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Abstract
The hypothalamic paraventricular nucleus (PVN) coordinates major neuroendocrine and behavioral
mechanisms, particularly responses to homeostatic challenges. Parvocellular and magnocellular
PVN neurons are richly innervated by pituitary adenylate cyclase-activating polypeptide (PACAP)
axons. Our recent functional observations have also suggested that PACAP may be an excitatory
neuropeptide at the level of the PVN. Nevertheless, the exact localization of PACAP-producing
neurons that project to the PVN is not understood. The present study examined the specific
contribution of various brain areas sending PACAP innervation to the rat PVN by using iontophoretic
microinjections of the retrograde neuroanatomical tracer cholera toxin B subunit (CTb). Retrograde
transport was evaluated from hypothalamic and brainstem sections by using multiple labeling
immunofluorescence for CTb and PACAP. PACAP-containing cell groups were found to be
retrogradely labeled from the PVN in the median preoptic nucleus; preoptic and lateral hypothalamic
areas; arcuate, dorsomedial, ventromedial, and supramammillary nuclei; ventrolateral midbrain
periaqueductal gray; rostral and midlevel ventrolateral medulla, including the C1 catecholamine cell
group; nucleus of the solitary tract; and dorsal motor nucleus of vagus. Minor PACAP projections
with scattered double-labeled neurons originated from the parabrachial nucleus, pericoeruleus area,
and caudal regions of the nucleus of the solitary tract and ventrolateral medulla. These observations
indicate a multisite origin of PACAP innervation to the PVN and provide a strong chemical
neuroanatomical foundation for interaction between PACAP and its potential target neurons in the
PVN, such as parvocellular CRH neurons, controlling physiologic responses to stressful challenges
and other neuroendocrine or preautonomic PVN neurons.
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The hypothalamic paraventricular nucleus (PVN) is critically important for the regulation of
neuroendocrine, autonomic, and behavioral mechanisms, particularly responses to homeostatic
challenges (Swanson and Sawchenko, 1980;Sawchenko et al., 1996;Herman et al., 2002).
Significant efforts have been focused on characterizing the role of pituitary adenylate cyclase-
activating polypeptide (PACAP), among the many peptide transmitters present in this
hypothalamic nucleus. Since its isolation from ovine hypothalamic tissue by Akira Arimura’s
research team in 1989 (Miyata et al., 1989), PACAP has been found to be widely distributed
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in the central nervous system (Arimura et al., 1991;Masuo et al., 1993;Arimura, 1998;Hannibal,
2002). Experimental data available so far indicate that intracerebroventricular (icv) or local
brain injections of PACAP induce a range of autonomic, behavioral, and neuroendocrine
responses, many of which are related to stress and the activation of PVN neurons (Morley et
al., 1992;Murase et al., 1993;Chance et al., 1995;Agarwal et al., 2005;Norrholm et al., 2005).

Particularly high densities of PACAP-immunoreactive nerve terminals innervate parvocellular
corticotropin-releasing hormone (CRH; Legradi et al., 1998) and thyrotropin-releasing
hormone (TRH) neurons (Legradi et al., 1997), and magnocellular vasopressin neurons receive
medium-density PACAP input (Shioda et al., 1997), which may underlie some of the responses
observed in vivo. A subset of PACAP-containing nerve terminals innervating parvocellular
PVN neurons likely originates from medullary catecholamine neurons, insofar as they
colocalize with the adrenergic marker phenylethanolamine N-methyltransferase (PNMT;
Legradi et al., 1997). Because of the high density, unique distribution, and heterogeneous
morphology of PACAP nerve terminals in the PVN (Legradi et al., 1997;Hannibal, 2002),
several distinct brain sites should be considered as potential sources of PACAPergic
innervation to the PVN. Locations of PACAP-immunoreactive neurons in hypothalamic and
extrahypothalamic brain sites include the preoptic area, dorsomedial and arcuate hypothalamic
nuclei, pontine parabrachial nucleus, nucleus of the solitary tract, dorsal motor vagal nucleus,
ventrolateral medulla, and area postrema (Legradi et al., 1994b;Piggins et al., 1996;Legradi et
al., 1997;Hannibal, 2002). Although many of these regions project to the PVN (McKellar and
Loewy, 1981;Moga and Saper, 1994), the exact brain site-specific contribution of PACAP-
producing neurons to the innervation of the PVN is not known. Therefore, in the present study
we identified the specific brain areas sending PACAP innervation to the PVN by using the
combination of retrograde neuroanatomical tract tracing and immunohisto-chemistry.

MATERIALS AND METHODS
Animals

Thirty-four adult, male Sprague-Dawley rats (250–380 g; Taconic Farms, Germantown, NY)
were used for this study. Animals were housed under controlled environmental conditions
(lights on 0600–1800 hours, temperature 22°C, with food and water available ad libitum). All
experimental protocols were approved by the Institutional Animal Care Committee of the
University of South Florida.

Neuroanatomical retrograde tracing
Rats were anesthetized with a mixture of ketamine (90 mg/kg body weight) and xylazine (10
mg/kg body weight). Rats were mounted in a stereotaxic apparatus (Kopf Instruments) with
Bregma and lambda positioned in a horizontal plane. The coordinates used for the PVN were
anteroposterior (AP) –1.7 mm from Bregma, lateral 0.4 mm and ventral 8.0 mm from the skull
surface. Burr holes were drilled at this position, and glass micropipettes with 30–40-μm tip
diameter filled with 0.5% solution of cholera toxin B subunit (CTb; product 104, lot 10426A;
List Biologicals, Campbell, CA) in 0.05 M sterile sodium phosphate buffer (PB) were inserted
into the brain. CTb was delivered iontophoretically for 6–7 minutes to the PVN by using a
positive current of 6 μA with a 7-second on/off pulse. The micropipette was left undisturbed
for 10 minutes to avoid diffusion of tracer along the pipette track. Ketoprofen (5 mg/kg) was
given to the rats to reduce postsurgical pain and inflammation. After a survival period of 8–10
days, the animals were reanesthetized with ketamine and xylazine and mounted in a stereotaxic
apparatus, and 200 μg of colchicine (Sigma, St. Louis, MO) in sterile physiological saline (10
μg/μl) was injected into the lateral ventricle (coordinates: AP – 0.8 mm from Bregma, lateral
1.4 mm ventral 4.6 mm from skull surface) with a stereotaxically positioned Hamilton
microsyringe. Ketoprofen (5 mg/kg) was administered to minimize postsurgical pain and
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inflammation. After a survival of 1.5–2 days, rats were deeply anesthetized with Nembutal
(100 mg/kg) and perfused through the ascending aorta with 20 ml heparinized saline followed
by 150–200 ml of 4% paraformaldehyde in 0.1 M PB (pH 7.4). Brains were removed, collected
in PBS, and cryoprotected overnight in 20% sucrose in PBS at 4°C. Brain blocks were frozen
on dry ice and a series of one-in-eight coronal sections at 30-μm thickness were cut with a
cryostat to produce sets of sections taken at 240-μm intervals. Sections were collected in PBS,
then transferred into freezing solution containing 30% ethylene glycol, 25% glycerol in 0.05M
PB at –20°C until further processing.

