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Abstract
The paraventricular hypothalamic nucleus (PVH) contains many neurons that innervate the
brainstem, but information regarding their target sites remains incomplete. Here, we labeled
neurons in the rat PVH with an anterograde axonal tracer, Phaseolus vulgaris leucoagglutinin
(PHAL) and studied their descending projections in reference to specific neuronal subpopulations
throughout the brainstem. While many of their target sites were identified previously, numerous
new observations were made. Major findings include: (1) In the midbrain, the PVH projects
lightly to the ventral tegmental area, Edinger-Westphal nucleus, ventrolateral periaqueductal gray
matter, reticular formation, pedunculopontine tegmental nucleus, and dorsal raphe nucleus. (2) In
the dorsal pons, the PVH projects heavily to the pre-locus coeruleus, yet very little to the
catecholamine neurons in the locus coeruleus, and selectively targets the viscerosensory
subregions of the parabrachial nucleus; (3) In the ventral medulla, the superior salivatory nucleus,
retrotrapezoid nucleus, compact and external formations of the nucleus ambiguus, A1 and caudal
C1 catecholamine neurons, and caudal pressor area receive dense axonal projections, generally
exceeding the PVH projection to the rostral C1 region; (4) The medial nucleus of the solitary tract
(including A2 noradrenergic and aldosterone-sensitive neurons) receives the most extensive
projections of the PVH, substantially more than the dorsal vagal nucleus or area postrema. Our
findings suggest that the PVH may modulate a range of homeostatic functions, including cerebral
and ocular blood flow, corneal and nasal hydration, ingestive behavior, sodium intake, and glucose
metabolism, as well as cardiovascular, gastrointestinal, and respiratory activities.
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Introduction
From a biomedical perspective, the paraventricular hypothalamic nucleus (PVH) is perhaps
the most important nucleus in the forebrain. Among the many subpopulations of neurons in
the PVH, the most extensively studied are its neuroendocrine cells, through which the brain
controls the pituitary gland. Magnocellular neuroendocrine neurons send their axons into the
neurohypophysis (posterior pituitary), where in well-characterized homeostatic responses to
physiologic perturbations they release either oxytocin or vasopressin (antidiuretic hormone)
into the systemic circulation. Parvicellular neuroendocrine neurons, in contrast, release
various signaling peptides into the median eminence. These peptides, also referred to as
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releasing and release-inhibiting hormones, are carried by the pituitary portal system to the
adenohypophysis (anterior pituitary), where they regulate the release of pituitary hormones
that control endocrine tissues throughout the body.

In addition to these well-known neuroendocrine groups, the PVH contains a large population
of neurons which send their axons to the brainstem and spinal cord (Saper et al., 1976;
Swanson, 1977). Though partly interspersed with the aforementioned neuroendocrine
neurons, these caudally-projecting cells form an entirely separate subpopulation (Swanson
and Kuypers, 1980; Swanson et al., 1980). Along with a homologous group of neurons
extending into the lateral hypothalamus, they provide a major output channel from the
forebrain to the brainstem and spinal centers that regulate autonomic nervous system.
Parvicellular PVH neurons in general are activated in response to a variety of stressors, both
physical and psychological (Sawchenko et al., 1996; Herman and Cullinan, 1997), and those
that project to the brainstem and spinal cord form a critical link between the limbic forebrain
and various homeostatic and autonomic responses to stress (Blair et al., 1996; Sawchenko et
al., 1996; Felder et al., 2003; Li and Patel, 2003; Thompson and Swanson, 2003; Coote,
2005; Ferguson et al., 2008).

Axonal projections from the PVH to the brainstem and spinal cord have been analyzed by a
variety of tracing techniques (Saper et al., 1976; Swanson, 1977; Sawchenko and Swanson,
1982a; Luiten et al., 1985; Zheng et al., 1995; Toth et al., 1999) – as well as other reports).
Here, using the anterograde axonal tracer PHAL (Phaseolus vulgaris leucoagglutinin), we
demonstrate the sites in the rat brainstem that receive input from the PVH, a number of
which were not identified or were misidentified in previous tracing studies.

Originally, these experiments were intended to evaluate simply whether axons from the
PVH target a specific subpopulation of cells in the caudal medulla – the aldosterone-
sensitive neurons in the nucleus of the solitary tract (NTS; see Geerling et al., 2006a;
Geerling et al., 2006b). However, cases with PHAL injections in the PVH exhibited patterns
of axonal labeling in other parts of the brainstem that differed substantially from previous
reports. It appeared that projections from the PVH to multiple groups of neurons had been
either overlooked or misinterpreted, so we re-analyzed the entire brainstem to redefine the
sites innervated by this hypothalamic nucleus. In a number of anatomically complex
subregions of the brainstem, we compared axonal labeling from the PVH with the
distributions of various cell type-specific markers, revealing multiple target nuclei which
were mislabeled in previous accounts. Based on the well-established connections and
functions of some of these target neurons, the findings described below suggest that the
PVH influences a larger and somewhat different set of behaviors and visceral/autonomic
functions than were considered within its purview based on previous descriptions of its
output connections.

Materials and Methods
The neural tracing experiments described below were performed in male and female
Sprague-Dawley albino rats (250-350g; Harlan, Indianapolis, IN). All animal procedures
were approved by the Washington University School of Medicine Animal Care Committee
and conformed to NIH guidelines.

PHAL injections
In a large series of rats (n=362), PHAL (2.5% solution made in 0.02 M potassium phosphate
buffer, pH 8.0; Vector, Burlingame, CA) was iontophoresed into the PVH for 20, or in some
cases 30 minutes. The stereotaxic coordinates used for these injections were 0.40 mm lateral
to the midline, between 1.35 and 1.60 mm caudal to bregma, and between 7.1 and 7.3 mm
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deep to the dural surface. Seven days after surgery, rats were anesthetized with sodium
pentobarbital (50 mg/kg, i.p.) and perfused through the aorta with 200 mL of 0.9% saline,
followed by 500 mL 4% paraformaldehyde prepared in a 0.1 M sodium phosphate buffer
(pH 7.4).

Brains were post-fixed at room temperature in the same solution for one or more days, until
sections were cut using a freezing microtome, either 50 μm thick in the transverse plane (all
injection sites, and the entire brainstem in three cases) or in select cases 200 μm in the
sagittal plane (partial brainstems from four cases, used for triple-immunofluorescence
labeling). Sections were stored in 0.1 M sodium phosphate buffer containing 0.1% sodium
azide at room temperature until immunohistochemical staining, initiated in most cases
within hours after sectioning. After examining PHAL labeling in and around the PVH in
every case, select brains with restricted PHAL uptake in a sizeable population of neurons in
the PVH were chosen for detailed analysis (n=7). Additional brains with injection sites
surrounding and in some cases partially involving the PVH were analyzed as well, a few of
which are mentioned briefly here only to confirm that the PVH itself was the focal source of
axonal labeling in the brainstem sites discussed below, or to expound upon a region (the
dorsolateral PAG) that is more heavily innervated by sites neighboring the PVH.

Antisera
PHAL antisera were used from three different species. For DAB immunohistochemical
labeling of injection sites in every case, and full-brain series of coronal sections from the
key PVH-injected cases, we used a goat antiserum (diluted 1:20,000; product #2224, Vector,
Burlingame, California). For double- and triple-immunofluorescence labeling, a rabbit
polyclonal (1:7,500; product #2300, Vector) or a mouse antisera (1:700; V. Karpitskiy, St.
Louis, MO) were used. The specificity of these antisera for PHAL was confirmed by the fact
that neither produced any labeling in brain tissue from cases that were not injected with
PHAL. Similarly, little or no axonal immunoreactivity was found in the brainstem in cases
with PHAL injections that missed the PVH.

A goat polyclonal antiserum to cholera toxin β subunit (CTb; 1:25,000 dilution; product
#703; List Biologicals, Campbell, CA) was used to identify retrogradely labeled neurons in
the PVH following CTb injections in the NTS. This antiserum produces no labeling in tissue
sections from animals that were not injected with CTb. Furthermore, CTb retrograde
labeling was restricted in NTS-injected cases like the one shown below to the well-
established pattern of afferents to this nucleus; sections from this case were discussed and
shown in a previous study (Geerling and Loewy, 2006a).

Catecholamine neurons were labeled with an affinity-purified polyclonal antibody raised in
either sheep (1:1000; product #AB1542, Chemicon) or rabbit (1:1000; product #AB152,
Chemicon International; Temecula, CA) against denatured tyrosine hydroxylase (TH) from
rat pheochromocytoma. TH-immunoreactive cell bodies were found only in established
groups of catecholamine neurons, including a lateral subset of cells within the dorsal vagal
nucleus, the A1 and A2 noradrenergic groups and C1-C3 adrenergic neurons in the medulla
oblongata, A4-A7 groups in the pons, and A8-A10 dopaminergic groups in the midbrain, in
exactly the same neuroanatomical pattern as our previous work using these antisera
(Geerling et al., 2006b; Geerling and Loewy, 2006b; Shin et al., 2008). Adrenergic neurons
were identified with a sheep polyclonal antibody against phenylethanolamine-N-
methyltransferase (PNMT), which was raised against bovine PNMT (1:200; product
#AB146, Chemicon). This antiserum labeled neurons in the C1-C3 groups in the medulla
exclusively.
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To label tryptophan hydroxylase (TrpOH, an enzyme expressed exclusively in
serotoninergic neurons), we used the PH8 mouse monoclonal antibody (1:4,000; “PH8
antibody,” product # MAB 5278, Chemicon). This antibody was raised against
phenylalanine hydroxylase (PH) purified from monkey liver (Jennings et al., 1986). In
unfixed tissue, it binds a shared epitope in PH, TH, and tryptophan hydroxylase that is
relatively conserved across mammalian species including humans, rabbits and rats (Cotton
et al., 1988). However, in TH this epitope is modified by formaldehyde fixation such that it
no longer binds the PH8 antibody, allowing selective labeling of tryptophan hydroxylase in
fixed tissue (Haan et al., 1987; reviewed in Paterson et al., 2006). In the present
experiments, consistent with previous reports (Haan et al., 1987; Paterson et al., 2006)–see
for other reports), this monoclonal antibody produced immunolabeling in formaldehyde-
fixed brain sections only in the raphe nuclei that are known to contain serotoninergic
neurons. The PH8 antibody never produced immunolabeling in regions that contained TH-
expressing catecholaminergic neurons.

Choline acetyltransferase (ChAT) was labeled with an affinity-purified polyclonal antiserum
raised in goat against ChAT enzyme purified from human placenta (1:500; product
#AB144P, Chemicon). This antiserum selectively labels cells in the well-known
distributions of cranial nerve motoneurons (III, IV, V, VII, XII) and parasympathetic
preganglionic neurons (Edinger-Westphal nucleus, salivatory nuclei, ambiguus complex,
dorsal vagal nucleus), and in the laterodorsal and pedunculopontine tegmental nuclei of the
pons and midbrain, as well as axons emerging from each of these structures (e.g. trigeminal
motor nerve root, intra-axial facial nerve, hypoglossal nerve).

The neuropeptide urocortin was labeled using a rabbit polyclonal antiserum (1:500; product
#U4757; Sigma, St. Louis, MO). This antiserum was raised against a synthetic peptide
corresponding to the C-terminal of human urocortin (amino acids 25-40 with N-terminally
added lysine) conjugated to KLH. The immunogen sequence (human) corresponds to pro-
urocortin (amino acids 105-120) and is identical in rat urocortin (manufacturer's
information). The antibody was evaluated for activity and specificity by radioimmunoassay
(RIA) and immunohistochemistry, and the does not cross-react with human or rat
corticotrophin-releasing hormone (CRH 6-33), sheep CRH, PACAP38, human ACTH, or
human ACTH18-39 (manufacturer's information). In the Edinger-Westphal (EW) nucleus,
this antiserum labeled a small subset of neurons in the midline, in a distribution distinct from
the ChAT-immunoreactive parasympathetic preganglionic neurons in this region.

Finally, an affinity-purified polyclonal antiserum was used to label 11-β-hydroxysteroid
dehydrogenase type 2 (HSD2, #1296; Chemicon). This antiserum was raised in sheep using
a synthetic protein generated from nucleotides 385-1204 of rat hsd11b2 (Gomez-Sanchez et
al., 2001). After testing a range of dilutions from 1:1,000 to 1:200,000, this antiserum was
found to produce optimal signal-to-noise at a dilution of 1:40,000 for labeling the restricted
group of cytoplasmic immunoreactive neurons located in the NTS (Geerling et al., 2006b).
The highly restricted pattern of cytoplasmic labeling produced by this antibody in the rat
brain is identical to the pattern of hsd11b2 gene expression identified by in situ
hybridization (Roland et al., 1995b). At higher concentrations (dilutions below ~1:20,000),
this antibody also labels all neuronal nuclei in the brain. As HSD2 is tethered to the
endoplasmic reticulum by a specialized N-terminal domain (Odermatt et al., 1999) and is not
found in the cell nucleus (Naray-Fejes-Toth and Fejes-Toth, 1996; Naray-Fejes-Toth and
Fejes-Toth, 1998), and because hsd11b2 mRNA is extremely scarce throughout the brain in
general (resulting in a complete lack of detection in original localization attempts; Roland et
al., 1995a), we interpreted the ubiquitous nuclear staining at higher antibody concentrations
as non-specific cross-reactivity. Western blot analysis using this antiserum labels a single
band in the kidney at ~40kD, the predicted molecular weight of HSD2 (Gomez-Sanchez et
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al., 2001; verified in our laboratory, unpublished observation, JCG). No labeling was
obtained at any MW in tissue homogenates from whole brain, parietal cortex, or brainstem
unless high antibody concentrations (1:1000) and large amounts of protein are loaded
(120μg per lane), which produce additional “non-specific”-appearing bands at multiple MW,
which are barely detectable above background labeling in each protein lane (C. Gomez-
Sanchez, personal communication; JCG, unpublished observations). The lack of HSD2
detection in the brainstem by western blot may be due to the paucity of HSD2-expressing
cells in this tissue (~500-1000 neurons total in the NTS, among millions of non-expressing
neurons throughout this region of the CNS) relative to the kidney. For further details
regarding HSD2 immunoreactivity in the rat brain see (Geerling et al., 2006b).

