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Abstract
The endogenous opioid peptides, met- or leu-enkephalin, and corticotropin-releasing factor (CRF)
regulate noradrenergic neurons in the locus coeruleus (LC) in a convergent manner via projections
from distinct brain areas. In contrast, the opioid peptide dynorphin (DYN) has been shown to
serve as a co-transmitter with CRF in afferents to the LC. To further define anatomical substrates
targeting noradrenergic neurons by DYN afferents originating from limbic sources, anterograde
tract-tracing of biotinylated dextran amine (BDA) from the central amygdaloid complex was
combined with immunocytochemical detection of DYN and tyrosine hydroxylase (TH) in the
same section of tissue. Triple labeling immunocytochemistry was combined with electron
microscopy in the LC where BDA was identified using an immunoperoxidase marker, and DYN
and TH were distinguished by the use of sequential immunogold labeling and silver enhancement
to produce different sized gold particles. Results show direct evidence of a monosynaptic pathway
linking amygdalar DYN afferents with LC neurons. To determine whether DYN-containing
amygdalar LC projecting neurons colocalize CRF, retrograde tract-tracing using fluorescent latex
microspheres injected into the LC was combined with immunocytochemical detection of DYN
and CRF in single sections in the central amygdala. Retrogradely labeled neurons from the LC
were distributed throughout the rostro-caudal extent of the central nucleus of the amygdala (CeA)
as previously described. Cell counts showed that approximately 42% of LC-projecting neurons in
the CeA contained both DYN and CRF. Taken with our previous studies showing monosynaptic
projections from amygdalar CRF neurons to noradrenergic LC cells, the present study extends this
by showing that DYN and CRF are co-transmitters in monosynaptic projections to the LC and are
poised to coordinately impact LC neuronal activity.
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Introduction
The dynorphin (DYN)-kappa opioid receptor (κOR) system has been implicated as an
important mediator of stress and drug abuse vulnerability. We have shown that DYN is
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localized in axon terminals in the locus coeruelus (LC) (Reyes et al., 2007b, Reyes et al.,
2008, Reyes et al., 2009), the major norepinephrine containing nucleus that innervates
almost all levels of the neuraxis (Foote et al., 1983, Aston-Jones et al., 1984, Aston-Jones et
al., 1991). While it is known that interactions of stress and opioid substrates occur in various
brain regions that may play a role in drug dependence and withdrawal (McNally and Akil,
2002, Houshyar et al., 2003, Maj et al., 2003), the LC is one site at which opioids and stress
substrates may interact to have global effects on behavior.

The LC receives afferents from multiple brain regions including the central nucleus of the
amygdala (CeA) (Van Bockstaele et al., 1996a, Van Bockstaele et al., 1998, Van Bockstaele
et al., 1999b). Anterograde tract-tracing studies using biotinylated dextran amine (BDA)
injected into the CeA showed that BDA-labeled axon terminals target tyrosine hydroxylase
(TH)-containing LC neurons (Van Bockstaele et al., 1996a, Van Bockstaele et al., 1999b).
Further studies following electrolytic lesions of the CeA demonstrated decreases in
corticotropin-releasing factor (CRF) immunoreactivity in the LC, on the side ipsilateral to
the lesion (Tjoumakaris et al., 2003, Reyes et al., 2008). Likewise, electrolytic lesions of the
CeA significantly reduced DYN immunoreactivity in the LC (Reyes et al., 2008). Though
anatomical, lesioning and tract-tracing studies have supported CeA innervation of the LC by
DYN afferents (Reyes et al., 2007b, Reyes et al., 2008), whether DYN-containing neurons
from the CeA form monosynaptic projections with TH-labeled dendrites in the LC has not
been definitively established. Thus, in the first part of the present study, anterograde tract-
tracing of BDA from the CeA was combined with immunocytochemical detection of DYN
and TH in the LC to unequivocally establish that amygdalar afferents form synaptic contacts
with noradrenergic neurons in the LC. Triple labeling immunohistochemistry was combined
with electron microscopy in the LC where BDA was identified using an immunoperoxidase
marker, and DYN and TH were distinguished using different sized immunogold-silver
particles.

Electrophysiological studies have demonstrated that activity of the LC-norepinephrine
system is co-regulated by CRF and endogenous opioids, such that the onset of stress releases
CRF within the LC to activate this system with the consequence of increased arousal and a
shift from focused to scanning attention (Valentino et al., 1991, Curtis et al., 2001). The
termination of stress engages endogenous opioid peptide release that inhibits the system and
returns LC neuronal activity back to baseline (Valentino et al., 1991, Curtis et al., 2001).
The finding that CRF and opioids regulate the activity of the LC-norepinephrine system
during stress in an opposing manner is further supported by anatomical data showing
prominent co-existence of CRF receptors and mu-opioid receptors in LC neurons (Reyes et
al., 2007a). We have reported co-existence of CRF and DYN in the CeA (Reyes et al.,
2008). Moreover, lesions of the CeA (described above) showed a significant reduction of
CRF and DYN immunoreactivities in the LC (Tjoumakaris et al., 2003, Reyes et al., 2008).
Although convergent lines of evidence support co-regulation of LC neurons by CRF and
DYN, the source of afferents containing DYN and CRF to the LC has not been determined.
Therefore in a second study, we determined the neurochemical phenotype of amygdalar
projections to the LC that co-express DYN and CRF by using retrograde tract-tracing of
fluorescent latex microspheres from the LC combined with immunocytochemical labeling of
DYN and CRF with fluorescent-tagged secondary antibodies in the CeA.