Evaluation of injection sites
From each brain, one set of sections taken from the hypothalamus was processed for single-
labeling immuno-histochemistry for CTb, in some cases followed by neutral red or cresyl violet
counterstaining. In an adjacent set of PVN sections, multiple-labeling immunofluorescence
was utilized to detect immunoreactivity for CTb and parvo-and magnocellular PVN markers
(CRH, vasopressin, or oxytocin).

Single-labeling immunohistochemistry for CTb
Sections were rinsed with PBS and then treated with 0.5% H2O2 in PBS to inhibit endogenous
peroxidase activity and to enhance antibody penetration, by 0.5% Triton X-100 in PBS.
Nonspecific immunolabeling was reduced by preincubation in 10% normal horse serum (NHS)
in PBS. Sections were then incubated with an antiserum raised in goat against CTb (product
703, lot 7032G; List Biologicals) at a dilution of 1:30,000–60,000 in 2% NHS overnight at
room temperature, followed by biotinylated donkey anti-goat IgG (at 1:400; Vector
Laboratories, Burlingame, CA) for 2 hours at room temperature and then ABC Vector Elite
Kit (Vector Laboratories) at 1:100 in PBS for 1 hour. Each incubation step was separated by
three 15-minute rinses with PBS. Sections were washed once in 0.05 M Tris buffer (pH 7.6)
and then incubated with 0.025% diaminobenzidine (DAB) solution in 0.05 M Tris buffer and
0.0036% H2O2 to visualize CTb immunolabeling similarly to previously published methods
(Mihaly et al., 2001). Sections were mounted onto Superfrost Plus slides (Fisher Scientific Co.,
Pittsburgh, PA), air dried, dehydrated with alcohol followed by xylene, and coverslipped with
Cytoseal 60 mounting medium (Richard-Allan Scientific, Kalamazoo, MI). A subset of PVN
sections from each brain was also counterstained with neutral red or cresyl violet before
coverslipping to aid in delineation of neuroanatomical boundaries.

Double-labeling immunohistochemistry for CTb and PVN markers
Sections were pretreated with 0.5% H2O2 and 0.5% Triton X-100 as described above. Sections
were then treated with 10% NHS for 2 hours to reduce nonspecific background and then
incubated at 4°C for 3 days with primary antiserum cocktail of goat anti-CTb antiserum (at
1:10,000; List Biologicals) combined with one of the following antisera: guinea pig anti-CRH
(at 1:6,000; Peninsula Laboratories, Belmont, CA) rabbit antivasopressin (1:4000; Chemicon,
Temecula, CA), rabbit antioxytocin (at 1:4,000; Chemicon). This was followed by an
incubation in a cocktail of biotinylated donkey anti-goat IgG (1:400; Jackson Immunoresearch,
West Grove, PA) and AMCA-conjugated donkey anti-guinea pig or donkey anti-rabbit IgG
(1:50; Jackson Immunoresearch) for 2 hours at room temperature, followed by incubation in
Texas red-conjugated avidin (at 1:250; Vector Laboratories) for 2 hours. Each incubation step
was separated by three 15-minute washes in PBS. Sections were mounted on glass slides with
Vectashield mounting medium (Vector Laboratories) and visualized under an Olympus BX51
fluorescence microscope with specific filters. CTb immunolabeling appeared red, and CRH,
vasopressin, or oxytocin immunolabeling appeared blue.
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Multiple-labeling immunofluorescence for PACAP, CTb, and PNMT
Series of forebrain and brainstem sections were treated with 0.5% H2O2 and 0.5% Triton X-100
as described above. To obtain optimal PACAP immunolabeling, the sections were heated at
80°C in 10 mM sodium citrate solution, pH 8.5, for 15 minutes to retrieve antigens masked by
aldehyde fixation (Jiao et al., 1999). The sections were then treated with 2% nonfat dry milk
for 30 minutes and 2% NHS for 1 hour to reduce nonspecific background staining. The sections
were then incubated in a primary antiserum cocktail by a well-characterized antiserum made
in rabbit against PACAP38 (Piggins et al., 1996;Norrholm et al., 2005; at 1:8,000; catalog
T-4473, lot 030354-1; Bachem/Peninsula Laboratories) and goat anti-CTb serum (at 1:10,000)
for 3–5 days at 4°C, followed by a second antibody cocktail of biotinylated donkey anti-goat
IgG (1:400; Jackson Immunoresearch) and fluorescein isothiocyanate (FITC)-conjugated anti-
rabbit antibodies (1: 50; Jackson Immunoresearch) for 4–6 hours at room temperature, followed
by Texas red-conjugated avidin (1:250; Vector Laboratories) overnight at 4°C. Sections were
mounted and viewed as described above. CTb immunolabeling appeared red, and PACAP
immunolabeling appeared green. In control sections, PACAP immunoreactivity was abolished
by preadsorption of the primary antiserum with 10 μM concentration of synthetic PACAP
(American Peptide Company, Sunnyvale, CA). In a series of sections of the medulla oblongata,
triple immunolabeling was used following pretreatment as described above, and the cocktail
of PACAP and CTb antisera was also mixed with a guinea pig PNMT antiserum (1:5,000;
Research Diagnostics, Flanders, NJ; RDI-PRO16067, lot DS6207d). After incubation in the
primary antiserum cocktail, sections were sequentially incubated in a mixture of biotinylated
donkey anti-goat IgG (at 1:400), FITC anti-rabbit (at 1:50; Jackson Immunoresearch), and
AMCA-conjugated anti-guinea pig IgG (at 1:50; Jackson Immunoresearch) for 4–6 hours at
room temperature, followed by Texas red-conjugated avidin (1:250; Vector Laboratories)
overnight at 4°C. Sections were mounted onto uncoated glass slides and coverslipped with
Vectashield mounting medium or in some cases Vectashield with DAPI (Vector Laboratories)
to facilitate identification of underlying nuclear boundaries.