Immunohistochemical protocols
Single-labeling for either CTb or PHAL was performed using the ABC-DAB histochemical
technique. First, the primary antibody was diluted in a solution containing 0.3% Triton-X
(Sigma) and 5% donkey serum in 0.1 M sodium phosphate buffer (pH = 7.4) with 0.1%
sodium azide. Sections were incubated overnight at room temperature on a rotary shaker,
then washed in potassium phosphate buffered saline (KPBS; 0.01M, pH = 7.4), transferred
to a biotinylated donkey anti-goat secondary antibody solution (1:200; Jackson
ImmunoResearch, West Grove, PA) diluted in the same solution used for the primary
antiserum, then washed in KPBS, incubated in the avidin-biotin complex for 1h (ABC,
Vectastain kit, Vector Labs, Burlingame, CA), washed in KPBS, and colorized in
diaminobenzidine for 5-10 min. (DAB, 1 tablet, 1 tablet urea, 15 ml distilled water,
#D-4418; Sigma). Sections were then washed in KPBS, mounted on gelatinized glass slides,
air-dried, counterstained with 0.1% thionin (pH = 4.6), and coverslipped.

Double- and triple-immunofluorescence labeling was performed using standard
immunofluorescence protocols. Thick (200 μm) sagittal sections were incubated for 4h in a
1% solution of Triton X-100 in KPBS prior to permeablize the tissue prior to incubation in
primary antisera. Sections were incubated overnight (50 μm transverse sections) or 40-48h
(200 μm sagittal sections) in a mixed solution of two or three primary antisera diluted in the
same PBS solution containing 5% donkey serum and Triton X-100 described above. After
two 5 min washes in KPBS, sections were transferred for 2-3h into a mixture of two or three
secondary antibodies raised in donkey against mouse, rabbit, sheep, or goat conjugated to
Cy2, Cy3, or Cy5 (each diluted 1:500; all from Jackson). Sections were then washed,
mounted on gelatin-coated glass slides, air-dried, coverslipped atop a fade-retardant glycerol
solution containing n-propyl gallate and sodium azide, and secured around the edges using
fingernail polish prior to confocal imaging with oil objectives

Confocal and brightfield imaging
Brightfield images were taken using a CCD camera and Nikon ACT-1 software (v2.62).
Image cropping, resizing, and adjustments in brightness, contrast, sharpness, and color
balance were performed using Adobe Photoshop CS.

All confocal imaging was performed with an Olympus Fluoview FV500b laser-scanning
microscope. Most large montage images were acquired as multiple individual stacks using a
20x oil objective (NA 1.17) in 1 μm z-steps through the full thickness of the tissue section –
either 50 μm transverse or 200 μm sagittal sections. Next, 30-40 z-frames (transverse
sections) or 90-120 z-frames (thick sagittal sections) were collapsed into a two-dimensional,
maximum-projection image to produce individual tiles (642 × 642 μm) each at a resolution
of 1024 × 1024 pixels (thus one pixel in the X-Y plane, the minimum unit of resolution,
covers roughly 0.6 × 0.6 μm). Finally, individual 2D projection images were aligned into
large-area photomontages using Adobe Photoshop, with adjustments in brightness and
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contrast as necessary. Individual image stacks from a minority of thick sections exhibiting
unusually high levels of background labeling or noise were median-filtered (radius = 2) in
MetaMorph or Photoshop. Certain high-magnification inset images were acquired using a
60x oil objective (NA 1.4) in 0.5 μm z-steps. Any mention of “appositions” or “close
contacts” in the following text reflects an observation verified by examination of individual
optical planes through the parent stack, not simply an impression from a two-dimensional
projection shown in one of the figures here.

All manipulations of confocal stacks and z-frame projections were performed using
MetaMorph software (Molecular Devices, Sunnyvale, CA, USA). Pseudocoloration of these
images and uniform brightness and contrast adjustments were performed in Photoshop. All
illustrations were prepared using Adobe Illustrator CS by drawing in separate layers atop
either a brightfield photomicrograph or a confocal montage (combined from maximum
projections of individual confocal stacks, as described above) with frequent reference to the
original tissue sections and original confocal stacks to resolve any uncertainties present in
these two dimensional images.

Terminology
The terms “close contact” and “apposition” are used in certain parts of this article to indicate
a PHAL-labeled bouton (generally 1-3 μm in diameter) immediately adjacent to a cell body
or dendrite labeled with some other marker in any three-dimensional direction (either
apposed within the X-Y plane in one or more single optical sections or at the same X-Y
location in one or more z-planes directly atop or beneath a labeled structure, i.e. immediately
in front of or behind it in the z-axis) with no unlabeled pixels between the two structures for
at least one pixel-width of contact. Determining whether a point of contact between a bouton
and presumed post-synaptic site forms a synapse requires electron microscopic analysis, so
it is not within the purview of the present dataset to determine whether any points of contact
represent actual synapses. These appositions, or close contacts, simply represent sites where
synapses may exist and in some cases where electron microscopic analysis could provide
useful information in the future.

Results
PVH projection to the NTS

To best target our anterograde tracer injections, we first analyzed the distribution of PVH
neurons that project to the brainstem. Figure 1 shows retrograde neuronal labeling in the
PVH after injecting a tracer into the NTS, which receives by far the most extensive input
from the PVH. This pattern of retrograde labeling resulted from a large injection of CTb
(cholera toxin, β-subunit) centered in the caudal medial NTS and involving adjacent parts of
the area postrema and dorsal vagal nucleus (case #8148, see inset Figure 1A').

Using Swanson's nomenclature for the PVH (Swanson, 1998), we found the greatest
concentration of labeled neurons that project to the NTS in the medial parvicellular PVH
subdivision (PVH-mp), followed by lesser amounts in the dorsal parvicellular (PVH-dp),
lateral parvicellular (PVH-lp), and forniceal (PVH-f) subdivisions. A few labeled small to
medium-sized neurons were present in the PVH magnocellular subdivision (PVH-M), which
is probably not the result of spurious uptake of blood-borne CTb at the neurohypophysis –
the site where magnocellular PVH and supraoptic neurons terminate – since no comparable
cell body labeling was seen in the supraoptic hypothalamic nucleus (SON). The lateral
hypothalamic area contained some neurons that project to the NTS (Fig. 1F). These cells
were continuous rostrally with the retrogradely labeled neurons in the caudal parts of the
PVH-lp and PVH-f and exhibited similar morphology, suggesting that they may belong to
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the same basic population. More caudally, the dorsomedial hypothalamic nucleus contained
fewer CTb-labeled neurons, but none of the PHAL cases used in this report had injections
that encroached on this region.

PHAL injection sites
Seven rats had PHAL injections involving the PVH-mp. Case #2223 was selected as the
optimal experiment because its injection site maximally involved the PVH-mp (Fig. 2). The
distribution of PHAL labeled PVH neurons correlated well with the pattern of retrogradely
labeled neurons seen in this nucleus after a CTb injection in the NTS (Fig. 1). Photoimages
comparing these two cases are presented in Figure 3.

The other PHAL cases had injection sites centered mainly in the PVH-mp with varying
involvement of the PVH-dp. None of the cases had injections solely restricted to either the
PVH-mp or PVH-dp. Case #2276 were centered mainly in the PVH-mp with slight
involvement of the PVH-dp and PVH-lp (not shown), while Case #2221 had an injection in
the PVH-dp, with some spillage into the caudal PVH-mp (Fig. 10A). None of our
experiments had injections confined to the PVH-lp or PVH-f.

PHAL axonal labeling in the brainstem
Figure 4 presents a series of drawings showing the PVH axonal projections to the brainstem
(Case #2223).

In the rostral midbrain (Fig. 4A) at the level of the superior colliculus, two groups of labeled
axons were seen. The first group coursed near the cerebral aqueduct in the central gray
matter, with few apparent branches or boutons. A minority of these fibers entered the
Edinger-Westphal nucleus (EW), forming with a highly limited number of boutons with
either the urocortin-immunoreactive centrally-projecting EW neurons or the cholinergic
parasympathetic preganglionic EW neurons. The second and larger group of labeled axons
coursed dorsolaterally between the substantia nigra and the medial lemniscus, traveling
primarily dorsal to the dopaminergic (TH-immunoreactive) cells in this region without
branching or terminating, except for a moderate terminal field in a medially adjacent
subregion of the ventral tegmental area located just rostral and lateral to the entrance of the
fasciculus retroflexus into the interpeduncular nucleus.

In the caudal midbrain at level of the inferior colliculus (Fig. 4B), PHAL-labeled axons in
the central gray matter formed a moderately dense terminal field encompassing the
ventrolateral subdivision of the periaqueductal gray (PAGvl) and dorsal raphe nucleus
primarily ipsilateral to PHAL injection. PHAL-labeled boutons in the dorsal raphe appeared
to exhibit a preferential relationship with TH-immunoreactive cells belonging to the dorsal-
caudal A10 group of dopaminergic neurons (A10dc, Supplemental Figure). A small number
of fibers extended dorsally into the lateral and dorsolateral PAG, but these formed few
apparent branches or boutons. Many fibers coursed ventrolaterally from the PAGvl,
increasingly so at more caudal levels, to join the other major group of axons, which
continued dorsally and caudally past the substantia nigra and into the midbrain reticular
formation (MRF). Most labeling in this region appeared to represent fibers of passage
oriented in a dorsomedial (fibers arriving from the ventrolateral midbrain) or ventrolateral
(fibers departing the PAGvl) direction, although a modest amount of scattered branching and
bouton formation was apparent throughout, roughly comparable to that found in the PAGvl
and dorsal raphe. Many of these axons surrounded or permeated a group of large
dopaminergic neurons in the MRF (the A8 dopaminergic neurons of the retrorubral field;
their location is outlined Fig. 4B based on TH-immunofluorescence from an adjacent
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section), but we could find at best minimal evidence for appositions between PHAL-labeled
axons and the catecholamine neurons here (see Supplemental Figure).

In the pons (Fig. 4C & D), the combined fiber bundles from the PAG and ventral midbrain
coursed through the MRF and pedunculopontine tegmental nucleus (not shown) in
association with the superior cerebellar peduncle into the dorsolateral pons. A dense
terminal field targeted the lateral parabrachial nucleus (PBl), and was concentrated in three
regions: external lateral, central lateral, and dorsal lateral PB subnuclei (Fig. 4C). Further
caudally, a moderate number of fibers coursed around and through a PB region that has been
termed “waist area” of the PB (PBwa) that is embedded in the superior cerebellar peduncle
(Fig. 4D) and ventral to the gustatory region of the PB towards a terminal field in a
dorsomedial segment of the medial PB subnucleus (PBm) located just dorsal to the
mesencephalic trigeminal nucleus and tract (MeV) (Fig. 4D). Medial to and intermingled
with MeV neurons, a highly dense terminal field was found immediately rostral and ventral
to the locus coeruleus (LC), in the pre-locus coeruleus (pre-LC) (Figs. 4D, 5 & 6A).

The distinction between the heavy PVH input to the pre-LC and its limited projection to the
LC is shown in a series of coronal sections and a sagittal section through this region co-
labeled for PHAL and TH in Figures 5 and 6A, respectively. Only a few fibers of passage
were found coursing through the core of the LC (Fig. 5), and even the perinuclear plexus of
TH-labeled dendrites, most of which extend rostrally and ventromedially from the LC core,
overlapped minimally with the peripheral field of varicose axons terminating in the pre-LC.
Only a small number of potential contacts between PHAL-labeled boutons and TH-labeled
structures were apparent in this region, consistent with previous electron microscopic
observations (Reyes et al., 2005). Similarly, this cluster of PHAL-labeled axons exhibited
little or no relationship with neurons extending caudally from the laterodorsal tegmental
nucleus, and no labeling was found ventromedial to the pre-LC in other areas of the
periaqueductal gray matter (Fig. 4C&D), such as Barrington's nucleus (pontine micturition
center) other than a few fibers of passage.