Materials and Methods
All procedures used in the present study were approved by the Institutional Animal Care and
Use Committee of Thomas Jefferson University and conformed with National Institutes of
Health Guide for the Care and Use of Laboratory Animals guidelines. Rats were housed 2–3
per cage on a 12-h light schedule (lights on at 0700) in a temperature-controlled (20 ºC)
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colony room. They were allowed ad libitum access to standard rat chow and water. Rats
were allowed to acclimate to the animal housing facility for several days prior to the onset of
the study. All efforts were made to utilize only the minimum number of animals necessary
to produce reliable scientific data and attempts were made to minimize any animal distress.

Experimental Animals
Adult male Sprague-Dawley rats (Harlan Sprague-Dawley, Inc., Indianapolis, IN) weighing
250–300 g were used in this study. Eight rats were injected with fluorescent latex
microspheres (Lumafluor Corp., Naples, FL) into the LC. Sixteen rats were injected with
biotinylated dextran amine (BDA) into the CeA. Specificity of antibodies and control
sections

The rat preprodynorphin (ppDYN) antiserum raised against residues 235–248
(SQENPNTYSEDLDV) was generated in guinea pig (Arvidsson et al., 1995). The
specificity of ppDYN antiserum was tested by absorption controls with the cognate peptides
(Arvidsson et al., 1995, Reyes et al., 2007b). Preabsorption of ppDYN with the antigenic
peptide at 0.1 to 1 μM blocked DYN immunoreactivity (Arvidsson et al., 1995). There was
no detectable immunoreactivity observed when tissue sections were processed in the
absence of the primary antibody (Reyes et al., 2007).

The CRF serum (lot C70) was raised in rabbit and was generated against the human/rat CRF
peptide (SEEPPISLDLTFHLLREVLEMARAEQLAQQAHSNRKLMEIINH2), conjugated
to human α-globulins. The antibody has been found in radioimmunoassay to recognize the
NH2 terminus (residues 4–20) of ovine hypothalamic CRF (Rivier et al., 1983a). The
specificity of the CRF serum was tested by incubating sections in primary CRF antiserum
preabsorbed for 24 hours with CRF at 1 mg/ml. Specific immunoreactivity was eliminated
by prior absorption with its immunogen at 1 mg/ml and 10 mg/ml (Sawchenko et al., 1984,
Van Bockstaele et al., 1996b). An immunodot blot showed that the CRF antiserum used in
the present study exhibited intense recognition of the parent antigen CRF and no cross-
reactivity with any of the dilutions of other peptides including melanin-concentrating
hormone or α-melanocyte-stimulating hormone (Van Bockstaele et al., 1996b).

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 a 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).

All control experiments were carried out where tissue sections were processed in the
absence of primary antibodies. These tissue sections were processed in parallel with tissue
sections incubated with primary antibodies. In control tissue sections, no DYN, CRF or TH
immunoreactivity was detected using either immunofluorescence or electron microscopy.

Anterograde and retrograde transport: surgery
Animals injected with BDA into the CeA were initially anesthetized with a cocktail of
ketamine hydrochloride (100 mg/kg; Phoenix Pharmaceutical, Inc., St. Joseph, MO) and
xylazine (2mg/kg; Phoenix Pharmaceutical, Inc., St. Joseph, MO) in saline intraperitoneally
(i.p.) and placed in a stereotaxic apparatus for surgery. Anesthesia was supplemented with
isoflurane (Abbott Laboratories, North Chicago, IL; 0.5–1.0%, in air) via a specialized nose
cone affixed to the incisor bar of the stereotaxic frame (Stoelting Corp., Wood Dale, IL).
Glass micropipettes (Kwik-Fil, 1.2 mm outer diameter; World Precision Instruments, Inc.,
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Sarasota, FL) with tip diameters of 15–20 μm were filled with 10% BDA (10,000 molecular
weight, Molecular Probes, Eugene, OR, USA) in 0.1 M phosphate buffer (PB; pH 7.4). The
tips of glass micropipettes were positioned in the CeA using the following coordinates: 2.3
mm posterior from the bregma and 4.2 mm medial/lateral based on the rat brain atlas of
Paxinos and Watson (1986). The glass micropipettes were lowered targeting the appropriate
coordinates for placement of BDA into the CeA (6.7 mm ventral from the top of the skull).
BDA was injected using a Picospritzer (Genreal Valve Corporation, Fairfield, NJ) at 24–26
psi, 10 ms duration and 0.2 Hz. Injection of BDA was done unilaterally into the CNA of
each animal. Pipettes were left at the site of injections for 5 min after tracer deposit to limit
leakage of the tracer along the pipette track. The survival period determined to be optimal
for detection of anterograde labeling in the LC was 7 to 10 days as previously reported in a
prior study (Reyes et al., 2005). Rats were deeply anesthetized with sodium pentobarbital
(60 mg/kg, i.p.; Ovation Pharmaceuticals, Inc., Deerfield, IL) and perfused through the
ascending aorta with (1) 10 ml heparin, (2) 50 ml of 3.75% acrolein (Electron Microscopy
Sciences, Fort Washington, PA), and (3) 2% formaldehyde in 0.1 M PB. Twenty hours prior
to transcardial perfusion, rats received injections of colchicine (50 μg; Sigma
Immunochemical) into each lateral ventricle. Immediately following perfusion, brains were
removed and sliced into 2–3 mm coronal pieces of tissue and were postfixed in 2%
formaldehyde overnight at 4°C. Coronal sections in 40 μm thickness were cut on a
Vibratome (Technical Product International, St. Louis, MO) and collected into 0.1 M PB.