The resultant fluorescence was visualized with the appropriate filter combinations for each
marker in an Olympus BX51 microscope, and images were taken with an Olympus Q-Color5
digital microscope camera. After image capture, brightness and contrast were modified and
the filter Unsharp mask was applied as necessary, in Adobe Photoshop 7 running on a Power
Macintosh G4 computer. Images containing individual fluorescent labeling for each field were
superimposed in Photoshop to obtain composite views of single labeled as well as colocalizing
neurons. For each anatomically identifiable region, by using cytoarchi-tectonic and
immunohistochemical landmarks, numbers of CTb and PACAP-labeled neurons were counted
from single sections representing distinct rostrocaudal levels from brains with successful
injections. These sections were visually matched to corresponding atlas levels for each brain,
with standard rat brain atlases (Swanson, 1998;Paxinos and Watson, 2005), and, for
comparisons among different brains, each section was matched with its counterpart within 200
μm or less using atlas AP coordinates. In addition, camera lucida-like drawings were created
by importing montages of Photoshop images taken with ×10 (forebrain) or ×4 (brainstem)
objectives into the technical illustration program Canvas 8.0 (ACD Systems of America Inc.,
Miami, FL), where relevant anatomical boundaries and the location of immunolabeled neurons
were drawn to visualize the brain ipsilateral to the injection site.

Antiserum characterization and immunolabeling controls
The polyclonal goat anti-CTb (List Biologicals; product 703, lot 7032G) was raised against
CTb, a subunit of cholera toxin containing five identical polypeptide chains in a ring-like
structure with a total molecular weight of ˜58,000 kDa. On Western blot, this antiserum
recognizes the whole CTb molecule when developed with anti-goat antibodies and an
appropriate chromogen, according to information provided by List Biologicals. In our
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laboratory, preadsorption of the CTb antiserum by 10 μM of CTb completely abolished
immunolabeling, whereas clear immunolabeling was observed in adjacent sections processed
simultaneously with the same antibody concentration without preadsorption.

The anti-PACAP polyclonal serum (Bachem/Peninsula Laboratories; catalog T-4473, lot
030354-1) was made in rabbit against PACAP38 having the amino acid sequence of
HSDGIFTDSYSRYRKQMAVKKYLAAVLGKRYKQR-VKNK-NH2. According to
Bachem, based on cross-reactivity data obtained by radioimmunoassay, this antiserum binds
the C-terminal end of the PACAP38 peptide and does not show any cross-reaction with
vasoactive intestinal peptide, CRH, or adrenocorticotrophic hormone and only 0.01% cross-
reactivity with PACAP27. In our laboratory, preadsorption of the working dilution of the
primary antiserum with 10 μM concentration of synthetic PACAP38 (American Peptide
Company; catalog 34-0-20, lot T11107T1), molecular weight 4534.3, completely abolished
immunoreactivity. The anti-CRH polyclonal serum (Bachem/Peninsula Laboratories, catalog
T-5007, lot GHC8561) was made in guinea pig against a synthetic CRH having an amino acid
sequence of SEEPPISLDLTFHLLREVLEMARAEQLAQQAHSNRKL-MEII-NH2. In our
laboratory, preadsorption of this antiserum by 10 μM of synthetic CRH (American Peptide
Company; catalog 34-1-10, lot T11107T1), molecular weight 3826.4, completely abolished
immunolabeling. Antivasopressin (Chemicon; catalog AB1565, lot 25020039) and
antioxytocin (Chemicon; catalog AB911, lot 25020806) sera were made in rabbits against full-
length vasopressin or oxytocin conjugated to thyroglobulin. Because these hormones are only
nine amino acids in length, the binding site of the antibody encompasses the entire molecule.
Chemicon tested the specificity of the immunogen conjugates in Western blot for cross-
reactivity, using both vasopressin-thyroglobulin and oxytocin-thyroglobulin to verify that the
antioxytocin serum does not react with vasopressin and that the antivasopressin serum does
not react with oxytocin. In our laboratory, we ran control tests by preadsorbing the antisera
using their synthetic peptide antigens at 10 μM, which resulted in a complete loss of
immunolabeling. The polyclonal antiphenylethanolamine-N-methyltransferase (PNMT)
antiserum (Research Diagnostics; catalog RDI-PRO16067) was raised in guinea pig against
PNMT from bovine adrenal medulla and tested by immunolabeling of rat adrenal gland tissue
by Research Diagnostics. Preadsorption of the antiserum with 10 or 100 μM PNMT (bovine
PNMT; Sigma) in our laboratory completely abolished immunoreactivity as tested on sections
of rat medulla oblongata in the present study.

RESULTS
Injection sites

PVN injection sites were initially detected by CTb immunolabeling using the avidin-biotin-
immunoperoxidase method visualized with DAB and then further evaluated with
immunofluorescence methods. With DAB as chromogen, the core of each injection site
appeared as a solid, dense area surrounded by a peripheral zone of diffused tracer. A total of
nine cases produced sites in which CTb deposit cores were found fully or partially within the
PVN. Among these, five injection sites were disqualified based on the localization and/or the
spread of the tracer; either because the tracer deposit core extended significantly beyond the
PVN or, conversely, covered only a small portion of the PVN.

In each of the remaining four animals (Nos. 452702, 450702, 511002, and 520301), the
injection site was centered at the mid-PVN level (AP: –1.7 to –1.8 mm from Bregma) and
covered both the magnocellular and the parvocellular portions of the PVN, with only minimal
leakage in the peri-PVN area, reminiscent of a previously published report that also used CTb
to delineate major projections to the PVN (Elmquist and Saper, 1996).
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A typical injection site is presented in Figure 1A-C(No. 520301), and a composite drawing of
all four successful injection sites is shown in Figure 1D. Figure 1A,B illustrates the dense core
of the injection at mid- and midcaudal PVN levels, whereas Figure 1C shows the periphery of
the injection site with intra-PVN transport in nerve processes of the caudal parvocellular
subdivision. The localization of the injection site was evaluated by counterstaining with cresyl
violet or neutral red in DAB-labeled sections and by immunofluorescence for CRH or
vasopressin or oxytocin cell groups as PVN markers. Fluorescent double immunolabeling for
CTb/CRH and CTb/vasopressin or CTb/oxytocin confirmed that CTb injections in these
animals covered the medial parvocellular, dorsal, and ventral parvocellular subdivisions and
a significant portion of the magnocellular compartment of the PVN, and the injections were
confined within the boundaries of the PVN (Fig. 2). Therefore, by using these criteria, the four
animals with successful whole PVN injections were considered for analysis of the distribution
of PACAP neurons projecting to the PVN.