From the PB/pre-LC region, labeled fibers turned sharply in a ventral direction, coursing
lateral to and through the trigeminal motor nucleus. They continued caudally in the pontine
reticular formation with little or no apparent branching until terminating in the superior
salivatory nucleus (SSN) (Fig. 4E & F). Axonal labeling in a sagittal section of the SSN is
shown in Figure 6B, demonstrating that a dense axon terminal field envelops a cluster of
small cholinergic neurons just rostral to the facial nucleus, with only minimal axonal
labeling in the underlying A5 noradrenergic cell group

At nearby levels of the rostral medulla, a restricted plexus of axons arborized along the floor
of the fourth ventricle and extended ventrally in the midline, following the distribution of the
C3 adrenergic neurons (Fig. 4F). This terminal field originated at least in part from a small
contingent of fibers that continued from the midbrain on a periventricular course without
entering midbrain or pontine reticular formation.

Many fibers from the rostral medullary reticular formation extended under and around the
facial nucleus towards the ventral medullary surface, where they densely innervated a thin
stripe of tissue extending from roughly the level of the SSN back through the dorsolateral
funiculus of the spinal cord. In the coronal plane, the most extensive arborization of labeled
axons near the ventral medullary surface targeted a region ventromedial to the facial nucleus
called the retrotrapezoid nucleus (RTN, Fig. 4F). This enormous plexus of axons formed
numerous en passant boutons along its entire course. Although the greatest density of fibers
was in line with the retrotrapezoid nucleus, just lateral to the parapyramidal region, some
axonal labeling did extend as far medially as the pyramidal tract. Occasional close contacts
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were found on some of the serotoninergic neurons found in this region (not shown), but this
did not appear to be a dense input.

In the medulla, most fibers remained in the reticular formation and either turned
dorsomedially towards the rostral NTS (described below) or continued ventrally to target
structures in the ventrolateral medulla (Fig. 4G-J). In the ventrolateral medulla, three major
groups of neurons received substantial input from the PVH: the nucleus ambiguus (NA), the
C1/A1 column of adrenergic and noradrenergic neurons, and the caudal pressor area (CPA).
The axonal labeling in these regions is presented in a series of sagittal sections shown in
Figure 7.

Within the nucleus ambiguus, the compact formation (NAc) received by far the densest
input. Many PHAL-labeled boutons enveloped the ChAT-ir neurons in this compact,
longitudinally-arranged group. These results are illustrated in Fig.8A in a sagittal section
and in the coronal sections of Fig. 9A & B. Significantly less axonal labeling was present in
the semi-compact (NAsc) and loose (NA-L) formations, despite some examples to the
contrary, such as the dorsally-oriented ChAT-immunoreactive dendrite of a NA-L neuron
shown at the top part of Figure 9C. Interestingly, a dense cluster of varicose axons was
usually found in the intermediate reticular formation lying dorsal to the NA and caudal to
the NAc, slightly outside the extent of ChAT-ir dendrites that extend dorsally from the NAsc
or NA-L (Fig. 4H). Outside the area of these large NA motoneurons, many smaller ChAT-ir
neurons in the external formation (NAex = parasympathetic preganglionic neurons) were
targeted by clusters of PHAL-labeled varicose axons. This relationship is illustrated in
consecutive sagittal sections through this region in Figure 7, and depicted in the coronal
plane in Figure 9D.

Varicose axons were found throughout the entire extent of the C1/A1 catecholamine cell
column (Figs. 7 & 8B). Within roughly 500 μm caudal to the facial motor nucleus, the
rostral C1 adrenergic neurons were associated with a moderate density of input from the
PVH (Fig 8C). Caudally, where these neurons collect into a more compact column dorsal to
the lateral reticular nucleus (the C1/A1 transition zone) (Fig. 9C), PHAL-labeled axons
formed a more concentrated terminal field, which continued in association with the A1
noradrenergic neurons extending caudally to the cervical spinal cord. Almost no axonal
labeling was found in the vicinity of pre-cerebellar neurons in the lateral reticular nucleus
itself (Figs 4I, 4J, & 7), or the territory between the NA column and catecholamine neurons,
which contains the ventral respiratory column (BötC, pre-BötC, rVRG, and cVRG; Fig. 7).

In the caudal medulla, this axon terminal field extended laterally from the A1 neurons
beginning at levels just rostral to the pyramidal decussation and continuing into the cervical
spinal cord. This dense axon terminal field enveloped a region extending to the medullary
surface, where some fibers merged with those coursing caudally from the retrotrapezoid
nucleus. This region, ventrolateral to the A1 group, corresponds to the caudal pressor area
(CPA), a functionally-identified pressor region that spans the medullo-cervical junction
(Gordon and McCann, 1988; Sun and Panneton, 2002; Seyedabadi et al., 2006; Iigaya et al.,
2007). The CPA received one of the densest projections found in the entire brainstem, less
only than what was present in the NTS and pre-LC region. There is currently no specific
marker for CPA neurons (Seyedabadi et al., 2006), so we illustrated this region in greater
detail in Figure 10 using case #2221, which exhibited the densest CPA axonal labeling in
our series of PVH experiments, resulting from an injection centered in the PVH-dp (Fig.
10A).

Outside this region of the ventrolateral medulla, the overwhelming majority of PHAL-
labeled axons coursed through the reticular formation towards the dorsomedial medulla.
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Before entering the NTS, many of these axons branched, forming occasional boutons within
the reticular formation itself and in the neighboring parvicellular reticular formation, which
when combined may represent a significant terminal field for the PVH given the large
rostrocaudal extent of axonal labeling here. Scattered axons were also found in the spinal
trigeminal nucleus, primarily in lamina I and the paratrigeminal nucleus (Figs. 4I & 11 B-
D). No axonal labeling was present in the hypoglossal nucleus (Fig 4G-J).

At the level of the area postrema, the NTS was the most densely innervated site in brainstem
(Figs. 4H& I), and further details of this projection pattern are described below. At the level
where the NTS borders the 4th ventricle (not shown), PVH axons formed close contacts with
many C2 adrenergic neurons (Fig. 1 I in Supplemental Material). Also, a considerable
amount of axonal labeling was present in the dorsomedial NTS subnucleus, with lesser
amounts of axonal labeling in the gelatinous and parvicellular subnuclei. In the rostral NTS,
the lateral and central subnuclei (Figs. 4F & G), which receive gustatory information from
the tongue and oropharynx, contained very little axonal labeling.

The PVH projection was densest in regions of the medial and commissural subnuclei of the
NTS, which receive input from gastrointestinal branches of the vagus nerve (Norgren and
Smith, 1988). The density of axonal labeling was substantially reduced in the lateral
subdivision of the NTS (Herbert et al., 1990), which includes the interstitial and
ventrolateral subnuclei (Figs. 4H-J). In the medial NTS, a thicket of varicose axons and
boutons enveloped neurons in two functionally-identified NTS subpopulations (Fig. 11): the
A2 noradrenergic neurons and the aldosterone-sensitive neurons, which express 11-β-
hydroxysteroid dehydrogenase type 2 (HSD2, green in Figure 16A; Geerling et al., 2006a;
Geerling et al., 2006b). Dorsal to these two neuronal groups, a reduced density of axonal
labeling was found in the medial NTS and in the dorsal part of the commissural nucleus, two
sites which receive inputs from arterial baroreceptors (Ciriello, 1983; Housley et al., 1987).
Likewise, there was a paucity of fibers in the dorsolateral part of the NTS, also a major
termination site for baroreceptor afferents (Ciriello, 1983; Housley et al., 1987).

Whereas labeled axons in the medial and commissural NTS ramified extensively, fibers in
the adjacent subpostremal NTS (and extending somewhat into the area postrema) were
oriented in a rostrocaudal direction and formed many boutons en passant with minimal
branching, viewed end-on in the coronal plane. Ventral to the medial NTS, the dorsal vagal
nucleus exhibited moderately strong axonal labeling, but less than that found in the
overlying NTS. The density of axonal labeling in the dorsal vagal nucleus increased at more
caudal levels (cf. Fig. 4H with Figs. 4I & J). At first glance in sections that were not labeled
for cell-type specific markers, a dense axon terminal field appeared to target a dorsolateral
region of the dorsal vagal nucleus rostrally (Fig. 4H), but this labeling was actually
concentrated in an area containing a rostral group of A2 noradrenergic neurons (Fig. 11C).

PVH axonal labeling in association with central catecholamine neurons
Virtually every region of the brainstem that received input from the PVH also contained one
or more groups of catecholamine neurons (see Supplemental Figure). Conversely, PVH
axonal labeling was found within or near nearly every group of dopaminergic,
noradrenergic, and adrenergic neurons (all labeled with tyrosine hydroxylase, TH). In some
regions, catecholamine cells appear to be a primary target of axons from the PVH due to
their co-extensive distribution with and apparent appositions from PHAL-labeled boutons
(A1, A2, A10dc adrenergic and C1, C2, C3 adrenergic neurons). In other areas,
catecholamine neurons are merely situated near many fibers of passage with minimal
apparent varicosities (substantia nigra pars compacta/A9 dopaminergic and A7, A8
noradrenergic neurons) or lie at the periphery of a major terminal field targeting a separate
group of neurons (the locus coeruleus/A6 and A4 noradrenergic neurons neighboring the

Geerling et al. Page 10

J Comp Neurol. Author manuscript; available in PMC 2011 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



pre-LC; the A5 noradrenergic neurons adjacent to the lacrimal SSN; and the C2d neurons in
the NTS, located dorsal to the A2 noradrenergic neurons).

Discussion
The PVH projections to the brainstem are summarized in schematic form in Figure 12.
These data are based on injections that involved both the PVH-dp and PVH-mp; no
information was available regarding the descending projections that originate from the PVH-
lp or PVH-f. Table 1 compares our results with data from other published studies. Several of
the major findings are highlighted briefly here.

First, the medial NTS subnucleus at the level of area postrema along with its caudal
continuation as the commissural nucleus receive the densest PVH input of the entire
brainstem, and this labeling was especially concentrated in its ventral half, where the NTS
abuts onto the underlying dorsal vagal nucleus. The PVH also provides a strong input to the
dorsal motor nucleus of the vagus (DMX) – the site of origin for parasympathetic
preganglionic neurons that project to the stomach (Shapiro and Miselis, 1985) and other
gastrointestinal organs.

Second, the PVH projects densely to the pre-LC nucleus (and not to the LC as previously
thought) and also forms close appositions on the HSD2 neurons of the NTS. Both of these
brainstem sites have been implicated in salt appetite, suggesting that the PVH modulates
ascending information pertaining to peripheral sodium status that is transmitted to higher
brain levels (Geerling and Loewy, 2008).

Third, the PVH provides a strong input to a region of the superior salivatory nucleus (SSN),
which gives rise to parasympathetic outflow to the cerebral and eye vasculature as well as to
the glands of the eye, nasal cavity, and palate. One component of the PVH→SSN channel
may serve a protective function by maintaining the cerebral and retinal blood flow within
normal limits, especially during extreme physiological states, such as hypovolemia (see
below). Separate PVH→SSN channels may safeguard both the corneal and nasopalatine
mucosae from dehydration

Fourth, the heavy PVH projection to the caudal pressor area (CPA) may serve as part of a
powerful descending sympathetic pathway that, until this report, has escaped attention and
may be a major neural linkage for blood pressure regulation. Since the density of PVH
axonal labeling in the CPA is considerably greater than what is seen in other sympathetic-
related medullary sites, such as the RVLM and A5 region, it is likely that the PVH exerts a
stronger influence through the CPA than it does on these two bulbospinal systems.

Midbrain
The PVH projects only to a limited number of areas in the midbrain, and most of these areas
received only a very light input. These areas include the ventral tegmental area (VTA),
Edinger-Westphal nucleus (EW), ventrolateral periaqueductal gray matter (PAGvl),
midbrain reticular formation (MRF), and dorsal raphe nucleus.

The PVH projection to the VTA is sparse (Fig 4A), and it is uncertain whether the PVH
axons that branch in this region contact dopaminergic neurons, local interneurons, or both.
Similarly, the EW region receives a sparse input from the PVH (Fig. 4A), considerably less
than suggested in previous reports (Luiten et al., 1985;Zheng et al., 1995). There are two
separate subpopulations of EW neurons: cholinergic parasympathetic neurons and centrally-
projecting urocortin neurons, and neither group receive more than a few possible
appositions.
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A moderately dense axon terminal field was distributed in the PAGvl. It is impossible for us
to state with certainty that this projection arises entirely (or at all) from neurons within PVH,
or from neurons lying dorsolateral to the PVH in a region that as been termed the incerto-
hypothalamic area, which is located in the vicinity of the A13 group of dopaminergic
neurons (Sita et al., 2007).

Previous anterograde tracing studies showed extensive labeling in the lateral and
dorsolateral PAG produced by PHAL injections that involved much of the dorsal PVH,
which likely extended well beyond its borders, although only minimal details of the
injection sites were provided (Luiten et al., 1985; Zheng et al., 1995). In our experiments,
these PAG regions were labeled only when an injection involved the A13 group or incerto-
hypothalamic zone, consistent with published anterograde tracing data (Sita et al., 2007).
Our inference that most projections to the dorsolateral and lateral PAG originate outside the
PVH is also consistent with the limited retrograde tracing data that is available regarding
PAG afferents (Beitz, 1982). A re-examination of this issue is needed, particularly with the
use of restricted retrograde tracer injections into the various subdivisions of the PAG. Thus,
if PVH projects to the PAG, it targets the ventrolateral subdivision.