For retrograde tract-tracing, burr holes were drilled on the skull using coordinates obtained
from the rat brain atlas of Paxinos and Watson (1986): for the LC, coordinates were 10.04
mm posterior from the bregma, 1.4 mm medial/lateral and 7.1 mm ventral from the top of
the skull. Glass micropipettes with tip diameters of 15–20 μm were filled with green or red
fluorescent latex microspheres. The tips of the glass micropipettes were lowered to the
appropriate area for deposit of fluorescent latex microspheres into the LC. Rats were
transcardially perfused through the ascending aorta with heparin followed by 4%
formaldehyde in 0.1 M PB. Twenty hours prior to transcardial perfusion, rats received
injections of colchicine (50 μg; Sigma Immunochemical) into each lateral ventricle. The
brains were removed, blocked, immersed in 4% formaldehyde overnight at 4°C, and stored
in 30% sucrose solution in 0.1 M PB containing 0.1% sodium azide at 4°C for few days. The
side of the brain contralateral to the injection was notched to verify tissue orientation
following sectioning.

Anterograde tract-tracing: immunohistochemistry
As previously described, BDA was visualized by an immunohistochemical reaction (Reyes
et al., 2005). Briefly, sections through the CeA and LC were rinsed in 0.1 M PB followed by
0.1 M tris-buffered saline (TBS; pH 7.6) and incubated for 2 hours in avidin-biotin complex
(ABC Elite Kit, Vector Laboratories, Burlingame, CA) solution at room temperature. After
thorough rinsing, the tissue sections were immersed for 10 minutes in a solution containing
22 mg of 3-3′ diaminobenzidine (DAB; Aldrich, Milwaukee, WI) and 10 μl of 30%
hydrogen peroxide (H2O2) in 100 ml of 0.1 M TBS.

Triple immunolabeling: immunoperoxidase and sequential immunogold-silver labeling
Following visualization of BDA by immunohistochemical reaction, the tissue sections were
further processed for dual immunogold-silver labeling for DYN and TH. We followed the
procedure for dual immunogold-silver labeling that we recently described in another study
(Jin et al., 2010). Tissue sections were incubated for 12–16 hours in a cocktail containing
guinea pig anti-prodynorphin (ppDYN; Neuromics, Inc., Minneapolis, MN) at 1:2,000 and
mouse anti-TH (Immunostar Inc., Hudson, WI, USA) at 1:1000. Thereafter, sections were
rinsed extensively in 0.1 M TBS and 0.2% bovine serum albumin (BSA) in 0.01 M
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phosphate-buffered saline (PBS) followed by incubation in goat anti-guinea pig IgG ultra-
small conjugate (1:100; Amersham Bioscience Corp., Piscataway, NJ, USA) at room
temperature for 2 hours. Tissue sections were rinsed six times in 0.2% BSA-0.01 M PBS
and twice in 0.1 M PB. Pre-enhancement washings were done with Enhancement
Conditioning Solution (ECS; Amersham Bioscience Corp.) followed with the first silver
enhancement (300 μl R-Gent SE-EM enhancement mixture; Amersham Bioscience Corp.)
for 90 min. Subsequently, tissue sections were rinsed in 0.2 M citrate buffer, four times in
ECS and two times in 0.1 M PB and were incubated in goat anti-mouse IgG ultra-small
conjugate (1:100; Amersham Bioscience Corp.) at room temperature for 2 hours followed by
rinses with 0.2% BSA-0.01 M PBS and 0.1 M PB. Then, sections were incubated in 2.5%
glutaraldehyde (Electron Microscopy Sciences) in 0.01 M PBS for 2 hours followed by
extensive rinses with 0.1 M PB and distilled water. The second silver enhancement (300 μl
R-Gent SE-EM enhancement mixture; Amersham Bioscience Corp.) was performed for 60
min. Tissues sections were washed extensively with distilled water and 0.1 M PB. All
washes were done at 10 min-intervals. Following washes, tissue sections were 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. Thin sections of approximately 50–80 nm in thickness were cut with
a diamond knife (Diatome-US, Fort Washington, PA, USA) using a Leica Ultracut (Leica
Microsystems, Wetzlar, Germany). 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 CS4 software (Adobe Systems, Inc., San
Jose, CA).

Retrograde tract-tracing: immunohistochemistry
Rat brains were frozen using Tissue Freezing Medium (Triangle Biomedical Science,
Durham, NC). Frozen 30 μm-thick sections were cut through the LC and CeA using a
freezing microtome (Micron HM550 cryostat; Richard-Allan Scientific, Kalamazoo, MI)
and rinsed extensively in 0.1 M PB and 0.1 M TBS. Subsequently, every fourth section
through the LC and the CeA was mounted on gelatinized coated slides, allowed to dry and
coverslipped using Krystalon mounting medium (EM Industries, Gibbstown, NJ). The
injection sites were verified and tissue sections from cases with restricted injection sites
were further processed for immunohistochemistry.

A sequential set of 30 μm coronal sections through the rostro-caudal extent of the LC and
CeA was placed for 30 min in 1% sodium borohydride in 0.1 M PB to remove reactive
aldehydes. Sections were then incubated in 0.5% BSA and 0.25% Triton X-100 in 0.1M
TBS for 30 min and rinsed extensively in 0.1 M TBS. This was followed by an overnight
incubation in a cocktail containing guinea pig antibody directed against prodynorphin
(ppDYN; Neuromics, Inc., Minneapolis, MN) at 1:2,000 and CRF antiserum at 1:2,000
(kindly provided by Dr. W. Vale of the Salk Institute) directed against the rat/human form of
CRF (Rivier et al., 1983b, Vale et al., 1983). ppDYN and CRF immunoreactivities were
visualized using a rhodamine isothiocyanate-conjugated donkey anti-guinea pig (1:200;
Jackson Immunoresearch, West Grove, PA) and cyanine dye Cy5-conjugated donkey anti-
rabbit (1:200; Jackson Immunoresearch) secondary antibodies, respectively. Control
sections were processed in parallel with the tissue sections labeled for ppDYN and CRF
with the omission of the respective primary antibodies.

