terminals suggesting that the receptive sites for
the CRF and opioid peptide may be more complex because release may occur from dense core
vesicles at extrasynaptic sites [35]. Nevertheless, unlabeled axon terminals formed symmetric
or asymmetric synapse with dendritic processes containing both CRFr and nOR. Asymmetric
synapses have been correlated with excitatory transmission whereas symmetric synapses have
been correlated with inhibitory transmission [9,13]. Previous anatomical studies have shown
that CRF and enkephalin afferents form asymmetric and symmetric synapses, respectively with
catecholaminergic LC dendrites [27,31] suggesting that the unlabeled axon terminals in the
present study may represent CRF or ENK terminals that may activate or inhibit
catecholaminergic dendrites containing both CRFr and pOR during stress.

The LC-NE system has been shown to be activated by a myriad of stressors. CRF and opioids
are important mediators of the LC-NE system during stress [5]. Moreover, it is an integral site
of CRF and opioid convergence that plays a vital role in the cognitive component of the stress
response [25]. Ultrastructural studies have shown that LC is targeted by CRF [30,31] and
endogenous opioids [26,29]. Both of these pathways have been implicated in both the stress
response [22] and opiate actions [12]. Interestingly, the sensitivity of the LC-NE system to
stress has been known to be regulated in part by CRF and opioids in a reciprocal fashion [5].
Recent evidence showing convergence of CRF- and ENK-immunoreactive axon terminals onto
LC dendrites [19] support the reciprocal regulation of LC-NE system during stress.

The present ultrastructural study suggests mechanisms by which CRF and opioids may act to
reciprocally affect LC neuronal activity. It is possible that CRF and opioids which are co-
released from the same axon terminals could directly affect LC neuronal activity through
synaptic contacts with the common LC dendrites. In addition, CRF and opioids could be co-
released from separate axon terminals, and converge onto common LC dendrites. We have
shown that chronic but not acute morphine sensitized LC-NE neurons selectively to CRF
[34]. Consequently, this translates to enhanced activation by a physiological stressor.
Hyperactivity in the behavioral manifestation to environmental stress ensues. The integrity of
the CRF-opioid balance in the LC is important and particularly relevant to opiate-seeking
behavior for individuals that are chronically taking opiates [10,17]. Thus, the strategic co-
localization of CRFr and pOR in LC dendrites may underlie the continued opiate-seeking
behavior in an effort to attenuate the hypersensitivity of the LC-NE system to stress.
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Figure 1.

Triple-immunofluorescence labeling in the LC showing CRFr (red), pOR (green) and TH
(blue). A. CRFr immunoreactivity was detected using TRITC-tagged secondary antibody.
Arrowheads point to CRFr -labeled process. Arrows indicate dorsal (D) and medial (M)
orientation of the sections. B. pOR immunoreactivity was detected using FITC-tagged
secondary antibody. Arrows point to pOR-labeled process. C. TH immunoreactivity was
detected using Cy5-tagged secondary antibody. Dashed lines are the boundaries of each TH-
labeled perikaryon containing both CRFr and pOR immunoreactivities. D. Photomicrograph
showing merged images CRFr (red), nOR (green) and TH (blue). Dashed lines are the
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boundaries of each TH-labeled perikaryon containing both CRFr (arrowheads) and unOR
(arrows) immunoreactivities. Scale bars, 100 pm.
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Figure 2.
Electron photomicrographs showing peroxidase labeling for CRFr and immunogold-silver

labeling for uOR in the LC. A. A peroxidase-labeled CRFr dendrite (arrows) and an
immunogold-labeled (arrowheads) pyOR dendrite in the same field. B. Peroxidase labeling can
be seen in a CRFr-labeled dendrite (arrows) that also contains immunogold-labeled
(arrowheads) pOR (CRFr+uOR). An unlabeled terminal (ut) that contains dense core vesicles
(dcv) forms a synapse with the CRFr+pOR dendrite. C-D. Dendrites that contain CRFr
(arrows) and pOR (arrowheads) forming synapses with an unlabeled axon terminal (ut). Dense
core vesicles (dcv) are found in unlabeled terminal (ut). Scale bars, 0.5um.
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Figure 3.

Schematics depicting percentages of dual-labeled CRFr+upOR dendrites with respect to the
individual CRFr (n = 485) and pOR (n = 451) dendritic profiles analyzed. Also shown are the
percentages reflecting synaptic associations of unlabeled terminals to dual-labeled CRFr+uOR
dendrites.
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