The PVH axonal labeling in the MRF exhibited a moderate number of varicosities
intermixed with many fibers of passage. The MRF has been implicated in the patterning of
motor behaviors, and may coordinate locomotor behavior through its descending linkage to
the bulbospinal neurons which project to the spinal cord and modulates the somatomotor
outflow; this MRF area is sometimes referred to as the midbrain locomotor region (Hathout
and Bhidayasiri, 2005). Also, retrograde tracing data confirm that the PVH is a minor source
of afferents to one of the cholinergic nuclei embedded in this region – the pedunculopontine
nucleus, which has been implicated in extrapyramidal motor control and arousal (Steininger
et al., 1992). Thus, PVH axons that target this region could influence locomotor behavior,
generalized motor tone, and/or arousal. PVH projections to the MRF and pedunculopontine
nucleus may be responsible for the alerting and orienting movements of the head and neck
that occur when the PVH is stimulated in awake, behaving animals (Kannan et al., 1989).

The PVH projects to the dorsal raphe nucleus, and supplies a moderately dense terminal
field that was primarily associated with neurons in the A10dc dopaminergic group (Fig. 4B).
These cells have been implicated in the maintenance of wakefulness (Lu et al., 2006a), and
provide much of the dopaminergic input to nuclei in the central extended amygdala complex
(Hasue and Shammah-Lagnado, 2002;Shin et al., 2008). The functional role of this
projection is unknown.

Parabrachial nucleus
The PVH selectively targets the PB subnuclei that receive viscerosensory information from
the medial NTS (Herbert et al., 1990), including primarily the external lateral PBel), caudal
lateral (PBcl), and dorsal lateral PB (PBdl) subnuclei (Moga et al., 1990). PVH axons also
ramify within a small, dorsomedial sector of the medial PB (PBm) in continuity with
labeling in the pre-LC (Moga et al., 1990), a pattern nearly identical to that produced by
PHAL injections into the aldosterone-sensitive subregion of the medial NTS at the level of
the area postrema (see Fig. 2C of Geerling and Loewy, 2006b). Labeled axons were also
found in the waist area of the PB (Moga et al., 1990) (see our Figs.4D & 5D).

In contrast, very little labeling was found in thermosensory and nociceptive parts of the PB,
which are located rostral and lateral to its NTS-innervated subregions and receive input from
the spinal cord (Cechetto et al., 1985; Hermanson and Blomqvist, 1996; Nakamura and
Morrison, 2008). Likewise, minimal labeling was found in caudal parts of the medial PB
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which receive gustatory input from the rostral NTS (Herbert et al., 1990) or in the rostral-
medial region implicated in REM sleep control (Lu et al., 2006b).

Many neurons in the lateral PB subnuclei targeted by the PVH are activated in response to
changes in osmolarity, extracellular fluid volume, immune activation, and gastrointestinal
stimuli (Mayne et al., 1998; Richard et al., 2005; Geerling and Loewy, 2007b). Perhaps, the
input from the PVH adds to the stimulatory input of their primary afferents in the NTS. For
example, PVH neurons are activated by sodium-sensitive, osmosensitive, and angiotensin II
(hypotension)-sensitive neurons in the subfornical organ (SFO) and organum vasculosum of
the lamina terminalis (OVLT) – the forebrain circumventricular organs, which provide
additional information about blood volume and tonicity. These and other signals from
neurons located in the PVH and other forebrain sites that project to the lateral PB (lateral
hypothalamic area, central nucleus of the amygdala -CeA, and bed nucleus of the stria
terminalis -BST) likely modify the primary activity of its neurons, which is delivering
viscerosensory information from the NTS to the forebrain. These modulatory projections
add a layer of complexity and control to what is otherwise a straightforward pathway from
the medulla to the forebrain.

Neurons in these PVH-innervated subnuclei of the lateral PB may play a critical role in
relaying ingestive feedback information involving mechanical distention of the stomach
(Karimnamazi et al., 2002), as well as its nutrient content (Yamamoto and Sawa, 2000) and
noxious chemical information relayed from neurons in the area postrema. This feedback
information is important for limiting ingestive behavior under normal conditions, and in
more extreme states it produces nausea and conditioned taste aversions in response to
perceived threats to the organism.

The PVH is the most sensitive site in the entire brain for increasing feeding behavior by
microinjections of either adrenergic agonists (Leibowitz, 1978) or neuropeptide Y (NPY,
Stanley and Leibowitz, 1985). Norepinephrine, epinephrine, and NPY all stimulate food
intake in the PVH by acting on inhibitory G-protein-coupled receptors – the α-2-adrenergic
and Y1/Y5R (Goldman et al., 1985; Kalra et al., 1991; Gerald et al., 1996). This PVH-
inhibitory mechanism boosts food intake, even in satiated rats (Leibowitz, 1975), but
feedback inhibition of ingestive behavior is still in operation, just at a reduced level. These
findings suggest that PVH neurons provide a tonic input to some part(s) of the brain that
inhibit ingestive behavior.

By augmenting the activity of viscerosensory pathways that mediate the feedback inhibition
of food, water, and salt ingestion, the PVH projection to the lateral PB (and probably more
so to the NTS, as discussed below) is a prime candidate for explaining its tonic inhibitory
influence on ingestive behavior. Specifically, norepinephrine and NPY may inhibit neurons
in the PVH, thus reducing the activity of neurons in the lateral PB, resulting in a reduction in
the gain of appetite-inhibitory viscerosensory signals relayed to appetite-regulatory regions
of the forebrain. This hypothesis is consistent with the finding that the PVH-mediated
adrenergic feeding response can be eliminated by bilateral knife-cuts in the brainstem just
rostral or caudal to the PB (McCabe et al., 1984), where descending fibers from the PVH
course into the lateral PB and towards caudal medulla (see Fig. 4B-D). Through these
descending projections to the lateral PB and medial NTS, the PVH may form one of the
major nodal points for the control of food intake. Supporting this idea, PVH afferents arise
in many appetite-regulatory nuclei which release endogenous inhibitory neurotransmitters,
including A1 noradrenergic and C1 adrenergic neurons, which also express NPY
(Sawchenko et al., 1985), GABAergic neurons in the arcuate hypothalamic nucleus that
express NPY (Broberger et al., 1998; Broberger et al., 1999), and the loosely-organized ring
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of GABAergic afferents that surround the PVH (Roland and Sawchenko, 1993; Boudaba et
al., 1996).

Pre-locus coeruleus
The pre-locus coeruleus (pre-LC) receives one of the densest PVH axon terminal fields in
the entire brainstem, second only to the NTS. Thus, one of the most important findings
presented here is that the overwhelming majority of PVH axons in this region target the pre-
LC, not the LC.

In various research publications, it is not uncommon to see the LC defined as an overly-
large subregion of the periventricular gray matter of the 4th ventricle. For example, one
widely used rat brain atlas simply labels most of the territory along the medial aspect of the
mesencephalic trigeminal nucleus as “LC” (Paxinos, 1998). Likewise, every previous PVH
anterograde tracing study has either implied or explicitly concluded that the LC is its
primary target in this region (Swanson, 1977; Luiten et al., 1985; Zheng et al., 1995; Toth et
al., 1999).

The LC is a compact population of exclusively noradrenergic neurons, readily identifiable
by their expression of catecholamine-synthetic enzymes. Their dendritic processes extend
outside the core of this nucleus, primarily in a rostral and medial direction. As shown here in
the coronal and sagittal planes (Fig. 5 and 6A), their cell bodies and perinuclear dendritic
processes are largely excluded from the dense terminal field of axons from the PVH, which
is centered rostral and ventral to the LC.

A major afferent projection from the PVH to the LC was proposed originally based on
retrograde labeling after horseradish peroxidase (HRP) injections targeting the LC
(Cedarbaum and Aghajanian, 1978). Later experiments, in which HRP injections were
restricted to the core of the LC, suggested that a smaller number of neurons in the PVH-dp
innervate the LC (Aston-Jones et al., 1986). In agreement with earlier data (Moga et al.,
1990), only a few scattered PVH axons were seen in the LC core, although some appositions
with TH-ir dendrites were found rostral and medial to the nuclear core of the LC. These
findings are consistent with an electron microscopic study which found that even after
restricting analysis to this peri-LC dendritic subregion, only a minority of synaptic terminals
from the PVH (~20%) contact TH-containing structures (Reyes et al., 2005). Thus, even
within this densely-packed region of noradrenergic dendrites surrounding the LC core,
which overlap some of the axonal labeling at the periphery of the pre-LC terminal field, very
few axons from the PVH innervate noradrenergic neurons in or around the LC.

Instead, the bulk of the PVH projection targets a group of neurons located just rostral to the
LC: the pre-LC. This pattern – a dense axonal projection to the pre-LC coupled with an
unexpectedly minor involvement of neurons in the LC – is similar to the ascending
projections from the NTS (Van Bockstaele et al., 1999; Geerling and Loewy, 2006b) and to
descending projections from the CeA (Van Bockstaele et al., 1996; Petrovich and Swanson,
1997) . It would not be surprising if future work revealed that additional afferents that were
previously assumed to target the LC instead innervate the pre-LC.

The pre-LC, which appears to be more closely related to the PB than to the LC or other
groups in the periventricular gray matter of the 4th ventricle – was discovered by neural
tracing and c-Fos observations. Its neurons, which are partially intermixed with the caudal
level of the mesencephalic nucleus of the trigeminal nerve, receive a dense projection from
the aldosterone-sensitive HSD2 neurons in the NTS (Geerling and Loewy, 2006b), which
are selectively activated by dietary sodium deprivation and other chronic volume-deficient
conditions (Geerling et al., 2006a; Geerling and Loewy, 2007a). Correspondingly, in
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response to dietary sodium deprivation, neurons in the pre-LC exhibit prominent c-Fos
activation (along with a thin stripe of neurons along the inner edge of the PBel, which are
likewise innervated by HSD2 neurons in the NTS; Geerling and Loewy, 2007b).

The present results identify the pre-LC as one of the most prominent recipients of axonal
projections from the PVH. This discovery re-focuses questions about hypothalamic input to
this region away from LC-related functions like behavioral arousal and cognition towards
new possibilities related to the connections and functions of neurons in the pre-LC. In
addition to the PVH and aldosterone-sensitive neurons in the NTS, the pre-LC appears to
receive dense input from serotonergic neurons in the dorsal raphe (see Fig. 1a-c of Copray et
al., 1991), and inhibitory neurons in the CeA and BST (Petrovich and Swanson, 1997; Dong
et al., 2001) and probably a number of other sites (Geerling and Loewy, 2006b). Given the
pronounced sodium deprivation-associated c-Fos activation of neurons in the pre-LC
(Geerling and Loewy, 2007b), the projection shown here suggests that the PVH may
contribute significantly to their activation during chronic sodium-deficient states. Neurons in
the PVH are potently activated by the SFO and OVLT, forebrain circumventricular organs
whose neurons are highly sensitive to changes in angiotensin II, a major endocrine signal for
inadequate extracellular fluid volume and a major stimulus for sodium appetite (Geerling
and Loewy, 2008). If neurons in the pre-LC are involved in mediating hedonic-appetitive
responses to sodium deficiency, as we have hypothesized (Geerling and Loewy, 2007b;
Geerling and Loewy, 2008), then the diversity of psychological, physiological, and
pharmaceutical stimuli that stimulate neurons in the PVH may also modify salt-ingestive
behavior under a variety of conditions that are not specifically related to sodium
homeostasis, such as changes in affect, illness, or drug therapy.

In summary, neurons in the pre-LC integrate (1) ascending input from aldosterone-sensitive
neurons in the NTS, which provide information specifically associated with systemic
sodium deficiency, (2) descending input from the neurons in the PVH, which provide
information more broadly associated with perturbations in volume status, osmolarity, and/or
extracellular sodium concentration (in addition to a variety of other physical and
psychological stressors), and (3) input from other sites in the brainstem and forebrain,
including the BST, CeA, and dorsal raphe nucleus, all of which have been implicated in salt-
ingestive behavior. These connections suggest that the pre-LC is uniquely positioned among
brain sites involved in sodium homeostasis, and hence, these neurons may represent a
critical neural link that mediates affective and appetitive responses that occur following
perturbations in sodium balance.

Superior salivatory nucleus
We found an intense PVH projection to the superior salivary nucleus (SSN). There, PVH
axons target neurons primarily in a rostral, ventrolateral subregion, which is located just
dorsolateral to the superior olivary and facial motor nuclei. The SSN contains a large
population of cholinergic preganglionic neurons that send their axons out of the brainstem in
the intermediate nerve (a part of the VIIth cranial nerve) to innervate parasympathetic
ganglia. Neurons distributed in more caudal and dorsolateral regions of the SSN regulate
salivary function (submandibular and sublingual salivary glands, via the submandibular
ganglion), whereas neurons in the more densely PVH-innervated subregion shown here form
a small, compact group that primarily innervates cells in the pterygopalatine ganglion. These
ganglion cells do not innervate the salivary glands but rather project to the lacrimal glands,
nasopalatine mucosa, and the retinal and cerebral vasculature (Contreras et al., 1980; Nakai
et al., 1993; Cuthbertson et al., 2003). Thus, concerning this latter subregion in particular,
the term “salivatory nucleus” is really a misnomer, but it is widely used (Paxinos, 1998;
Swanson, 1998), and we will follow this convention.
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By contrast, the inferior salivatory nucleus (ISN) consists of parasympathetic preganglionic
neurons along the rostral ventral edge of the nucleus of the solitary tract. Their axons join
the glossopharyngeal (IXth) nerve and terminate in the otic ganglion, which provides the
parasympathetic innervation of the parotid gland. Some parasympathetic preganglionic
neurons contributing to each of the VIIth and IXth nerves tend to be located in positions
between the two major cell groups, along the medial edge of the spinal trigeminal nucleus
(Contreras et al., 1980). A small contingent of PVH axons were present in this region of the
reticular formation, but no prominent relationship was seen here between PVH axons and
ChAT-labeled neurons, in contrast to the dense terminal field found surrounding neurons in
the rostral, ventrolateral SSN.