Reyes et al. Page 5

Exp Neurol. Author manuscript; available in PMC 2012 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Control and data analysis
For anterograde tract-tracing experiments that were combined with electron microscopy,
tissue sections were examined from four rats that exhibited the most restricted placement of
anterograde tracer in the CeA and that demonstrated optimal immunocytochemical labeling
and preservation of ultrastructural morphology. Control sections were run in parallel where
one of the primary antisera was omitted but the rest of the processing procedure was
identical. The LC was sampled for electron microscopic analysis. For quantification of
labeled profiles in 40 μm-thick sections immunolabeled before embedding for electron
microscopy, we have observed that the collection of sections only from the surface of the
section minimizes artifacts that may be associated with incomplete penetration of antisera.
Tissue sections were collected near the tissue plastic interface but did not exceed a distance
of 4 μm from the surface. Digital images of axon terminals containing immunoperoxidase
labeling for BDA where dual immunogold-silver labeling for DYN and TH was also present
in the neuropil in the fields of at least 11,000X were obtained and later classified. DYN was
labeled with large immunogold silver particles measuring at least 0.071 μm in diameter
while TH was labeled with small immunogold-silver particles measuring less than 0.071 μm
in diameter. At least 10 grids containing 5–8 ultrathin sections were collected from
individual Vibratome sections. At least three Vibratome sections were examined per animal.
A total sample of 250 BDA-labeled axon terminals was included in the analysis.

The classification of the identified cellular elements were based on the description of Peters
and colleagues (Peters and Palay, 1996). Neuronal perikarya were distinguished from
proximal dendrites by the presence of a nucleus, Golgi apparatus and smooth endoplasmic
reticulum. Dendrites usually contained endoplasmic reticulum and were postsynaptic to
axon terminals. Dendrites were defined as proximal if their size was larger than 0.7 μm in
diameter. An axon terminal was considered to form a synapse if it showed a junctional
complex, a restricted zone of parallel membranes with a slight enlargement of the
intercellular space, and/or associated postsynaptic thickening. Asymmetric synapses were
identified by thick postsynaptic densities (Gray’s type I; (Gray et al., 1984); in contrast,
symmetric synapses had thin densities (Gray’s type II; (Gray et al., 1984) both pre- and
postsynaptically. A non-synaptic 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.

For the retrograde tract-tracing experiment, the percentage of DYN- and CRF-
immunoreactive neurons that were retrogradely labeled from the LC was obtained from
three rats where fluorescent latex microspheres were utilized as the retrograde tracer. Only
animals with discrete injection sites were utilized for data analysis. The criteria for defining
a restricted injection sites included an examination of the extent of encroachment on
neighboring nuclei. For examination of injection sites, bright field and immunofluorescence
images of injection sites (Olympus BX51, Tokyo, Japan) were obtained. Images were then
captured using Spot Advanced software (Diagnostic Instruments Inc., Sterling Heights, MI).
The percentage of DYN- and CRF-immunoreactive neurons that were retrogradely labeled
from the LC were counted in each section (120 μm intervals) according to their rostro-
caudal distribution. Cell counts were taken and were represented as mean ± SEM of the
numbers of cells found per animal across each series of injections.

Results
Anterograde transport from the CeA to the LC

Figure 1A and C show a representative BDA injection site into the central amygdaloid
complex. The placement was targeted primarily to the CeA. Typical injection sites included
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sites laterally bounded by the basolateral amygdaloid nucleus and medially by the internal
capsule. As we have previously demonstrated (Van Bockstaele et al., 1998), injections of
BDA at this level of the CeA showed prominent anterograde transport to the LC.
Anterograde transport was prominently detected in fibers and processes distributed within
the core of the LC as well as within the pericoerulear area, ventral to the superior cerebellar
peduncle, as extensively described in our prior published work (Van Bockstaele et al.,
1996a, Van Bockstaele et al., 1998). The anterogradely labeled fibers and processes were
thin and varicose and extended into the area medial and slightly dorsal to the mesencephalic
nucleus of the trigeminal nerve. Using light microscopy, there was no evidence of retrograde
transport in the LC region.

The LC area sampled for ultrastructural analysis included the core of the LC as well as the
immediately adjacent pericoerulear area. The pericoerulear area consisted of the region
ventromedial to the superior cerebellar peduncle as well as the area dorsomedial to the
mesencephalic nucleus of the trigeminal nerve. By electron microscopy, BDA anterogradely
labeled axon terminals appeared as an electron dense homogenous reaction product
identified in unmyelinated axon terminals (Figure 1D–G, 2). Consistent with the light
microscopic data, there was no peroxidase labeling identified in dendrite or perikaryon
examined at the ultrastructural level indicating that retrograde transport of BDA did not
occur. In BDA-labeled axon terminals that showed dense peroxidase labeling, the distinctive
synaptic vesicles were occasionally obscured by the dense peroxidase precipitate (Figure 1F,
2C, 2F). However, BDA-labeled axon terminals that were less densely labeled contained
recognizable small, clear vesicles and one or more mitochondria (Figure 1D–E, 2A–B, 2D–
E). Some BDA-labeled axon terminals containing DYN targeted non-TH labeled dendrites
(Figure 1D, 2C–D). In other cases, BDA-labeled axon terminals and BDA/DYN-labeled
axon terminals converged onto common dendrites (Figure 1F).