Distribution of retrogradely labeled CTb neurons from preoptic level to medulla oblongata
Retrogradely labeled CTb-positive neurons were found in numerous hypothalamic, midbrain,
and lower brainstem regions, with strong ipsilateral dominance. Major hypothalamic regions
retrogradely labeled from PVN included the parastrial, septohypothalamic, median preoptic
(MnPO), medial preoptic (MPO), ventromedial preoptic (VMPO), suprachiasmatic (SCh),
retrochiasmatic (RCh), arcuate, dorsomedial (DMN), ventromedial (VMN) nuclei; the medial
part of the supramammillary nucleus (SuMM); and medial preoptic (MPA), anterior (AH),
perifornical, lateral (LH), and posterior hypothalamic (PHA) areas. Extrahypothalamic
forebrain areas containing retrogradely labeled neurons included the anterior-lateral part of the
medial subnucleus of the bed nucleus of stria terminalis (STMAL), paraventricular nucleus of
the thalamus, and central and medial nuclei of the amygdala. The periventricular gray area
(PVG) at the transition between the hypothalamus and the midbrain and the precommissural
nucleus also contained retrogradely labeled neurons. Among brainstem regions, retrogradely
labeled neurons were observed in the midbrain periaqueductal gray (PAG), lateral parabrachial
nucleus and pericoeruleus area, ventrolateral medulla (VLM), nucleus of the solitary tract
(NTS), and dorsal motor nucleus of the vagus (DMV). The overall pattern of retrogradely
labeled cell bodies was in agreement with previous studies describing PVN-projecting neurons
(McKellar and Loewy, 1981;Moga and Saper, 1994;Cullinan et al., 1996;Elmquist and Saper,
1996). Because CTb is also transported anterogradely, CTb-labeled nerve fibers were observed
in the external and internal layers of the median eminence and pituitary stalk, indicating their
origin from neuroendocrine neurons of the PVN.

General distribution of PACAP neurons
In sections of colchicine-treated brains, at rostrocaudal levels within the scope of the current
study, the distributional pattern of PACAP-positive perikarya showed good agreement with
previous comprehensive descriptions of PACAP immunolabeling (Legradi et al., 1994a,b;Dun
et al., 1996;Piggins et al., 1996;Hannibal, 2002). Briefly, PACAP perikarya were observed in
several preoptic nuclei and the medial preoptic area; septohypothalamic nucleus; lateral
hypothalamic area; and para- and periventricular, arcuate, dorsomedial, ventromedial,
premammilllary, and supramammillary nuclei. In the thalamus, the lateral and medial
habenular nuclei contained PACAP-positive cell bodies. Furthermore, PACAP-positive
neuronal groups were observed in the cingulate and piriform cortices and at the hypothalamus–
midbrain junction; PAG; pontine nuclei; parabrachial nucleus; A5 cell group; locus coeruleus;
and dorsal and ventral medulla, including the dorsal motor vagal nucleus (DMV) and nucleus
of the solitary tract (NTS); A1/C1, C2, and C3 areas; raphe obscurus and pallidus; ambiguus
and lateral reticular nuclei; as well as spinal and medial vestibular nuclei.
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Specific localization of PACAP/CTb double-labeled perikarya
Ipsilateral contribution—The specific contribution of PACAP-containing input to the PVN
was identified by the presence of simultaneous immunolabeling for PACAP and CTb. PACAP/
CTb double-immunolabeled neurons were observed in several hypothalamic regions, including
the preoptic and lateral hypothalamic areas; dorsomedial, ventromedial, and arcuate nuclei;
ventrolateral column of midbrain PAG; and cell groups in the dorsal and ventro-lateral medulla
oblongata. Examples of fluorescent PACAP/CTb immunolabeling in hypothalamic and
midbrain regions are shown in Figure 3. At preoptic levels (–0.3 to –0.4 mm from Bregma),
the MnPO, MPO, and MPA contained relatively high proportions of PACAP neurons
colocalizing with CTb, indicating projections to the PVN (Figs. 3A, 4A). In the bed nucleus
of the stria terminalis, significant accumulations of PACAP nerve fibers were found, but CTb
and PACAP neurons were observed in separate populations such that PACAP neurons were
located in the anteromedial division of the medial subnucleus (STMAM), and CTb neurons
were present in the STMAL, but no colocalization was observed. Likewise, in the
paraventricular nucleus of the thalamus, CTb-labeled perikarya were readily observed, but only
PACAP nerve fibers were present, which is similar to previous findings (Koves et al.,
1991;Legradi et al., 1997;Hannibal, 2002). The subfornical organ was not evaluated, because
this delicate group of cells was wrinkled and could not be maintained through the rigors of
tissue section heating and elongated processing times required for antigen unmasking and
double-labeling immunohistochemistry.

At anterior hypothalamic levels, the suprachiasmatic nucleus, rostral portions of the
retrochiasmatic nucleus, and the anterior hypothalamic area lacked PACAP-positive neurons
but contained CTb-positive neurons. More caudally, the lateral hypothalamic area, arcuate
nucleus, and ventromedial nucleus were among the regions containing significant populations
of PVN-projecting PACAP neurons (Fig. 3B,C, Table 1). Within the lateral hypothalamic area
(LH), retrogradely labeled PACAP neurons were typically found in a region slightly
mediodorsal to the optic tract (Fig. 3B), previously named the intermediate hypothalamic
area (Larsen et al., 1994), which corresponds to the tuberal portion of the LH in the standard
rat brain atlas (Paxinos and Watson, 2005), and the caudal perifornical lateral hypothalamus
(PeLH in Fig. 4B). At tuberal levels of the hypothalamus, the strongest PACAP projections to
the PVN were detected at the caudal level of the dorsomedial nucleus (DMN, AP: –3.2 to –3.5
mm from Bregma; Fig. 3D, Table 1), whereas the more rostral portion of the DMN (AP: –2.9
mm) contained a dense network of PACAP-labeled nerve fibers and fewer PACAP/CTb-
positive neurons (Table 1).

At mammillary levels, the most prominent PACAP/CTb double labeling was observed in the
medial subnucleus of the supramammillary nucleus (Fig. 3E, Table 1). Scattered PACAP/CTb-
labeled neurons were found in the caudalmost levels of the hypothalamus in the PVG and
posterior hypothalamic area (data not shown). This trend for occasional PACAP/CTb labeling
continued toward the midbrain through the rostral PAG. However, a significant accumulation
of PVN-projecting PACAP neurons was found at midcaudal levels (between –6.8 to –7.0 mm
from Bregma) of the ventrolateral column of the PAG (Fig. 3F, Table 1).

Less prominent PACAP projections to the PVN appeared to originate from pontine areas. In
the pericoeruleus area and the lateral subnucleus of the parabrachial nucleus (LPB), although
PACAP/CTb-labeled neurons were consistently found in low numbers (one or two neurons
per section), they were surrounded by larger groups of single-labeled PACAP or CTb neurons.
A concentration of CTb-positive cells was present in the central subdivision of the LPB
(LPBC), with sparse CTb neurons in the external subdivision (LPBE), whereas PACAP-
positive neurons were concentrated in the LPBE. Therefore, occasional PACAP/CTb neurons
were found only in the LPBE (Fig. 5A). Furthermore, the external subdivision of the medial
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parabrachial nucleus (MPBE) contained substantial numbers of PACAP-positive nerve fibers
but no PACAP cell bodies (not shown).