Retrograde transport studies have identified labeled neurons in the PVH after injections of
tracer into this region of the caudal ventrolateral pons and rostral ventrolateral medulla
(Byrum and Guyenet, 1987) – or after injecting a viral transneuronal tracer (pseudorabies
virus) into the pterygopalatine ganglion (Spencer et al., 1990). Most of the earlier PVH
anterograde tracing studies did not mention whether there was PVH axonal labeling in the
SSN (Saper et al., 1976; Swanson, 1977; Gerfen and Sawchenko, 1985; Luiten et al., 1985).
Zheng and colleagues identified a group of PHAL-labeled axons in the “A5 region” (Zheng
et al., 1995), but did not compare this axonal labeling with a marker for catecholaminergic
neurons, leaving this designation uncertain. They also illustrated a prominent cluster of
axons in one of their figures (Fig. 2F of Zheng et al., 1995), which they identified as the
“nucleus ambiguus,” but from its more rostral location and its position just dorsolateral to
the facial motor nucleus, this was probably the SSN. The clearest previous description of
PVH input to the SSN was provided by Hosoya and colleagues (1990), who demonstrated
that axons from the PVH (and from the neighboring LHA; Hosoya et al., 1983) form a dense
terminal field which is preferentially associated with neurons that extend their axons into the
greater superficial petrosal nerve (i.e., the SSN), whereas the A5 noradrenergic neurons
receive substantially less input. Our results confirm those findings.

Given that neurons in this part of the SSN influence parasympathetic functions unrelated to
the production and release of saliva, what are the likely functional roles of this projection
from the PVH? Two of the end-organ targets innervated by the pterygopalatine ganglion and
therefore regulated by the SSN are the lacrimal glands and the mucosa of the nose and
palate. In response to noxious stimuli, pterygopalatine parasympathetic fibers may
reflexively stimulate lacrimation and mucous secretion in the nasal and oral cavities. As
neurons in the SSN region receive direct excitatory input from the spinal trigeminal nucleus
(McCulloch and Panneton, 1997; Panneton et al., 2000), noxious stimuli may increase
lacrimal and nasopalatine secretions via a trigeminal-lacrimal reflex pathway.

Currently, there is no functional or even direct anatomical evidence that axons from the
PVH in fact synapse directly on parasympathetic preganglionic neurons that regulate the
lacrimal or nasopalatine mucous glands. Even in the absence of these data, it is worth
considering that the trigeminal-lacrimal reflex pathway could be modulated by the PVH. For
example, the activity of many neurons in the PVH is highly sensitive to immune activation
(Elmquist and Saper, 1996; Li et al., 1996; Buller et al., 2003), suggesting that that the PVH
may enhance (or directly activate) lacrimation and rhinorrhea – characteristic symptoms of
upper respiratory infections and allergic rhinitis which are also influenced by other
physiologic variables that increase PVH neuronal activity, including stress and circadian
factors.

Another major end-organ target of this parasympathetic pathway is the cerebral vasculature.
Neurally-mediated dilatation of cerebral vessels was first demonstrated in the early 1930s
(Chorobski and Penfield, 1932; Cobb and Finesinger, 1932). Subsequent findings confirmed
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that this pathway originates in the SSN (Nakai et al., 1993) and is controlled via a
parasympathetic network of fibers that originates in the pterygopalatine ganglion. These
ganglion cells produce acetylcholine, vasoactive intestinal polypeptide, and nitric oxide
synthase (Hara et al., 1985; Okamura et al., 2002). Their axons run along the media and
adventitia of large and medium-sized cerebral arteries, where their action potentials cause a
calcium-dependent increase in the synthesis of nitric oxide, which dilates cerebral arteries by
promoting the cGMP-dependant relaxation of vascular smooth muscle (Okamura et al.,
2002).

The functional range of this vasodilatation is estimated at between 10 to 60% based on
measurements of the maximum increase in vessel diameter and blood flow (Cobb and
Finesinger, 1932; Okamura et al., 2002; Talman et al., 2007), yet no consensus has emerged
regarding its homeostatic and/or pathophysiologic function(s). Neurons in the SSN have
been implicated in the pathophysiologic vasodilatation that occurs during the breakdown of
cerebral autoregulation with severe and acute increases in blood pressure (Agassandian et
al., 2003). Thus, one possible role for the PVH projection to the SSN may be to produce
cerebral vasodilatation in response to dehydration, hypovolemia, hemorrhage, and
hypoglycemia, all of which activate neurons in the PVH. This raises the possibility that the
PVH → SSN channel may produce adaptive changes in the so-called “autoregulation” of
cerebral blood flow as occurs in response to extreme homeostatic challenges, such as
profound volume depletion or hemorrhage.

Ventral medullary surface
In every PVH-injected case, a large bundle of varicose axons coursed through the ventral
medullary chemoreceptor zone, a superficial band that extends laterally from the pyramidal
tracts along the ventral surface of the medulla. This region contains small neurons with
dendritic processes that sometimes penetrate the superficial glia of the marginal layer (less
than ~150 μm deep to the pial surface; Okada et al., 2001). This property may give them
special access to the cerebrospinal fluid of the basilar cistern (due to their proximity to pial
invaginations of the subarachnoid space in this region), and they may also have increased
access to the blood plasma, due to the close relationship of some neurons with small
branches of the basilar artery that penetrate the ventral medulla (Okada et al., 2001). Along
this superficial region of the ventral medulla, many neurons are activated under conditions
of hypercarbia, hypoxia, and other chemical stimuli (Sato et al., 1992; Berquin et al., 2000).

The retrotrapezoid nucleus (RTN) is subset of the chemosensitive neurons in the rostral part
of the ventral medullary surface which lies ventral and immediately caudal to the facial
nucleus (Rosin et al., 2006). In the earlier physiological literature, this region was referred to
as the chemosensitive area “M”, and now, evidence has been collected that show these
neurons are critical for the hyperventilatory response to hypercarbia (Guyenet, 2008). This
region contains glutamatergic, non-monoaminergic neurons (Weston et al., 2004) that
express the transcription factor Phox2b (Stornetta et al., 2006) and exhibit multisynaptic
connections to the phrenic motoneurons (Dobbins and Feldman, 1994). These neurons are
unusually sensitive to decreases in extracellular pH (Mulkey et al., 2004), which is the
physiologic signature of hypercarbia, and a critical stimulus for breathing (Loeschcke,
1982). Destroying these neurons produces CO2-insensitivity and hypoventilation (Nattie and
Li, 2002; Dubreuil et al., 2008; Takakura et al., 2008), which are the hallmarks of the
congenital central hypoventilation syndrome (CCHS), a human disease associated with
mutations in Phox2b (Weese-Mayer et al., 2005). In previous work, retrograde tracer
injections into the RTN identified the PVH as a likely source of input (Rosin et al., 2006).
Although we did not analyze the specific relationship between the aforementioned markers
for pH-sensitive pre-respiratory neurons in the RTN and PVH axonal labeling in this study,

Geerling et al. Page 17

J Comp Neurol. Author manuscript; available in PMC 2011 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the present results support this conclusion by demonstrating that varicose axons from the
PVH densely blanket the RTN (see Fig. 4F and Fig. 7).

This PVH→RTN projection may increase the gain of respiratory chemosensitivity in
response to a wide variety of stressors that activate neurons in the PVH. Although presently
untested, the PVH could be a site of origin for the so-called hypothalamic “command” signal
that stimulates hyperpnea during physical exercise (Eldridge et al., 1981; Guyenet, 2008).

Apart from the RTN, additional CO2 chemosensitive neurons populate the ventral medullary
region. In the rat, these are distributed from the caudal edge of the facial nucleus to ~1.00
mm behind to the obex (Sato et al., 1992). Besides these neurons, dendrites originating from
neurons of the ventral respiratory column also project into this zone. For example, some
Bötzinger complex neurons have dendrites that extend to the ventral medullary surface
(Pilowsky et al., 1990; Sun et al., 1994), some of which terminate in its glial border
(Pilowsky et al., 1993). Furthermore, many non-respiratory neurons, such as the C1
adrenergic neurons, send dendrites into this region (Lipski et al., 1995). Since a large
expanse of the ventral medullary surface is inundated with an extensive distribution of axons
from the PVH, which travel in the rostrocaudal axis and form numerous en passant boutons,
it is possible that the PVH influences a range of cardiorespiratory functions via these
synaptic connections.

A small number of the serotonergic neurons in the parapyramidal region of the ventral
medullary surface received appositions from PVH axons (data not shown). These
serotonergic neurons are exclusively GABAergic and many are bulbospinal neurons, with
direct projections to the intermediolateral cell column (Loewy and McKellar, 1981;
Millhorn et al., 1987; Stornetta and Guyenet, 1999). However, most PVH axons coursing
along the ventral surface did not contact any monoaminergic cell bodies (serotoninergic or
catecholaminergic) or proximal dendrites. Instead, bulk of the PVH axons traveling along
the ventral medullary surface were located just lateral to the parapyramidal region.

Nucleus Ambiguus
Within the ambiguus complex, most axons from the PVH target the compact formation
(NAc). Its cholinergic motoneurons innervate the esophagus and stimulate esophageal
peristalsis, a critical component of swallowing. These densely-packed neurons display
distinctive morphologic features, including longitudinal dendritic bundling and dendritic-
somatic appositions (Hopkins, 1995).

Esophageal motoneurons in the NAc receive vagal afferent information from the esophagus
via a relay in the central subnucleus of the NTS (Cunningham and Sawchenko, 1989),
forming a short reflex loop that is interrupted by only one central interneuron (esophageal
sensory neurons in the vagal nodose ganglion → NTScen → NAc → esophageal muscles).
Despite a historical focus on this dense projection, which mediates a critical part of the
swallowing reflex, ultrastructral analysis indicates that esophageal motoneurons in the NAc
receive the majority of their synaptic input (~80%) from sources outside the NTS
(Hayakawa et al., 1997). Based on the dense PVH→NAc projection identified here, the
PVH represents an important source of input to these neurons, and may exert a major
influence over esophageal motility.

Other NA subdivisions receive somewhat less input from the PVH. Parts of the semi-
compact formation (NAsc), which contains pharyngeal motoneurons (Hopkins et al., 1996),
received a modest input, suggesting that the PVH may influence voluntary or reflexive
motor control of the upper airway and pharynx. The loose formation (NA-L), whose
motoneurons innervate the laryngeal musculature (Hopkins et al., 1996), received a
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relatively sparse input, suggesting that the PVH may not exert a strong influence over
phonation or airway constriction, at least not at the level of the NA. A dense cluster of PVH
axons was consistently found in the reticular formation immediately dorsal to the NAsc or
NA-L (just caudal to the NAc), which may contain interneurons that influence the
underlying ambiguus complex or innervate dendrites from NA neurons that project dorsally
into the reticular formation (Pilowsky et al., 1990; Sun et al., 1994). While the PVH is
multisynaptically linked to the motor supply of the larynx (Waldbaum et al., 2001),
sufficient details regarding the second-order patterns of viral transneuronal labeling in this
part of the medulla were not supplied so it is impossible to deduce the potential sites (s) of
interneurons that innervate the NA-L neurons. Finally, it should be noted that the PVH
projects directly to the paratrigeminal nucleus (Figs. 4I & 10C) – a medullary site receives
primary afferent inputs from pharynx and larynx (Saxon and Hopkins, 2006), and thus, this
is another site where the PVH may modulate laryngeal functions.

Finally, within and around the NA, many small and less-intensely-stained cholinergic
neurons in the external formation of the NA (NAex) were contacted by boutons from the
PVH. This projection is localized in a region of the NA where cardioinhibitory
parasympathetic and bronchomotor parasympathetic preganglionic neurons have been
localized, with the latter lying in a slightly rostral position (McAllen and Spyer, 1976;
McAllen and Spyer, 1978). Our material did not permit us to determine whether there is a
preferential input to either of these two NAex neuronal groups. The anterograde labeling
shown here extends the previous finding that retrograde tracer injections targeted to
functionally-identified cardioinhibitory subregions of the NAex label neurons in the PVH
(Stuesse and Fish, 1984), and could explain why stimulating the PVH in awake, behaving
animals elicits bradycardia despite proportional increases in blood pressure and sympathetic
nerve activity (see Fig. 2 of Kannan et al., 1989).

In summary, PVH neurons innervate subregions of the NA complex in a non-uniform
pattern. The primary NA subdivisions targeted by this projection are implicated in
esophageal motility (NAc), bronchoconstriction (NAex), and bradycardia (NAex).

Dorsal motor nucleus of the vagus
The PVH provides a moderately dense input to the DMX. This site is the origin for the
parasympathetic outflow that targets the stomach and pancreas, and to a lesser degree other
gastrointestinal organs including the liver, small intestine, and cecum (Hopkins et al., 1996),
although some controversy exists with regard to the vagal motor innervation of the latter
structures (Sugitani et al., 1991).