Monosynaptic projections from amygdalar DYN to LC
Anterograde labeling was combined with sequential dual immunogold-silver labeling where
the immunogold-silver particles were differentiated based on their size (Figure 1D, 2).
Obtaining different sized immunogold-silver particles was achieved by incubating with one
ultrasmall gold conjugate, followed by silver enhancement, and then incubating with the
second ultrasmall gold conjugate, followed by additional silver enhancement (Yi et al.,
2001). This resulted in two groups of silver-enhanced particles: smaller particles that were
enhanced once and larger particles that were enhanced twice (Jin et al., , Yi et al., 2001)
Immunoperoxidase- and dual immunogold-silver labeling (large and small gold-silver
particles, for DYN and TH, respectively) were localized in the same tissue section (Figure
1D, 2). Gold-silver labeling for DYN and TH were readily distinguishable from each other
and were localized to the appropriate cellular structures. DYN was identified by large-sized
gold-silver particles (>0.071 μm cross-sectional diameter) while TH was labeled using
small-sized gold-silver particles (<0.071 μm cross-sectional diameter). DYN-immunogold-
silver particles appeared as black punctate particles within the axon terminals while TH-
immunogold-silver particles appeared as smaller black punctate particles within the
dendrites and, in very few cases, in axon terminals. Immunogold-silver labeling for DYN
and TH was also clearly distinguishable from the immunoperoxidase reaction product.
BDA-labeled axon terminals that were less densely labeled and exhibiting DYN
immunoreactivity clearly showed abundant heterogeneous vesicles and one to two
mitochondria (Figure 1D–E, 2A–B, 2D–E). As described above, the large immunogold-
silver particles were clearly distinguishable from the small immunogold-silver ones based on
their differing sizes. Thus, small immunogold-silver particles for TH were identified within
somatodendritic processes and dendrites, and were occasionally identified in axon terminals.
The BDA and DYN were frequently co-localized in axon terminals (Figure 1D–G).
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Of 220 BDA-labeled axon terminals where DYN immunoreactivity was present in the
neuropil, 74% (162/220) contained DYN immunoreactivity while 26% (58/220) did not
contain DYN immunoreactivity. Of the 162 BDA-labeled axon terminals that contained
DYN immunoreactivity, 48% (77/162) formed direct contacts with TH-labeled dendrites
(Figure 2A–C, E–F) while 52% (85/162) contacted dendrites that could not be unequivocally
established as exhibiting TH immunoreactivity (Figure 1G). Of the 77 axon terminals
targeting TH-labeled dendrites, 62% (48/77) formed asymmetric-type synapses with TH-
labeled dendrites (Figure 2F) while 34% (26/77) formed symmetric-type synapses with TH-
labeled dendrites (Figure 2A–B, E). The remaining 4% (3/77) did not show recognizable
synaptic specialization with TH-labeled dendrites. Some BDA and DYN-dual labeled axon
terminals were apposed to other axon terminals (Figure 2D) but a clear synaptic
specialization was not typically present.

LC-projecting amygdalar neurons co-express CRF and DYN
We have previously reported that DYN-immunoreactive fibers are distributed within the
core and peri-coerulear subregions of the LC (Reyes et al., 2007b, Reyes et al., 2008).
Likewise, independent anatomical evidence has shown that CRF-immunoreactive fibers
innervate the LC (Valentino et al., 1992, Van Bockstaele et al., 1996b). Recently, we have
demonstrated that DYN- and CRF co-exist in axon terminals in the LC (Reyes et al., 2008).
However, the origin of these dually labeled DYN- and CRF-containing axon terminals was
not defined. To determine the source of these dually labeled axon terminals, the retrograde
tract-tracer, fluorescent latex microspheres was injected into the LC in rats. Of eight
experimental subjects receiving an injection into the LC, only three exhibited restricted
injection sites and yielded optimal retrograde labeling in the CeA. These were used for the
analysis. A representative image of an injection site into the LC is shown in Figure 3A.
Injections targeted the region of LC at the level bounded medially by the wall of the fourth
ventricle, laterally by the mesencephalic trigeminal tract, ventrally by Barrington’s nucleus
and dorsally by the superior cerebellar peduncle. In one case, the injection in the LC was
centered in the core of the LC (Figure 3A) with little involvement of the pericoerulear area.
In two cases, the injections targeted both the LC and included the pericoerulear area adjacent
to the superior cerebellar peduncle and included the dorsal part of the core of the LC. This
injection was equally effective in producing retrograde labeling in the CeA (Figure 3B).
Irrespective of whether green or red fluorescent latex microspheres were employed, there
was no appreciable difference in the observed distribution of the retrogradely labeled
neurons in the CeA.

Retrogradely labeled neurons were abundant within the CeA. Consistent with our previous
reports (Van Bockstaele et al., 1998, Tjoumakaris et al., 2003, Reyes et al., 2008, Rudoy et
al., 2009) and those of others (Khachaturian et al., 1982, Swanson et al., 1983, Watson et al.,
1983, Fallon and Leslie, 1986, Sakanaka et al., 1986), the CeA is enriched with DYN- as
well as CRF-containing perikarya. Moreover, consistent with our recent report (Reyes et al.,
2008), a higher number of DYN-immunoreactive neurons were observed compared to CRF
(78.33 ± 5.45 vs 60 ± 5.86) in the CeA. Triple labeling immunofluorescence showed
retrogradely- (green; Figure 4A,E), DYN- (red; Figure 4B,F) and CRF- (blue; Figure 4C,G)
labeled neurons distributed in the CeA. Of the 73 (73.33 ± 5.81) retrogradely labeled
neurons, 32% (23/73) contained both DYN and CRF. Approximately 30% (23/78) of CeA
neurons projecting to the LC exhibited DYN immunoreactivity while 38% (23/60) exhibited
CRF immunoreactivity.