Within the medulla oblongata, the nucleus of the solitary tract, the DMV, and the VLM
contained numerous PACAP/CTb double-labeled neurons. The main localization of
retrogradely labeled PACAP neurons in the NTS was in its medial and dorsomedial subnuclei
(Figs. 5A, 6B). In the rostral ventrolateral medulla (at –12.0 mm from Bregma), typically at
least 50% of detectable PACAP neurons were also CTb positive (Figs. 5C, 6A, Table 1). These
double-labeled neurons were localized within the C1 adrenergic cell group area just ventral to
the Bötzinger complex and also in the lateral paragigantocellular nucleus (Figs. 5C,D,6A).
Double-labeled neurons were observed in the C3 cell group area (Fig. 6A) and more caudally
in the C1/A1 cell group and the ventral portion of the gigantocellular nucleus adjacent to the
lateral reticular nucleus (Figs. 5D, 6B). By simultaneous triple immunolabeling for PACAP,
CTb, and PNMT, several PACAP/CTb neurons in the C1 cell group were also PNMT
immunopositive, indicating the likely adrenergic nature of these neurons (Fig. 7). On the other
hand, the percentages of retrogradely labeled PACAP-immunopositive neurons showed a
decreasing tendency from rostral levels toward the caudal ventrolateral medulla, especially
below the transition between C1 and A1 cell groups (Table 1). Likewise, in the NTS and DMV,
retrogradely labeled PACAP neurons were more frequently found at the level of the opening
of the fourth ventricle at –13.3 mm from Bregma (Fig. 5B) than in more caudal portions of
these nuclei (Table 1). Table 1 summarizes relative contributions of sources of PACAP
projections to the PVN obtained at distinct rostrocaudal levels of the rat brain from the
hypothalamic preoptic area to the caudal brainstem.

Contralateral contribution—Compared with ipsilateral projections, retrograde labeling
was consistently sparser contralateral to the injection site throughout the various PVN-
projecting brain areas observed in this study. Furthermore, contralateral CTb labeling was
never observed in brain regions that totally lacked ipsilateral contribution. As a result, PACAP/
CTb double-labeled neurons on the contralateral side, when present, accounted for only a
fraction (approximately 10–20%) of what was found ipsilaterally in the corresponding areas.

DISCUSSION
Intracerebroventricular (icv) or local brain injections of PACAP induce a range of autonomic,
behavioral, and neuroendocrine responses. In rodents, icv or intrahypothalamic PACAP
injections produce a reduction in food intake (Morley et al., 1992;Chance et al., 1995), a finding
recently replicated in the chicken brain, which was inhibited by coadministration of a CRH
receptor antagonist, further suggesting the significance of CRH receptors in the anorexic effects
of central PACAP administration (Tachibana et al., 2004). PACAP icv also increases plasma
vasopressin concentration and mean arterial blood pressure in rats (Murase et al., 1993). Recent
functional observations from our laboratory have suggested that PACAP may be an excitatory
neuropeptide at the level of the PVN, insofar as intra-PVN microinjection of PACAP increased
restraint stress-induced body grooming and reduced locomotor activity in rats (Norrholm et
al., 2005) and icv PACAP administration stimulated phosphorylation of the transcription factor
CREB in PVN CRH neurons and simultaneously elevated plasma corticosterone levels in rats
(Agarwal et al., 2005).

We have proposed that endogenous PACAP nerve fibers innervating various types of PVN
neurons (Legradi et al., 1997, 1998) coupled with the presence of specific PACAP receptors
in the PVN (Hashimoto et al., 1996) may represent a physiologic background for many of the
pharmacologic effects of PACAP administration as summarized above. Because interpretation
of functional studies would greatly benefit from the precise understanding of the distribution
of PVN-projecting PACAP neurons, the present study utilized intra-PVN injections of the
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sensitive neuro-anatomical tracer CTb, combined with immunohistochemical identification of
retrogradely labeled neurons and PACAP immunoreactivity in the rat hypothalamus and
brainstem. In summary, we identified a widespread, multisite origin of PACAP innervation to
the PVN from hypothalamic, midbrain, and medullary sources, which suggests the importance
of PACAP in homeostatic control mechanisms. These observations provide a strong chemical
neuroanatomical foundation for interaction between PACAP and its potential target neurons
in the PVN. Targets of PACAPergic innervation thus include neuroendocrine CRH neurons,
which control physiologic responses to stressful challenges, but other types of parvo- and
magno-cellular neurons, such as those expressing TRH, vasopressin, oxytocin, nitric oxide,
glutamate, enkephalin, neuro-tensin, and galanin, should also be considered (Sawchenko et al.,
1984;Meister et al., 1990;Hatakeyama et al., 1996;Hrabovszky et al., 2005). In addition,
PACAP-containing innervation, originating from the several potential sites identified in the
present study, may reach preautonomic projection neurons of the PVN (Swanson and
Sawchenko, 1980;Hosoya et al., 1991), which in turn regulate sympathetic and
parasympathetic functions by their descending projections (Darlington et al., 1989;Coote et
al., 1998).

Specific distribution of PVN-projecting PACAP neurons in the hypothalamus
We found that relatively high numbers of PACAP neurons project to the PVN from several
important hypothalamic areas and nuclei. The median and medial preoptic nuclei, medial
preoptic area, caudal part of the arcuate nucleus, DMN, VMN, and lateral hypothalamic area
contained significant populations of PVN-projecting PACAP neurons. Medium-density
projections appeared to originate from the ventrolateral preoptic nucleus, midlevel of DMN,
and supramammillary nucleus.

Experimental animal studies have shown that DMN participates in a wide variety of
homeostatic, behavioral, and autonomic functions, including feeding and body weight
regulation (Bellinger and Mendel, 1978;Bellinger et al., 1979) and cardiovascular control
(Bernardis and Bellinger, 1998). It has been shown that DMN neurons mediate stress-induced
cardiovascular changes by a balancing mechanism between tonic activity of the inhibitory
GABAA and excitatory amino acid receptors (Stotz-Potter et al., 1996). Although it is not
known whether PACAP innervation, specifically from the DMN to the PVN, is excitatory or
inhibitory in nature, it is conceivable that PACAPergic projections from the DMN modulate
functions of PVN neurons. Another hypothalamic nucleus sending major PACAP projections
to the PVN is the VMN, which is known to play important roles in feeding, aggression, sexual
behavior, and gonadotropin secretion (Matsu-moto and Arai, 1983;Elias et al., 2000), and
VMN lesion causes hyperactivity of the hypothalamic-pituitary-adrenal (HPA) axis (Suemaru
et al., 1995). The present study also identified PACAP projections from the arcuate nucleus to
the PVN whose function is unclear, but it has been suggested that a coordinated and balanced
input from arcuate nucleus, DMN, and VMN is required to regulate the activity of the HPA
axis (Choi et al., 1996;Bell et al., 2000). It is also possible that PVN-projecting PACAP neurons
in the arcuate nucleus, especially in its lateral division, form a subpopulation, if they colocalize
with proopiomelanocortin-derived peptides and cocaine- and amphetamine-regulated
transcript, which in turn participate in the central regulation of the thyroid and adrenal axes
and regulation of food intake (Fekete et al., 2000;Elmquist, 2001;Wittmann et al., 2005).