The DMX is viscerotopically organized as longitudinal columns, with each column
corresponding to a branch of the abdominal vagus nerve (Fox and Powley, 1985; Powley et
al., 1992). Gastric motoneurons localized in the DMX exhibit a unique morphological
characteristic, namely they have dendrites that project dorsally into the medial NTS region
(Shapiro and Miselis, 1985; Rinaman et al., 1989). This sensory-motor lattice may function
as a unit during endocrine and visceromotor responses, such as various phases of digestion
(Powley et al., 1992). Consistent with this hypothesis, microstimulation of the DMX causes
the release of insulin and glucagon from the pancreas along with gastric acid secretion
(Laughton and Powley, 1987). By extrapolation, incoming projections from the PVH may
coordinate or boost the gain of these responses in both the NTS and DMX (Zhang et al.,
1999).
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A1 & C1 catecholamine neurons
Perhaps our most salient observation regarding catecholamine neurons in the ventrolateral
medulla (VLM) is that the rostral C1 group – and the rostral VLM (RVLM) in general –
receives less input from the PVH than neurons located further caudally in the C1 and A1
groups. The RVLM has been studied extensively because its spinal-projecting neurons are
necessary for maintaining basal sympathetic tone and mediate a variety of sympathetic
cardiovascular responses, including the baroreflex (Ross et al., 1984; Guyenet, 2006). The
projection from the PVH to the RVLM (including the rostral C1 neurons) may contribute to
the pressor response that can be elicited by stimulation of the PVH (Yang and Coote, 1998).
A number of investigators have focused on this moderately-dense PVH→RVLM connection
to explore the idea that, beyond direct PVH projections to sympathetic preganglionic
neurons (SPNs), this relayed output channel (PVH → RVLM → SPNs) plays a major role in
sympathoexcitatory responses driven by the PVH (Yang and Coote, 1998; Pyner and Coote,
1999; Pyner and Coote, 2000; Stocker et al., 2004; Stocker et al., 2006).

Separate sets of retrograde tracing results have been interpreted either as evidence that more
neurons in the PVH project to the spinal cord than the RVLM (Shafton et al., 1998) or the
converse (Pyner and Coote, 2000). These conclusions are difficult to reconcile, due in part to
the variable locations and diffusion of tracers from each injection site, and due to the
depiction in each study of just one rostrocaudal section (or none at all, Shafton et al., 1998)
to represent an entire series of injection sites. Also, injections involving the dense white
matter tracts in and around the RVLM probably produce a significant degree of false-
positive labeling due to uptake by fibers of passage (Chen and Aston-Jones, 1995), including
PVH axons traveling through the RVLM to reach the caudal medulla and spinal cord. Even
so, tracer injections into the rostral-pressor region of the RVLM (including the rostral C1
group) produce far less retrograde labeling in the PVH than injections placed caudally,
closer to the C1/A1 transition zone (Andrezik et al., 1981; Van Bockstaele et al., 1989), and
relative to injections that extend ventrally towards the medullary surface (see Figs. 2-3 of
Stocker et al., 2006). These findings are consistent with the progressive rostral-to-caudal
increase in the density of PVH axonal varicosities in the VLM, and with the dense axonal
labeling we observed along the ventral medullary surface.

The ventral medullary surface contains, in the vicinity of PVH axons, the processes of some
catecholaminergic neurons, some of which are probably derived from C1 pressor neurons,
and future work is needed to determine the extent to which any of these processes receive
input from the PVH. TH-ir processes in this region exhibited rare contacts with PHAL-
labeled fibers in our material, although PVH fibers could target a greater number of
processes from the non-C1 (non-adrenergic) pressor neurons in the RVLM (Guyenet, 2006).
Regardless, the direct innervation of the RVLM by the PVH is rather limited when
compared with the dense terminal fields we found in other parts of the VLM, including a
much denser projection to a separate pressor area, the caudal pressor area (discussed below).
These findings, and the extensive PVH projections to SPNs, argue against the idea that its
direct projection to the RVLM is the major route by which the PVH activates the
sympathetic nervous system.

Caudal to the retrofacial pressor region of the RVLM, a dense collection of varicose axons
target adrenergic and noradrenergic neurons in the C1/A1 transition zone. Caudal C1 and A1
neurons here form a more compact column and exhibit prominent c-Fos activation in
response to glucoprivation elicited by 2-deoxy-glucose (2DG; Ritter et al., 1998; 2DG; Dinh
et al., 2006). C1 adrenergic neurons in this caudal region of the VLM co-express the
appetite-enhancing neuropeptide Y (Sawchenko et al., 1985) and represent the major
adrenergic afferents to the hypothalamus, particularly the PVH (Cunningham et al., 1990;
Ritter et al., 2001). In the dorsal medulla, C3 and C2 adrenergic neurons are similarly
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activated by glucoprivation (Ritter et al., 1998), express NPY (Sawchenko et al., 1985),
receive dense input from the PVH, and provide the balance of the adrenergic input to the
PVH (Cunningham et al., 1990).

Some of the glucoprivation-activated neurons in the caudal C1 group may form the
subpopulation of long-latency, spinal-projecting neurons in the VLM which provide a
functionally-selective input to SPNs that stimulate epinephrine (versus norepinephrine)
release from the adrenal medulla (Morrison and Cao, 2000). If so, the present findings add
another layer of control to this epinephrine-selective glucoregulatory pathway (PVH→C1/
A1→SPNs→adrenal chromaffin cells that produce epinephrine, which stimulates
glycogenolysis in the liver to raise blood sugar). Consistent with this hypothesis, increases in
adrenal nerve activity and plasma epinephrine are the most prominent autonomic and
neuroendocrine effects produced by stimulating or disinhibiting neurons within the PVH
(Katafuchi et al., 1988; Martin et al., 1991).

The importance of C1/A1 glucosensitive neurons for both autonomic and behavioral
responses to hypoglycemia is suggested by (1) the finding of Morrison and colleagues that
the descending inputs to SPNs that selectively elicit epinephrine release from the adrenal
gland originate from a subset of neurons in the VLM that are exquisitely responsive to
glucoprivation, yet insensitive to baroreceptor feedback (Morrison and Cao, 2000), and (2)
demonstrations by Ritter and coworkers that selective destruction of adrenergic and
noradrenergic neurons that project to the PVH eliminates the feeding response to
glucoprivation (Ritter et al., 2001; Dinh et al., 2006).

These catecholamine neurons also project heavily to the PVH subregion that contains CRH-
expressing neurons, which control the hypothalamic-pituitary-adrenal axis (Cunningham et
al., 1990). This projection is necessary for the increase in glucocorticoid production that
occurs in response to insulin-induced hypoglycemia and glucoprivation with 2DG (Ritter et
al., 2003; Dinh et al., 2006).

Collectively, these responses to hypoglycemia – autonomic (epinephrine release),
neuroendocrine (glucocorticoid production), and behavioral (increased appetite for sugars) –
are referred to as the counterregulatory response. The dense axonal projection from the PVH
to the C1/A1 transition zone is well-positioned to increase the gain of each component of
this coordinated response, potentially explaining the finding that lesions involving the PVH
produce chronic intermittent hypoglycemia in cats (Barris and Ingram, 1936). Through this
projection, stress-related activity of neurons in the PVH, by increasing the gain of the
counterregulatory response, may exacerbate the neuroendocrine, autonomic, and appetitive
changes that characterize the metabolic syndrome of hypertension, hyperglycemia
(diabetes), and hyperphagia (obesity).

Caudal to the C1/A1 transition zone, PVH axons densely target the A1 noradrenergic
neurons all the way back to the cervical spinal cord. Axonal labeling associated with the A1
neurons was consistently denser than with C1 neurons in the rostral pressor region of the
RVLM, but similar in density to neurons in the C1/A1 transition zone.

A1 noradrenergic neurons are activated by a wide variety of physiologic stressors, including
physical exercise (Ohiwa et al., 2006), pain (Pan et al., 1999), immune activation (Buller et
al., 2003), hypoxemia (Smith et al., 1995), hypovolemia (Buller et al., 1999), and
hypernatremia (Hochstenbach and Ciriello, 1995; Geerling and Loewy, 2007a).
Viscerosensory and noxious afferents to the A1 neurons arrive directly from the NTS and
spinal cord (Day and Sibbald, 1989; Pan et al., 1999). The present data suggest that their
activity is strongly influenced by neurons in the PVH, contributing information related to an
expanded set of physiologic and psychological stressors.
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For example, information about extracellular sodium concentration, osmolarity, and fluid
volume may be directed to A1 neurons in large part by their vagally-innervated afferents in
the NTS and area postrema, but neurons in the PVH may add complementary information
that they derive from their osmo-, Na-, and angiotensin II-sensitive afferent neurons in
nearby circumventricular organs (SFO and OVLT). Thus, input from PVH may augment the
responses of A1 neurons to hypernatremia and hypovolemia.

A1 neurons project directly to anxiety- and appetite-related sites localized in the forebrain,
including the ventrolateral BST (Woulfe et al., 1990; Shin et al., 2008) and the CeA (Roder
and Ciriello, 1993). They also provide a dense and selective input to neuroendocrine cells in
the hypothalamus, specifically targeting magnocellular neurons in the PVH and SON that
release the antidiuretic hormone, arginine vasopressin (AVP), into the posterior pituitary
gland (Sawchenko and Swanson, 1982b; Cunningham and Sawchenko, 1988). This
A1→PVH/SON connection is critical for AVP release in response to certain physiologic
stressors, including hypovolemia and pain (Day and Sibbald, 1989; Yamashita et al., 1989;
Smith et al., 1995; Dinh et al., 2006).

The PVH→A1 projection shown here is consistent with a previous report that axons
immunoreactive for oxytocin (derived from a small subset of parvicellular neurons in the
PVH) densely target the A1 region of the VLM (Buijs et al., 1990). Also, injecting oxytocin
into this region of the VLM selectively increases the activity of magnocellular AVP neurons
in the hypothalamus (Buijs et al., 1990). Thus, neurons in the PVH, which are themselves
activated by a variety of stress-related inputs, may activate A1 noradrenergic neurons in the
caudal VLM, which in turn contribute to a variety of stress-related responses in the
forebrain, including AVP release from magnocellular neurons in the PVH.

Ventral Respiratory Column
The ventral respiratory column (VRC) is a functionally defined area in the ventrolateral
medullary reticular formation that contains a range of different types of respiratory neurons;
these lie ventral to the nucleus ambiguus (Alheid and McCrimmon, 2008; Goodchild and
Moon, 2009). The PVH has been reported to project to a specific part of the ventral
respiratory column – the pre-Bötzinger complex (Kc et al., 2002; Mack et al., 2002; Mack et
al., 2007), which contains propriobulbar neurons that interconnect other respiratory areas,
including those that project to the phrenic motoneurons (Dobbins and Feldman, 1994). We
did not find evidence that PVH projects to any of the perikarya lying in the ventral
respiratory column (Fig. 7), but this, of course, does not exclude the possibility that the PVH
influences respiration via connections with VRC neurons that have radiating dendrites that
extend well beyond their nuclear borders (Pilowsky et al., 1990; Bryant et al., 1993; Sun et
al., 1994).

Nucleus Tractus Solitarii
The NTS is most densely innervated site in the brainstem. This massive projection was
identified in all previous anterograde tracing studies (Saper et al., 1976; Luiten et al., 1985;
Zheng et al., 1995; Toth et al., 1999).

Axons from the PVH do not indiscriminately target every subnucleus of the NTS. For
example, regions of the NTS that are associated with taste (rostral central and lateral
subnuclei), swallowing (central subnucleus), phonation (interstitial subnucleus) and
respiration (ventrolateral subnucleus) contained little or no axonal labeling. Using the NTS
nomenclature developed in Saper's laboratory (Herbert et al., 1990), PVH axons primarily
target the medial, commissural, parvicellular, and dorsomedial NTS subnuclei. Less axonal
labeling was found in the gelatinous and intermediate subnuclei. The subpostremal
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subnucleus was unusual in that it exhibited fibers running in a rostrocaudal direction with
minimal branching in the transverse plane, but many en passant boutons, similar to the
labeling found along the ventral medullary surface. The ventral part of the medial NTS
(Figs. 4H, I & J) was more heavily innervated than its dorsal counterpart. This region
contains dendrites originating from gastric vagal motoneurons that extend dorsally beyond
their cytoarchitectural border (Shapiro and Miselis, 1985; Rinaman et al., 1989).

These NTS regions receive profuse afferents from the abdominal vagus nerve, conveying
information related to gastrointestinal functions (Norgren and Smith, 1988). The NTS
provides both local and ascending projections. Some local projections target the DMX and
may regulate the cephalic reflex phase of digestion (Zafra et al., 2006) and other later-stage
digestive reflexes (Powley et al., 1992), while other NTS neurons project to the forebrain
(largely via a relay in the parabrachial nucleus), providing feedback information that
regulates ingestive behavior (Contreras and Stetson, 1981; Edwards and Ritter, 1982; South
and Ritter, 1983).