Discussion
Anterograde tract-tracing combined with electron microscopy revealed monosynaptic
projections from amygdalar DYN neurons to noradrenergic neurons of the LC. Retrograde
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tract-tracing combined with immunofluorescence demonstrated that DYN- and CRF are co-
transmitters in CeA-projecting neurons to the LC. Taken together, these multiple lines of
evidence establish the importance of peptidergic limbic circuitry in the regulation of LC
neurons that may be relevant to stress-related responses.

Methodological considerations
Anterograde and retrograde tract-tracing studies poses certain technical caveats that must be
taken into consideration when interpreting results. For example, a limitation of anterograde
tract-tracing is the existence of putative retrograde labeling from axonal transport of the tract
tracer (Wouterlood and Jorritsma-Byham, 1993). The appearance of retrograde transport of
BDA to LC may present a confound for the analysis if the tracer is present in LC neurons
with axonal collaterals within the LC. However, consistent with our previous anatomical
studies, retrograde transport in LC neurons following BDA injections to the CeA was not
observed using light microscopy or at the ultrastructural level. In the present study, BDA
injections were primarily restricted to the CeA (Figure 1A–C) and did not extend within
neighboring anatomical structures. In addition, the anterograde labeling within the dorsal
pontine tegmentum was comparable to the anatomical distribution observed in our previous
reports (Van Bockstaele et al., 1996a, Van Bockstaele et al., 1998).

Similar to anterograde transport, technical limitations also exist in retrograde tract-tracing
studies including spread of tracer at the injection site as well as uptake and transport from
fibers of passage in brain areas adjacent to the injection site. Nevertheless, in the present
study retrograde labeling in the CeA is not likely due to significant uptake of tracer from
neighboring areas considering that the injection site in the LC did not significantly spread
into adjacent brain regions (Figure 3A). Moreover, previous anterograde and retrograde
tract-tracing studies support projections from the CeA to the LC (Cedarbaum and
Aghajanian, 1978, Wallace et al., 1992, Luppi et al., 1995, Van Bockstaele et al., 1996a,
Van Bockstaele et al., 1998). Green and red fluorescent latex microspheres were injected
into the LC. Switching between green or red fluorescent latex microspheres did not yield
any appreciable difference in retrograde transport to the CeA from the LC.

While acrolein fixation optimizes the preservation of ultrastructural morphology, it produces
only limited penetration of immunoreagents in thick tissue sections (Leranth and Pickel,
1989, Chan et al., 1990). As limited penetration of reagents may result in underestimation of
the relative frequencies of their distribution, we minimized this caveat by collecting tissue
sections near the tissue-Epon interface where penetration is optimal and sampling profiles
only when all the markers were present in the surrounding neuropil.

The application of two ultrasmall gold conjugates for the co-localization of two antigens
combined with detection of a tract-tracer enabled resolving whether multiple antigens are
present in a monosynaptic pathway. Homogeneity of silver enhancement is crucial for
creating evenly sized gold-silver particles. However, with any enhancement reagent, some
variability is expected (Burry et al., 1992, Rufner et al., 1995, Yi et al., 2001). Considering
this variability, we sought a greater difference in the size of gold-silver particles in our
ultrastructural analysis. It is likely, though, that our analysis may have under-estimated the
number of contacts onto TH-labeled dendrites as we favored shorter silver times for the
second sequential enhancement to allow for distinguishing different sized gold particles.

Since it is difficult to detect neuropeptides in soma and dendrites without the use of
colchicine, a microtubule inhibitor, we administered this agent intracerebroventricularly
twenty hours before euthanasia as described in our previous studies (Reyes et al., 2008). It
should be noted, however, that colchicine may induce stress-like responses (Kelly and
Watts, 1998) and has been shown to increase mRNA expression levels for certain
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neuropeptides (Swanson et al., 1983; Moga et al., 1990). The goal of the present study was
to define the phenotype of amygdalar neurons rather than quantify expression levels of
peptides. Therefore, although this caveat is noted, it does not impact the interpretation of our
results.

Monosynaptic dynorphin projections from amygdala to LC
Using high-resolution ultrastructural analysis, we previously reported that DYN afferents
directly target noradrenergic neurons in the LC (Reyes et al., 2007b) and that these form
primarily asymmetric (excitatory) type synapses. When combined with immunogold-silver
labeling for CRF, single axon terminals were found to contain both peptides (Kreibich et al.,
2008). Interestingly, the endogenous opioids DYN and ENK more frequently converge on
common postsynaptic targets rather than being co-localized, a finding that is similar to the
synaptic organization of CRF and ENK afferents in the LC (Tjoumakaris et al., 2003, Reyes
et al., 2007b, Reyes et al., 2008). In the present study, dual-labeled DYN and CRF-axon
terminals primarily formed asymmetric (excitatory-type) synapses as compared to
symmetric (inhibitory-type) synapses. Asymmetric synapses are thought to be involved
principally in excitatory neurotransmission while symmetric synapses are thought to be
involved in inhibitory neurotransmission (Peters et al., 1991, Peters and Palay, 1996). There
is evidence to support the presence of glutamate in DYN afferents. Vesicular glutamate
transporter-1 (VGlut) has been localized within DYN-labeled axon terminals in the LC and
these formed primarily asymmetric-type synapses (Barr and Van Bockstaele, 2005). We also
reported co-localization of κOR and VGlut in the LC suggesting an interaction between
DYN and glutamatergic systems in the amygdalar-LC circuit (Kreibich et al., 2008). It is
tempting to speculate that CRF/DYN neurons may be excitatory based on our previous
independent studies (Reyes et al., 2008; Reyes et al., 2009) showing CRF and DYN in axon
terminals in the LC forming excitatory type synapses. However, considering the large
population of gamma-aminobutyric acid (GABA) ergic neurons (Swanson and Petrovich,
1998; Ciocchi et al., 2010) in the amygdala, future studies are required to unequivocally
establish whether CRF/DYN neurons in the amygdala are excitatory or inhibitory in nature.