The lateral hypothalamic area, which is known to send axonal projections to the PVN (Larsen
et al., 1994), is thought to be an important regulatory area of feeding, drinking, metabolism,
and behavioral activity (Bernardis and Bellinger, 1993). In addition, significant numbers of
substance P-containing neurons were identified in the tuberal part of LH, which project to the
neuroendocrine subdivisions of the PVN and thus could be involved in the regulation of CRH
secretion (Jessop et al., 1992). Similarly, in the present study, we found PVN-projecting
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PACAP neurons in the rostral tuberal LH, raising the possibility that PACAPergic mechanisms
originating from the LH may contribute to the regulation of the neuroendocrine functions of
the PVN. The anterior hypothalamic and preoptic areas mediate responses to heat stress
(Tanaka et al., 1986) and elicit poststress facilitation of the arterial baroreflex, which may
contribute to energy restoration (Nosaka, 1996), whereas the median preoptic nucleus is
involved in the central regulation of blood pressure and water and salt homeostasis (Spitznagel
et al., 2001). Collectively, the presence of PACAP-containing neurons sending afferents to the
PVN from these hypothalamic areas strongly suggests that PACAP neurons may participate
in processing of autonomic and neuroendocrine mechanisms at the level of the PVN,
presumably acting through magno- and parvocellular vasopressin and parvocellular CRH
neurons.

At more caudal, mammillary levels of the hypothalamus, several PACAP neurons contained
retrograde labeling from the PVN in the medial part of the supramammillary nucleus (SuMM).
The supramammillary nucleus is considered as a bridge between the hippocampus and the
amygdala and/or midbrain central gray by creating a route for cognitive–emotional interactions
(Pan and Mc-Naughton, 2002). Induction of Fos immunoreactivity was observed in the SuMM
in rats after conditioned fear (Beck and Fibiger, 1995) or cold or warm exposure (Kiyohara et
al., 1995), as well as after swim stress (Cullinan et al., 1996), and supramammillary PACAP
innervation to the PVN may indicate a role of PACAP in mediating emotional and
physiological responses. It should also be noted that, under certain circumstances, such as
colchicine treatment or endotoxin administration, local parvocellular PVN neurons may
synthesize PACAP, and some of them contain CRH immunoreactivity (Hannibal et al.,
1995, 1999), so their local axonal arborization in the PVN could be predicted based on previous
findings (Liposits et al., 1985). However, current the methodology using retrograde tracer
injections within the PVN is unable to resolve neuroanatomical connections between such
tightly placed neuronal groups, insofar as both the origin and the target of this type of
innervation would be covered by the dense core of the injection site.

Specific distribution of PVN-projecting PACAP neurons in the brainstem
Within the brainstem, PACAP projections to the PVN were found to originate from the PAG,
ventrolateral medulla (rostral and midcaudal levels), and medial subnucleus of NTS. The rostral
portion of the DMV appeared to send medium-density projections to the PVN. For the
midbrain, we identified PACAP projections to the PVN from the ventrolateral PAG, which
may be involved in responses to nociception and poststress facilitation of baroreceptor reflexes
(Nosaka, 1996) either directly or indirectly, such that a broader role for PACAP in the
coordination of defensive behavioral and autonomic output might also be speculated.
Activation of the ventrolateral PAG column leads to a hyporeactive pattern of autonomic and
behavioral parameters, not unlike manifestations of inescapable stress (Bandler and Shipley,
1994;Depaulis et al., 1994;Keay and Bandler, 2001). Inescapable pain, hemorrhage, and
hypotension are paralleled by increases in hypophysiotropic CRH release and/or plasma ACTH
and vasopressin levels as well as ventrolateral PAG activation (Plotsky and Vale, 1984;Nakane
et al., 1985;Tas-sorelli and Joseph, 1995;Keay and Bandler, 2002). Physiologically identified
depressor regions of the caudal ventrolateral PAG were found to project to several subdivisions
of the rat PVN (Floyd et al., 1996), but they appear to be significantly more caudal than the
PVN-projecting PACAP neurons of our study, suggesting that these PACAP neurons constitute
a distinct population of cells. On the other hand, anterograde labeling experiments have shown
innervation of the PVN from the rostral ventrolateral PAG (Cameron et al., 1995), an area that
shows a closer match with the localization of PVN-projecting PACAP neurons in the present
study. Nevertheless, the specific functional characterization of these neurons remains to be
established.
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Substantial PACAP projections to the PVN were seen originating from the ventrolateral
medulla and the NTS/ DMV complex of the dorsal medulla. Earlier chemical neuroanatomical
data have shown that the parvocellular PVN receives substantial innervation from medullary
C1, C2, and C3 catecholamine cell groups (Cunningham et al., 1990) and sparse innervation
from A2 and A6 cell groups (to ventral and periventricular PVN regions; Cunningham and
Sawchenko, 1988). Particularly, medial parvocellular CRH neurons receive projections from
the C1 neurons of the rostral ventrolateral medulla (Cunningham et al., 1990). Innervation of
the magnocellular vasopressinergic PVN comes mainly from the more caudally positioned A1
cell groups of the ventrolateral medulla (Cunningham and Sawchenko, 1988). These regions
are known to become activated with a variety of stressors, such as intravenous interleukin-13
(Ericsson et al., 1994), intraperitoneal hypertonic saline (Larsen and Mikkelsen, 1995), and
foot shock (Li et al., 1996). Excitatory roles of the ascending catecholaminergic bundle from
the medulla to PVN have been implicated in stress-induced increases in plasma ACTH, through
activation of parvocellular hypophysiotropic CRH neurons (Weidenfeld and Feldman,
1991;Ericsson et al., 1994). In the present study, we provide further chemical neuroanatomical
evidence that a population of the PVN-projecting PACAP neurons in the ventrolateral medulla
might also be catecholaminergic, insofar as they colocalized with the adrenergic marker
PNMT, confirming and extending our previous observation of PACAP/PNMT-cocontaining
innervation of parvocellular PVN neurons (Legradi et al., 1997). Based on our current findings,
there may be a relatively higher contribution of the more rostrally placed C1 and the transitional
C1/A1 catecholamine cell groups to the PACAP-containing innervation of the PVN, suggesting
a more robust innervation to medial parvocellular and preautonomic areas of the PVN
compared with the innervation to the magnocellular division.