The PVH may play a prominent role in regulating ingestive behavior, and its massive
projection to the NTS is well-positioned to increase the gain of NTS responses to vagal
feedback signals from the stomach, an arrangement that would effectively reduce ingestive
behavior. Consistent with this idea, most neurons in the NTS that receive input from the
PVH are highly responsive to gastric distention (Rogers and Hermann, 1985; Banks and
Harris, 1987). In many of these neurons, the PVH produces excitatory responses that are
greater than or equal to that produced by vagal stimulation (Banks and Harris, 1987).

This gain-control mechanism, if tonically active, could explain why lesions of the PVH
more than double food intake and weight gain in rats (Leibowitz et al., 1981), and why
localized microinjections of inhibitory monoamines or neuropeptides into the PVH cause a
dramatic increase in feeding behavior. Microinjection mapping studies identified the PVH as
the most sensitive site in the brain for the increase in feeding behavior produced by alpha-
adrenergic agonists like norepinephrine or clonidine (Leibowitz, 1978) and by neuropeptide
Y (NPY; Stanley and Leibowitz, 1985). Increased feeding can begin within seconds to
minutes after injection of norepinephrine (Leibowitz, 1978), but the primary effect is an
increase in meal size, not frequency (Ritter and Epstein, 1975; Leibowitz et al., 1993). All
the receptors implicated in these feeding responses – the α2-adrenoreceptor for
norepinephrine/epinephrine (Goldman et al., 1985), and the Y1 and Y5 receptors for NPY
(Kalra et al., 1991; Gerald et al., 1996) – are coupled to inhibitory G-proteins (Gαi), which
reduce neuronal activity by inhibiting cAMP synthesis (Dohlman et al., 1991).

Collectively, these findings imply that the PVH tonically inhibits ingestive behavior. Based
on the present data, we propose that this tonic inhibition occurs via its extensive projections
to neurons in the NTS (and to their relay neurons in the lateral parabrachial nucleus), which
transmit viscerosensory feedback information to regulate the quantities of food, water, and
salt that are ingested (Contreras and Stetson, 1981; Edwards and Ritter, 1982; South and
Ritter, 1983). Consistent with this idea, PVH-norepinephrine feeding responses are largely
reduced after lesions of the vagus nerve (Sawchenko et al., 1981). It was originally
suggested that the PVH increases food intake by stimulating parasympathetic outflow to the
pancreas, causing the β-cells to release insulin, which circulates back to the brain and
stimulates ingestive behavior (Sawchenko et al., 1981). This hypothesis is not mutually
exclusive with the one presented here, although three findings argue against it. First,
norepinephrine and other bioactive molecules that enhance food intake when injected into
the PVH probably do not produce their responses by activating PVH neurons; instead they
inhibit them via Gαi-coupled receptors, as discussed above. Second, the rapid onset of
ingestive behaviors after PVH injections of norepinephrine (Leibowitz, 1978) suggests that
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it acts through rapid synaptic circuitry within the CNS, not a peripheral endocrine
mechanism. Third, the hypothesis of insulin-mediated appetite stimulation predicts that
damage to the PVH would decrease (or not change) ingestive behavior, however such
lesions, which eliminate feeding responses to α2-adrenergic agonists (Leibowitz et al., 1983;
Shor-Posner et al., 1988), instead produce a prominent and sustained increase in meal size
(Leibowitz et al., 1981).

In addition to its role in food intake, the PVH may also influence ingestive behaviors
associated with sodium deficiency. This hypothesis is based on our observation that the
PVH projects to the aldosterone-sensitive HSD2 neurons of the NTS (Fig. 11) and also
projects to the pre-LC nucleus (Figs. 5 & 6A) which is a major target of the HSD2 neurons
(Geerling and Loewy, 2006b). Both sites become activated in response to sodium
deprivation (Geerling and Loewy, 2007b). The PVH input to HSD2 neurons is a new
finding, and the density of this projection suggests that excitatory neurons in the PVH may
supply an important part of their synaptic input, possibly on par with the dense projection
from inhibitory neurons in the CeA (Geerling and Loewy, 2006a). Thus, the present findings
suggest that the PVH may exert influence over at least two brainstem cell groups that are
selectively associated with aldosterone action and chronic sodium deficiency – the HSD2
neurons of the NTS and the pre-LC.

The A2 noradrenergic neurons receive a dense input from the PVH, which is consistent with
previous light and electron microscopic findings that demonstrated nearly every TH-ir
neuron in this region receives synaptic appositions from the PVH (Toth et al., 1999). Like
the A1 noradrenergic neurons, the A2 neurons project to the PVH and SON (Cunningham
and Sawchenko, 1988). They innervate the entire PVH, including the CRH neurons
(Sawchenko and Swanson, 1982b; Cunningham and Sawchenko, 1988). Activation of A2
neurons may thereby produce slightly different autonomic and neuroendocrine responses,
including more hypothalamo-pituitary-adrenal axis activation (Ericsson et al., 1994) relative
to the A1 noradrenergic neurons, which in the PVH and SON project almost exclusively to
vasopressin-containing magnocellular neurons (Sawchenko and Swanson, 1982b; Day and
Sibbald, 1989).

Many neurons in the NTS receive direct synaptic input from the vagus nerve and mediate
brainstem autonomic reflexes via direct projections to the VLM. In contrast, NTS neurons
that project to the PVH – the overwhelming majority of which are A2 noradrenergic neurons
(Sawchenko and Swanson, 1982b; Moore and Guyenet, 1983; Hermes et al., 2006;
Gaykema et al., 2007) – receive very few synapses directly from the vagus and, in contrast
to their efferent projections to the forebrain, exhibit relatively insignificant axonal
projections to the caudal VLM when compared with other NTS neuronal groups (Bailey et
al., 2006; Hermes et al., 2006). Instead, A2 neurons integrate locally pre-processed vagal
information along with descending input from the PVH (and other brain sites) and, among
their other output targets, they recursively activate neuroendocrine cells in the PVH and
SON, including parvicellular CRH neurons and magnocellular oxytocin neurons. Blood
levels of oxytocin are linearly related to a continuum of gastrointestinal feedback signals in
response to food ingestion and other vagal stimuli, which increase progressively from satiety
through nausea (Verbalis et al., 1986), and the A2→PVH/SON projection may be
responsible for this oxytocin response to food intake (Onaka et al., 1995). A2 neurons also
may contribute to the viscerosensory inhibition of food intake via their projections to the
parvicellular PVH, the CeA, and an appetite-associated region of the ventrolateral BST
(Terenzi and Ingram, 1995; Shin et al., 2008). The substantial PVH→A2 projection shown
here may confer more flexibility in their visceral processing and output functions that what
is currently understood.
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Moderate PVH axonal labeling was also found in the dorsomedial and commissural NTS
regions that receive input from the arterial baroreceptors (Ciriello, 1983; Housley et al.,
1987). This labeling extended somewhat into the “C2d” group of neurotensin-adrenergic
baroreceptive neurons in the dorsomedial NTS (Higgins et al., 1984) suggesting that
excitatory projections from the PVH to both pressor and depressor regions of the brainstem
could exert simultaneously opposing effects on cardiovascular function –
sympathoexcitation via the RVLM, caudal pressor area (see below), and sympathetic
preganglionic cell column, yet sympathoinhibition via augmentation of the baroreflex in the
NTS (in addition to activating cardiac parasympathetic neurons in the NAex). Contradicting
this hypothesis, most neurons in the NTS that receive synaptic input from the PVH do not
exhibit any cardiac or respiratory modulation; the few that do exhibit primarily an inhibitory
response to stimulation of the PVH (Banks and Harris, 1987). Some gastrointestinal sensory
NTS neurons, which are clearly the main modulating function of the PVH→NTS projection,
do influence cardiovascular function by a multisynaptic inhibition of sympathetic outflow to
the splanchnic vasculature (Sartor and Verberne, 2002). Thus, while there is little evidence
that the PVH→NTS projection directly influences baroreflex function, it may alter
cardiovascular function indirectly through this visceral-sympathoinhibitory interaction.

Caudal Pressor Area
A poorly-understood region of the caudalmost ventrolateral medulla known as the caudal
pressor area (CPA) receives an extremely dense input from the PVH. This region was not
mentioned in previous PVH tracing studies (Saper et al., 1976; Swanson, 1977; Luiten et al.,
1985; Zheng et al., 1995; Toth et al., 1999). Our identification of this major PVH→CPA
connection is, however, consistent with other evidence in the literature. The dense axonal
labeling we found within the CPA may have been evident in one photomicrograph from a
prior PHAL tracing study, although the level of the medulla from which it was taken was not
provided and the target was misidentified as a lateral part of the lateral reticular nucleus
(Figure 3B of Zheng et al., 1995). Also, an oxytocin-immunoreactive axon terminal field
(derived from a small subset of parvicellular neurons in the PVH) extends beyond the A1
noradrenergic neurons in this region and into what appears to be the CPA (see Fig. 1 of
Buijs et al., 1990). Finally, retrograde tracer injections in this region of the caudal
ventrolateral medulla produce extensive retrograde labeling in the PVH (Cobos et al., 2003).

The CPA is a complex region in the caudal medulla (Goodchild and Moon, 2009). Using
microinjections of L-glutamate, the CPA was first localized in the rat brainstem by Gordon
and McCann (1988) and later, a more precise location was identified by Sun and Panneton
(2002). The CPA is defined functionally as the territory at the caudal extreme of the
ventrolateral medulla in which exogenous chemical stimulation produces a large increase in
blood pressure. The effective pressor region coincides with the pyramidal decussation and
borders the caudal end of the lateral reticular nucleus on its medial side, the spinal
trigeminal nucleus on its dorsolateral side, and white matter tracts ventrally. The most
sensitive zone in this area is centered just lateral to the caudal A1 neurons (Sun and
Panneton, 2002), indicating that its pressor neurons are distinct from catecholaminergic
neurons in the ventral medulla. This region of the ventrolateral medulla contains a
subpopulation of peptidergic (substance P/preprotachykinin-A-expressing) neurons (Li et
al., 2005), and other, as-yet uncharacterized subpopulations of glutamatergic and
GABAergic neurons (Seyedabadi et al., 2006).

Some disagreement exists regarding the specific mechanisms by which the CPA influences
blood pressure, such as the (multi-)synaptic pathways by which its neurons influence the
RVLM or the SPNs and the extent to which the activity of RVLM pressor neurons, or
sympathetic tone in general, depend upon tonic input from neurons in the CPA (Gordon and
McCann, 1988; Campos Junior et al., 1994; Possas et al., 1994; Campos and McAllen, 1999;
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Natarajan and Morrison, 2000; Horiuchi and Dampney, 2002; Seyedabadi et al., 2006).
Many seemingly inconsistent findings in previous studies could reflect the slightly different
rostrocaudal locations of their injection and stimulation sites designated as “CPA”.
Caudally, the CPA is continuous with a group of propriospinal neurons that lie in the lateral
spinal nucleus and the dorsolateral funiculus, and these neurons project directly to the SPNs
(Jansen and Loewy, 1997). This may explain why pressor responses elicited from the CPA
are dependent upon the RVLM (Gordon and McCann, 1988; Possas et al., 1994; Natarajan
and Morrison, 2000; Horiuchi and Dampney, 2002), while responses elicited from a caudal
extension of this region, which extends caudally from the CPA to the C3 spinal level
(termed the medullo-cervical pressor area, or MCPA) survive the pharmacologic inhibition
of the RVLM and brainstem transection caudal to it (Seyedabadi et al., 2006). As shown
here, varicose axons from the PVH target the entire rostral-caudal expanse of the CPA, and
then extend caudally into the cervical spinal cord, where they may target rostral regions of
the lateral spinal nucleus and dorsolateral funiculus designated functionally as the MCPA
(Seyedabadi et al., 2006). Determining the extent to which the scattered pre-motor neurons
of the lateral spinal nucleus and dorsolateral funiculus (Jansen and Loewy, 1997) and in the
caudal end of the CPA (Seyedabadi et al., 2006; Iigaya et al., 2007) receive synaptic input
from the PVH will be necessary to advance our understanding of the descending control of
the sympathetic nervous system by the forebrain.

Some neurons in this general region of the caudal ventrolateral medulla receive nociceptive
input from the spinal cord and medullary dorsal horn and exhibit c-Fos expression in
response to noxious spinal or trigeminal stimuli (Craig, 1995; McCulloch and Panneton,
1997; Lima et al., 2002). This nociceptive population includes many A1 noradrenergic
neurons (Pan et al., 1999), but it is unknown whether any nociceptive afferents target the
CPA neurons that increase blood pressure.

CPA neurons project rostrally, targeting a subregion of the caudal ventrolateral medulla
(CVLM) and a variety of other brainstem sites, including the region containing A5 and SSN
neurons, a small nociceptive nucleus in the parabrachial complex (internal lateral PB
subnucleus), the Kölliker-Fuse nucleus, and the caudal commissural NTS (Sun and
Panneton, 2005). Based on its overall pattern of efferent projections from this region, it has
been suggested that neurons in this region mediate pressor and possibly other responses to
pain (Sun and Panneton, 2005). The CPA→CVLM projection probably mediates its pressor
influence in the RVLM (Natarajan and Morrison, 2000), but the overall projection pattern of
neurons in this region suggests that the CPA might do more than simply increase blood
pressure. It is also located in the vicinity of the nucleus retroambiguus, a group of premotor
neurons that directly innervate spinal motor neurons which control respiration and
vocalization. The activity of neurons in the nucleus retroambiguus is largely governed by
their input from the lateral PAG, which coordinates emotional motor behaviors and changes
in autonomic function (Subramanian et al., 2008). The specific identity of CPA pressor
neurons remains unknown, so it remains unclear whether they are targeted by the lateral
PAG, but their location suggests that they could receive input in parallel with the nucleus
retroambiguus, and may contribute to an autonomic component (sympathoexcitation) of
lateral PAG-mediated emotional responses.