Dynorphin and corticotropin-releasing factor neurons in the CeA project to LC
Using tract-tracing and ultrastructural analysis in independent studies, we have shown that
DYN and CRF axon terminals form synaptic specializations with TH-immunoreactive
dendrites in the LC (Van Bockstaele et al., 1996b, Reyes et al., 2007b, Reyes et al., 2008).
Likewise, using immunofluorescence and electron microscopy, prominent co-existence of
DYN and CRF has been demonstrated in varicose processes and axon terminals in the LC
region not only in the core but in the pericoerulear region as well (Reyes et al., 2008).
Potential sources of DYN and CRF afferent inputs to the LC include the bed nucleus of stria
terminalis, CeA, the nucleus of the solitary tract, and the hypothalamus, including the
paraventricular nucleus of the hypothalamus (Van Bockstaele et al., 1998, Van Bockstaele et
al., 1999a, Van Bockstaele et al., 1999b, Reyes et al., 2005) as they are enriched with DYN-
and CRF-containing perikarya (Khachaturian et al., 1982, Watson et al., 1982, Swanson et
al., 1983, Watson et al., 1983, Fallon and Leslie, 1986). Dual fluorescence in situ
hybridization labeling showed that DYN and CRF are distributed within the CeA where
31% of DYN neurons are co-localized with CRF and 53% of CRF neurons are co-localized
with DYN (Reyes et al., 2008). In addition, we and others (Sakanaka et al., 1986) have
reported that electrolytic lesions of the CeA significantly decrease CRF immunoreactivity in
the LC (Tjoumakaris et al., 2003, Reyes et al., 2008). Similarly, we have shown that
electrolytic lesions of the CeA substantially decrease DYN immunoreactivity in the LC
(Reyes et al., 2008). Taken together, these independent studies suggested that CRF and
DYN innervation of the LC is derived from common limbic sources and we conducted this
study to test the hypothesis that CRF and DYN afferents to the LC are derived from
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common limbic sources. By combining retrograde and anterograde tract-tracing studies with
immunofluorescence and electron microscopy, we provide unequivocal evidence that DYN
and CRF afferents to the LC originate, in part, from amygdalar sources (Van Bockstaele et
al., 1996b, Van Bockstaele et al., 1998, Reyes et al., 2007b, Reyes et al., 2008).

We were not able to identify whether postsynaptic targets of amygdalar DYN/CRF afferents
in the LC are noradrenergic due to the limitation of identifying 4 distinct electron dense
markers in the same section of tissue. Combining immunocytochemical detection of three
antigens DYN, CRF, TH with a tract tracer (BDA) remains a challenge that has yet to be
overcome. However, considering our previous convergent findings of the morphological
characteristics of synapses exhibited by singly labeled DYN axon terminals (Reyes et al.,
2007b) and dually labeled DYN and CRF axon terminals (Reyes et al., 2008), it is tempting
to speculate that axon terminals exhibiting both DYN and CRF immunoreactivities target
noradrenergic LC neurons.

Functional implications
The present results suggest an interaction between limbic CRF and DYN circuitry that may
play a significant role in the modulation of stress responses in the LC. The DYN/κ-OR
system has been implicated in the mediation of stress and vulnerability to drug abuse. For
example, 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 kappa receptors
prevented stress-induced preference, implicating the DYN/κ-OR system in stress-induced
facilitation of drug abuse (Shirayama et al., 2004). Additionally, κ-OR antagonists prevent
stress-elicited behaviors that are endpoints of depression such as immobility in the forced
swim test and passive behavior in learned helplessness (Mague et al., 2003, McLaughlin et
al., 2003, Shirayama et al., 2004). The present findings implicate the LC as one site at which
DYN/CRF co-transmission modulates stress responses and the consequences of stress on
behavior. Furthermore, the prominent localization of κ-ORs in axon terminals in the LC that
contain CRF or the vesicular glutamate transporter, indicate that κ-ORs are poised to
presynaptically inhibit diverse afferent signaling to the LC. This is a novel and potentially
powerful means of regulating the LC-NE system that can impact on forebrain processing of
stimuli and the organization of behavioral strategies in response to environmental stimuli.

The results of this study provide the first ultrastructural evidence that DYN present in axon
terminals in the LC arises from the CeA and innervates the noradrenergic LC neurons.
Known to play an important role in adaptive responses to stress, the LC is activated by
diverse stimuli and is highly responsive to stress (Foote et al., 1983, Aston-Jones et al.,
1991). An increase or decrease in the rate and firing pattern of LC neurons determines
subsequent behavioral adaptive strategies (Aston-Jones and Cohen, 2005).