The ventrolateral medulla has been implicated in regulation of the cardiovascular and
respiratory functions (Guyenet et al., 1996). PVN-projecting neurons in the RVLM express
Fos immunoreactivity in response to intravenous lypopolysaccharide infusion (Elmquist and
Saper, 1996). The same group of neurons is also activated by cardiovascular challenges,
including hemorrhage-induced or isovolemic hypotension (Chan and Sawchenko, 1994). In
our study, the anatomical localization of the PACAP-containing PVN-projecting neurons in
the RVLM suggests that PACAP may participate in cardiovascular regulation through the
PVN, perhaps by the activation of vasopressin neurons or through other classes of autonomic-
related neurons within the PVN. It is also noteworthy that the non-PVN-projecting population
of PACAP neurons in the RVLM may send direct projections to sympathetic preganglionic
neurons of the spinal cord, implying a more complex role for PACAP in central autonomic
regulation (Legradi et al., 1994b;Dun et al., 1996).

In addition, cold-restraint stress that is associated with gastric lesions has produced an
activational pattern in the NTS (Bonaz and Tache, 1994). The presence of PACAP in the PVN-
projecting NTS neurons is significant, in that this nucleus receives a variety of cardiovascular,
pulmonary, and gastrointestinal afferents and sends information through ascending projections
to forebrain target sites such as the PVN, where the signals are further integrated to provide
visceromotor and neuroendocrine responses to interoceptive stressors and homeostatic
challenges (Buller et al., 2003). Although the specific functional contribution of PVN-
projecting PACAP neurons of the medulla oblongata still has to be identified at the cellular
level, there is a close distributional match between PACAP/CTb neurons and the localization
of stress-activated neurons as mentioned above, suggesting a role for PACAP in autonomic
and neuroendocrine manifestations of the response to a number stressors.

Methodological considerations
Immunolabeling for PACAP has been notoriously difficult. Early immunohistochemical
studies on the distribution of PACAP were hindered by relatively low sensitivity (Koves et al.,
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1990,1991;Kivipelto et al., 1992). Fixatives containing acrolein appeared highly beneficial for
immunolabeling of various peptides in the brain (King et al., 1983), including PACAP (Legradi
et al., 1994a,1997, 1998). Colchicine pretreatment further enhanced perikaryal visualization
of PACAP in a variety of fore-brain and brainstem nuclei (Legradi et al., 1994a,1997;Hannibal
et al., 1995;Hannibal, 2002). In addition to colchicine’s well-known effect of blocking axonal
transport, leading to accumulation of peptides in perikarya, high-dose colchicine treatment may
induce elevated expression of the PACAP gene in the hypothalamic PVN itself as well as the
pontine locus coeruleus and the medullary C1, C2, and C3 adrenergic cell groups (Hannibal
et al., 1995;Hannibal, 2002). While keeping these considerations in mind, we would have
preferred the combination of high doses of intracerebroventricular colchicine (150–200 μg)
followed by acrolein fixation for the current immunohistochemical study, based on the success
of earlier studies (Legradi et al., 1994b,1997). However, our pilot experiments had shown that
acrolein fixation diminished the detectability of transported CTb, so here we reverted to the
use of paraformaldehyde. The masking of epitopes by cross-linking appears to pose a barrier
to successful immunodetection of peptides in formaldehyde-fixed tissues (Puchtler and
Meloan, 1985). Thus, the inherent low sensitivity of PACAP immunolabeling in
paraformaldehyde-fixed tissue was overcome by an antigen-unmasking method: heating the
free-floating sections in 10 mM sodium citrate, pH 8.5, at 80°C (Jiao et al., 1999). Heat-induced
antigen retrieval provided reliable findings for simultaneous detection of PACAP and CTb
immunolabeling, allowing the use of a commercial rabbit anti-PACAP serum for high-
sensitivity detection of PACAP immunoreactivity in paraformaldehyde-fixed material. In the
present study, 15 minutes of heating time gave optimal antigen retrieval for PACAP without
compromising detectability of CTb and minimized heat-induced wrinkling of sections and
mechanical damage to tolerable levels. The only exception to this was the subfornical organ,
which was distorted by the rigors of processing and whose possible PACAP projections
(Piggins et al., 1996;Hannibal, 2002), therefore, will require a separate follow-up study.

Data from the present study were in agreement with the pattern of PACAP immunolabeling
observed with the use of a well-characterized monoclonal antibody combined with the
biotinylated tyramide amplification system (Hannibal, 2002). Likewise, the high signal-to-
noise ratio of the current PACAP immunolabeling product approached the level achieved by
either tyramide amplification (Hannibal, 2002) or acrolein fixation (Legradi et al., 1994a,
1997). The possible artifactual effects (e.g., high background) of heat-induced antigen
unmasking were successfully avoided by careful monitoring of heating conditions and
mandatory use of nonfat dry milk and normal horse serum treatments following section heating
as described in Materials and Methods.

Among the brain regions that contained PVN-projecting PACAP neurons, the medullary C1,
C2, and C3 cell groups (PNMT-positive, adrenergic neurons) represent a population whose
PACAP expression might have been induced to a supraphysiologic level by the high-dose
colchicine treatment in the current study. However, the presence of colocalizing PACAP/
PNMT-positive nerve terminals at the level of the PVN in close contact with parvocellular
TRH (Legradi et al., 1997) or CRH neurons (our unpublished observations), which is evident
in low-dose colchicine-injected or untreated material, indicates the existence of axonal
projections from putative adrenergic PACAP neurons even under baseline conditions. The
finding of PACAP-immunoreactive perikarya in the arcuate nucleus in the present study is
consistent with immunohistochemical and in situ hybridization data from two publications
(Murase et al., 1995;Piggins et al., 1996), but a more recent study noted the absence of cell
body labeling in this nucleus, although one of its published low-magnification photographs
appears to show evidence of arcuate nucleus PACAP mRNA expression (Hannibal, 2002). One
of the earlier reports also argues that PACAP mRNA in the arcuate nucleus can be evoked by
water deprivation (Murase et al., 1995). That PACAP gene expression is induced by colchicine
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treatment in the arcuate nucleus (either by colchicine’s direct effect or secondarily by the
inhibition of water intake) is a possibility, requiring careful further investigation.
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Abbreviations
3V  

third cerebral ventricle

4V  
fourth cerebral ventricle

A1  
noradrenergic cell group 1

A2  
noradrenergic cell group 2

A6  
noradrenergic cell group 6

ac  
anterior commissure

AH  
anterior hypothalamic area

Amb  
nucleus ambiguous

aq  
cerebral aqueduct

Arc  
arcuate nucleus
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Bo  
Bötzinger complex