Systemic administration of kappa opioiod has anti-depressant- and anxiolytic-like effects
(Mague et al., 2003, Shirayama et al., 2004, Knoll et al., 2007). For example, κOR
antagonists increased arm exploration in the elevated plus maze and decreased conditioned
fear in fear-potentiated startle paradigm (Knoll et al., 2007). These suggest that κOR
antagonists may be effective for the treatment of comorbid depressive and anxiety disorders.
Intracoerulear microinfusion of the κOR agonist, U50488, did not alter spontaneous
discharge but significantly attenuated phasic discharge evoked by sciatic nerve stimulation
and auditory, stimuli known to engage excitatory amino acid afferents to the LC (Kreibich et
al., 2008). Furthermore, U50488 significantly attenuated tonic LC activation by hypotensive
stress, an effect known to be mediated by CRF afferents (Curtis et al., 2002). Thus, results of
the present study extend our knowledge of afferent regulation of LC noradrenergic neurons
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by demonstrating that opioids and stress peptide, CRF, are co-transmitters in this brain
region.
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Figure 1.
A. Low magnification brightfield photomicrograph of a representative BDA injection into
the CeA in the rat brain. Arrows indicate neurons exhibiting peroxidase labeling for BDA at
the injection site. B. A schematic diagram adapted from the rat brain atlas of Paxinos and
Watson (Paxinos and Watson, 1986) showing the anterior posterior level of the region of the
central amygdaloid complex targeted for injection placement. Arrows indicate dorsal (D)
and medial (M) orientation. Panel C shows a higher magnification view of panel A and
reflects the level shown in the schematic from panel B. D. Electron photomicrograph
showing immunoperoxidase labeling for biotinylated dextran amine (BDA) and dual
immunogold-silver labeling for dynorphin (DYN; large gold) and tyrosine hydroxylase (TH;
small gold) in the locus coeruleus. Dense peroxidase labeling can be seen in a BDA-labeled
axon terminal containing large gold-silver grains (arrowheads) that indicate labeling for
DYN (BDA+DYN-t). In a separate profile, a dendrite containing TH.can be seen by the
presence of small gold-silver labeling. E. A BDA+DYN-t forms a symmetric synapse
(curved arrow) with a dendrite that lacks detectable immunoreactivity for TH. F. Two DYN-
labeled axon terminals that do not contain BDA can be seen in proximity to a BDA+DYN-t.
G. A BDA-labeled terminal and a BDA+DYN-t converge on a TH-labeled dendrite. A
BDA-labeled terminal forms a symmetric synapse (curved arrow) while BDA+DYN-t forms
an asymmetric synapse (arrows) with a dendrite. ud, unlabeled dendrite. CeA, central
nucleus of the amygdala; int, internal capsule; son, supraoptic nucleus. Scale bar for panel C
= 100 μm. Scale bar for panels D–G = 0.50 μm
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Figure 2.
Electron photomicrograph showing immunoperoxidase labeling for biotinylated dextran
amine (BDA) and dual immunogold-silver labeling for dynorphin (DYN) and tyrosine
hydroxylase (TH) in the locus coeruleus. A–B. Two adjacent sections showing a BDA-
labeled axon terminal containing dynorphin (BDA+DYN-t) contacting a TH-labeled
dendrite (TH-d). DYN-t is labeled with large gold particles (arrowheads) while TH-t is
labeled with small gold particles (arrows). C. A BDA+DYN-t and a BDA-labeled axon
terminal (BDA-t) converge on a TH-d. The BDA-t is also apposed to an unlabeled terminal
(ut) that also contacts the TH-d. D. A BDA+DYN-t is seen contacting a TH-d, and is also
apposed to an unlabeled axon terminal (ut). E. A BDA+DYN-t forms a symmetric synapse
(curved arrow) with a TH-d. F. A BDA+DYN-t forms an asymmetric synapse (multiple
arrows) with a TH-d. Arrows point to small immunogold-silver particles that indicate TH
immunoreactivity. Arrowheads point to large immunogold silver particles that denote DYN
immunoreactivity. Scale bars = 0.05 μm.
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Figure 3.
A. Photomicrograph showing a representative tracer injection of green fluorescent latex
microspheres into the LC. B. Photomicrograph showing representative retrogradely labeled
neurons in the CeA following an injection into the LC. Insets in panels A and B show
schematic diagrams adapted from the rat brain atlas of Paxinos and Watson (Paxinos and
Watson, 1986) indicating the anterior posterior level of the representative injection site in
the LC and retrograde labeling in the CeA. Arrows indicate dorsal (D) and medial (M)
orientation of the sections. Arrowheads point to retrogradely labeled neurons in the CeA.
CeA, central nucleus of the amygdala; LC, locus coeruleus; 4V, fourth ventricle; scp,
superior cerebellar peduncles. Scale bar, 100 μm.
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Figure 4.
High magnification photomicrographs illustrating retrograde transport from the LC to the
CeA. Retrogradely labeled neurons in the CeA (A and E) contain DYN (B and F) and CRF
(C and G). DYN immunolabeling was detected using a rhodamine isothiocyanate-tagged
secondary antibody (red; B and F). Arrowheads point to individual DYN-immunoreactive
neurons that contain only DYN. CRF immunolabeling was detected using a Cy5-tagged
secondary antibody (blue; C and G). Arrowheads point to individual CRF-immunoreactive
neurons that contain only CRF. D and H are merged images of A–C and E–G, respectively.
Arrows point to single neurons that contain CRF, DYN and retrobeads. Arrowheads denote
neurons that exhibit retrobeads, DYN or CRF only. Scale bar, 100 μm.
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