C1  
catecholaminergic cell group 1

C2  
catecholaminergic cell group 2

C3  
catecholaminergic cell group 3

CRH  
corticotropin-releasing hormone

CTb  
cholera toxin B subunit

DMN  
dorsomedial hypothalamic nucleus

DMV  
dorsal motor nucleus of the vagus

f  
fornix

Gi  
gigantocellular nucleus

LH  
lateral hypothalamic area

lNTS  
nucleus of the solitary tract lateral subnucleus

LPB  
lateral parabrachial nucleus

LPBC  
lateral parabrachial nucleus external subdivision

LPBE  
lateral parabrachial nucleus central subdivision

LPGi  
lateral paragigantocellular nucleus

LRt  
lateral reticular nucleus

MnPO  
median preoptic nucleus

mNTS  
nucleus of the solitary tract medial subnucleus

MPA  
medial preoptic area
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MPBE  
lateral parabrachial nucleus medial subdivision

MPO  
medial preoptic nucleus

MVe  
medial vestibular nucleus

NTS  
nucleus of the solitary tract

och  
optic chiasm

opt  
optic tract

PACAP  
pituitary adenylate cyclase-activating polypeptide

PaDC  
paraventricular hypothalamic nucleus, dorsal cap

PAG  
midbrain periaqueductal gray

PaLM  
paraventricular hypothalamic nucleus, lateral magnocellular

PaMP  
paraventricular hypothalamic nucleus, medial parvocellular

PBN  
parabrachial nucleus

PCRt  
parvocellular reticular nucleus

PeF  
perifornical nucleus

PeH  
perifornical hypothalamus

PH  
posterior hypothalamus

PS  
parastrial nucleus

PVG  
periventricular gray

PVN  
paraventricular hypothalamic nucleus

py  
pyramidal tract

DAS et al. Page 19

J Comp Neurol. Author manuscript; available in PMC 2007 July 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



RCh  
retrochiasmatic nucleus

RVLM  
rostral ventrolateral medulla

Sch  
suprachiasmatic nucleus

Scp  
superior cerebellar peduncle

Shy  
septohypothalamic nucleus

SpVe  
spinal vestibular nucleus

STMAL  
bed nucleus of the stria terminalis, lateral division, anterolateral part

STMAM  
bed nucleus of the stria terminalis, medial division, anteromedial part

SuMM  
supramammillary nucleus medial subnucleus

VLM  
ventrolateral medulla

VMN  
ventromedial hypothalamic nucleus

VMPO  
ventromedial preoptic nucleus
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Fig 1.
CTb injection sites. A–C: Photomicrographs showing a typical CTb injection site in the PVN
(No. 520301) in three coronal levels rostrocaudally, labeled with the immunoperoxidase
method with diaminobenzidine as chromogen. D: Summary drawing of successful PVN
injection sites centered at midlevel of the PVN (Nos. 450702, 452702, 511002, 520301). Scale
bar = 200 μm.
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Fig 2.
Fluorescent images from two distinct cases (Nos. 511002, 520301) showing the localization
of CTb (red fluorescence) injection sites with CRH, oxytocin, or vasopressin (blue
fluorescence) neurons as markers of PVN neurons. A1–A3: A CTb injection site using CRH
as marker of PVN; A1: CTb injection site; A2: CRH neurons; A3: superimposition of CTb and
CRH immunolabeling showing the localization of the injection in the PVN. B1–B3: A CTb
injection site using oxytocin as marker of the PVN; B1: CTb injection site; B2: oxytocin
neurons in the PVN; B3: superimposition of CTb and oxytocin immunolabeling showing the
localization of the injection. C1–C3: A CTb injection site using vasopressin as marker of the
PVN; C1: CTb injection site; C2: vasopressin neurons; C3: superimposition of CTb and
vasopressin immunolabeling showing the localization of the injection. Scale bar = 200 μm.
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Fig 3.
Fluorescent images showing examples of CTb or PACAP or PACAP and CTb double-labeled
neurons in selected forebrain and midbrain areas. PACAP neurons show green fluorescence,
CTb labeling shows red fluorescence, and double-labeled neurons are indicated by the presence
of a composite yellow/orange color (arrows). A: Medial preoptic nucleus. B: Anterior tuberal
lateral hypothalamic area. C: Arcuate nucleus. D: Dorsomedial nucleus. E: Supramammillary
nucleus. F: Ventrolateral periaqueductal gray. Scale bar = 100 μm.
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Fig 4.
Schematic maps showing the distribution of the Ctb, PACAP, or Ctb-PACAP double-labeled
neurons in representative levels of coronal rat hypothalamic sections ipsilateral to the injection
site. A: Preoptic region. B: Caudal hypothalamus (–3.5 mm from Bregma). Symbols: ×,
PACAP only; open circles, Ctb only; solid circles, PACAP/Ctb double-labeled neurons. Scale
bar = 200 μm.
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Fig 5.
Fluorescent images showing examples of Ctb or PACAP or PACAP and Ctb double-labeled
neurons in selected pontine and medullary areas. PACAP neurons show green fluorescence,
Ctb labeling shows red, and double-labeled neurons appear yellow/orange (arrows). A:
Parabrachial nucleus. B: Nucleus of the solitary tract/dorsal motor nucleus of vagus. C.
Ventrolateral medulla. D: Ventral medulla, gigantocellular nucleus. Scale bar = 100 μm.
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Fig 6.
Schematic maps of the distribution of CTb, PACAP, or CTb/PACAP double-labeled neurons
in representative levels of the medulla ipsilateral to the injection site. A: Rostral medulla
(Bregma –12.0 mm). B: Midcaudal medulla (Bregma –13.3 mm). Symbols: ×, PACAP only;
open circles, CTb only; solid circles, PACAP/CTb double-labeled neurons. Each symbol
represents a single neuron. Scale bar = 400 μm.
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Fig 7.
Fluorescent images showing examples of PACAP-, CTb-, and PNMT-labeled neurons in the
rostral ventrolateral medulla. A: PACAP. B: CTb. C: PNMT immunolabeling. PACAP
neurons show green fluorescence, CTb-labeled neurons show red, and PNMT-labeled neurons
are indicated by blue fluorescence. Neurons simultaneously labeled with PACAP, CTb, and
PNMT antibodies (triple-labeled neurons) are marked with arrows. Scale bar = 100 μm.
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