Based on what has been mentioned above, it is reasonable to hypothesize that the CPA
serves as major link for the sympathoexcitatory-pressor responses that are elicited by
activation of the PVH, perhaps stronger than the PVH→RVLM connection. Obviously, the
PVH projection to the SPNs is the most direct route whereby the PVH can produce
sympathoexcitation, but the present findings identify the CPA as a key relay site, which may
provide the PVH one of its most potent linkages in the central control of the sympathetic
nervous system.
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Conclusions
A number of new findings regarding the PVH projections to the brainstem were presented in
this report. As a result of these anatomical observations, several novel hypotheses regarding
the function of the PVH have been suggested.

Combined with functional data reviewed above, the present anatomical findings suggest that
the PVH exerts a major influence over several physiological and behavioral functions. These
include: the inhibitory control of food intake (via major projections to viscerosensory
feedback neurons in the NTS and lateral PB), appetitive responses to sodium deficiency (via
the aldosterone-sensitive HSD2 neurons in the NTS and their relay neurons in the pre-LC),
changes in gastric and pancreatic functions (via the NTS and dorsal vagal nucleus),
esophageal motor control (via the compact formation of the nucleus ambiguus), the
counterregulatory response to hypoglycemia (via catecholamine neurons in the C1/A1
transition zone), hyperventilation (via the retrotrapezoid nucleus), protection of the cornea
(lacrimation), nasal passages and oral cavity (serous and mucous secretions) as well as a
potential neural safeguard for the vasculature of the brain and eye (via the superior
salivatory nucleus), and several opposing mechanisms of cardiovascular control –
sympathoexcitation (via the caudal pressor area and the C1 adrenergic neurons), vasopressin
release (through A1 noradrenergic neurons), sympathoinhibition (via the NTS), and
parasympathetic bradycardia (via the external formation of the nucleus ambiguus).
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Abbreviations Used in Figures and Figure Legends

3V Third ventricle

4V Fourth ventricle

A1 A1 noradrenergic cell group

A2 A2 noradrenergic cell group

A2r A2 neurons, rostral cluster (along the dorsolateral border of DMX)

A5 A5 noradrenergic cell group

A7 A7 noradrenergic cell group

A8 A8 dopaminergic cell group

A10dc Dorsal-caudal A10 dopaminergic neurons in dorsal raphe nucleus

AHN Anterior hypothalamic nucleus
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AP Area postrema

Aq Cerebral aqueduct

Arc Arcuate hypothalamic nucleus

Bar Barrington's nucleus (pontine micturition center)

BötC Bötzinger complex of ventral respiratory column

C1 C1 adrenergic cell group

C2 C2 adrenergic cell group in the NTS

C2d C2 adrenergic cell group in the dorsomedial NTS

C3 C3 adrenergic cell group in rostral dorsomedial medulla

ChAT Choline acetyltransferase

cp Cerebral peduncle

CTb Cholera toxin beta-subunit

CPA Caudal pressor area

CU Cuneate nucleus

CVLM Caudal ventrolateral medulla

cVRG Caudal ventral respiratory group

dscp Decussation of the superior cerebellar peduncles

DMH Dorsomedial hypothalamic nucleus

DMX Dorsal motor nucleus of the vagus

DR Dorsal raphe nucleus

DTN Dorsal tegmental nucleus

EW Edinger-Westphal nucleus

fr Fasciculus retroflexus

fx Fornix

GR Gracile nucleus

HSD2 11-β-hydroxysteroid dehydrogenase type 2 (marker for aldosterone-
sensitive neurons

IC Inferior colliculus

icp Inferior cerebellar peduncle

III Oculomotor nucleus

IRt Intermediate reticular nucleus

IV Trochlear nucleus

KF Kölliker-Fuse nucleus

LC Locus coeruleus

LDT Laterodorsal tegmental nucleus

LHA Lateral hypothalamic area
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LRN Lateral reticular nucleus

LSO Lateral superior olive

MeV Mesencephalic nucleus of the trigeminal nerve

ml Medial lemniscus

mlf Medial longitudinal fasciculus

MoV Motor nucleus of the trigeminal nerve

MV Medial vestibular nucleus

NA Nucleus ambiguus

NAc Compact formation (esophageal motoneurons)

NAex External formation (parasympathetic preganglionic neurons)

NA-L Loose formation (laryngeal motoneurons)

NAsc Semi-compact formation (pharyngeal motoneurons)

NTS Nucleus of the solitary tract

NTScom Commissural subnucleus of the NTS

ot Optic tract

PAG Periaqueductal gray matter

PAGdl Dorsolateral subdivision of the PAG

PAGvl Ventrolateral subdivision of the PAG

PAT Paratrigeminal nucleus

peri-LCrm Rostromedial dendritic extensions from the LC core

PB Parabrachial nucleus

PBcl Central lateral PB subnucleus

PBdl Dorsal lateral PB subnucleus

PBel External lateral PB subnucleus

PBm Medial PB subnucleus

PBwa Waist area of PB

PHAL Phaseolus vulgaris leucoagglutinin

PNMT Phenylethanolamine-N-methyltransferase

PSV Principal sensory nucleus of the trigeminal nerve

pre-BötC Pre-Bötzinger complex of ventral respiratory column

pre-LC Pre-locus coeruleus nucleus

PVH Paraventicular hypothalamic nucleus

PVH-ap Anterior parvicellular PVH subdivision

PVH-dp Dorsal parvicellular PVH subdivision

PVH-f Forniceal PVH subdivision

PVH-lp Lateral parvocellular PVH subdivision
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PVH-M Magnocellular PVH neurons

PVH-mp Medial parvocellular PVH subdivision

py Pyramidal tract

RAmb Retroambiguus nucleus

RM Raphe magnus nucleus

RN Red nucleus

RPA Raphe pallidus nucleus

RO Raphe obscurus

RRF Retrorubral field

RTN Retrotrapezoid nucleus

rVRG Rostral ventral respiratory group

SC Superior colliculus

scp Superior cerebellar peduncle (brachium conjunctivum)

sctv Ventral spino-cerebellar tract

SNc Substantia nigra, pars compacta

SNr Substantia nigra, pars reticulata

SON Supraoptic hypothalamic nucleus

SpV Spinal sensory nucleus of the trigeminal nerve

SPIV Spinal vestibular nucleus

SptV Spinal tract of the trigeminal nerve

SSN Superior salivatory nucleus

SUV Superior vestibular nucleus

t Solitary tract

TH Tyrosine hydroxylase

TRN Tegmental reticular nucleus

VII Facial (VIIth nerve) nucleus

VIIn VIIth cranial nerve (intracranial, post-genu)

gVII Genu of the VIIth cranial nerve (dorsal, intracranial)

VLM Ventrolateral medulla

VMH Ventromedial hypothalamic nucleus

VTA Ventral tegmental area

XII Hypoglossal nucleus

ZI Zona incerta
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Figure 1 A-F.
Distribution of PVH neurons that project to the NTS as determined by retrograde neuronal
labeling. CTb was injected in the medial NTS (insert panel A′), with some spread into the
dorsal vagal nucleus (DMX) and area postrema (AP). This pattern of retrograde labeling is
relevant to the present study because, among all target sites in the brainstem, this region of
the NTS receives the most extensive input from the PVH. Most of the neurons that project to
the NTS (red dots) are concentrated in a ventral region of the medial parvicellular PVH
(PVH-mp, panel C), but other regions including the dorsal, lateral, and perifornical
parvicellular subdivisions (PVH-dp, PVH-lp, and PVH-f, respectively) contribute to this
projection. These projection neurons are not restricted to any one of PVH subdivision, but
originate from all of regions, including the dorsal parvicellular subnucleus, which supplies
the highest number of PVH neurons that project to the spinal cord (Hosoya and Matsushita,
1979). Weaker projections from contralateral PVH subnuclei were found as well. Very few
CTb-labeled cells were located in surrounding regions of the diencephalon, other than a
group of neurons lying dorsal to the fornix in the LHA (panel F), which is anatomically
continuous with and morphologically similar to those in the PVH. Case #8148 was used in a
previous publication (Geerling and Loewy, 2006a). Inset scale bar is 500 μm.
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Figure 2.
PHAL injection site from case #2223 used to study the PVH projections to the brainstem.
The axonal labeling in brainstem sections from this case is illustrated in Figure 4. Most
labeled neurons (red dots) were concentrated in the medial parvicellular PVH subdivision
(PVH-mp) and to lesser degree in the dorsal parvicellular subnuclei (PVH-dp). A few
labeled cells were found in the lateral and forniceal parvicellular PVH subnuclei (PVH-lp
and PVH-f). A scattering of labeled cells was also distributed dorsally along the pipette
tract.
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Figure 3.
Photoimages comparing the retrograde cell body labeling in the PVH following a CTb
injection in the NTS (case# 8148; A-C) with a PHAL injection site localized in the medial
parvicellular PVH region (case #2223; D-F). Drawings from these two cases are presented
in Figures 1 & 2. Scale bar = 500 μm.
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Figure 4.
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PVH projections to the brainstem illustrated in a series of line drawings from the midbrain
(A and B), pontine level (C and D), and medulla (E-J). See Figures 2 & 3 for injection site
(case #2223).
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Figure 5.
Transverse images from the dorsolateral pons show PVH axons (red, PHAL) in the pre-
locus coeruleus (pre-LC). These confocal montages were spaced 200μm apart and arranged
from rostral (A) to caudal (F). Case #2223; see Figures 2 & 3 for injection site. The nuclear
core of the LC (TH-immunoreactive neurons, ice-blue) contained minimal axonal labeling.
Some varicose axons coursed through its perinuclear dendritic field (peri-LCrm) and the
medial edge of the LC. Relative to the pre-LC and PBm, these perinuclear TH-labeled
dendrites were not densely targeted, but when examined in individual confocal planes (not
shown) some did appear to receive close contacts with PHAL-labeled boutons, consistent
with prior electron microscopic observations (Reyes et al., 2005). Scale bar = 100 μm.
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Figure 6.
(A) The PVH projects densely to the pre-locus coeruleus nucleus (pre-LC) (red, PHAL-
immunoreactive axons), and not to the LC proper (ice-blue, TH-immunoreactive neurons)
except for an occasional fiber as shown in this sagittal section. The region targeted by the
PVH is also separate from the cholinergic neurons of the LDT (green) (Case #2697). Insert
drawing showing the position and plane of this sagittal section. Scale bar = 100 μm.
(B) The PVH projection to the superior salivary nucleus (SSN) is shown in the sagittal plane
(Case #2511; see Fig. 7 for injection site). The SSN contains a cluster of small, cholinergic
parasympathetic preganglionic neurons (green, ChAT), centered just rostral and dorsolateral
to the large motor neurons of the facial nucleus (VII, green labeled ChAT neurons) and
bordered ventrally by A5 noradrenergic neurons (ice-blue, TH) running above the lateral
superior olive. A few PVH axons were seen in the A5 noradrenergic cell group and an
occasional fiber produced a small number of varicosities that contacted their TH-ir dendrites
(not shown). Insert line drawing was adapted from Paxinos and Watson (1998) with
modifications. Scale bar = 100 μm.
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Figure 7.
The PVH projects to various neuronal cell groups of the ventrolateral medulla; these are
presented as a series of three consecutive sections in the sagittal plane. Upper left panel
shows the injection from case #2511. Upper right panel shows three transverse brainstem
sections showing the plane of section where the sagittal slices were taken (Paxinos, 1998).
Lower part of figure shows the PVH axonal labeling in reference to three defined cell
groups: A1 and C1 catecholamine cell groups, nucleus ambiguus complex, and the
respiratory nuclei (BötC = Bötzinger complex; cVRG = caudal ventral respiratory group;
pre-BötC = pre-Bötzinger complex; rVRG = rostral ventral respiratory group - see reviews
by (Alheid and McCrimmon, 2008; Goodchild and Moon, 2009). These drawings include all
the PHAL-labeled axons and TH- or ChAT-labeled cells found in each of these 200 μm
thick sagittal sections, which were complied from contiguous confocal images that were
merged into a montage spanning the entire ventrolateral medulla. For anatomical reference,
the large and distinct cholinergic motor neurons in the facial motor nucleus are represented
by faint green dots. Motor neurons in the NAc, NAsc, and NA-L are shown as medium-
sized green dots, and both the small parasympathetic motor neurons in the NAex and a
poorly-characterized population of small cholinergic neurons within the rostral C1 region
are represented by small green dots (green = ChAT-ir). Small blue dots represent
catecholamine neurons in the C1 and A1 groups (TH-ir). Photoimages from the two areas
outlined in the sagittal section from the Lateral 2.2 mm slice are presented in Figures 8 A &
B. The scale bar was adapted from Paxinos and Watson (1998), using the caudal end of the
facial nucleus as shown in the lateral 2.1 mm drawing as equal to -2.5 mm interaural level.
The obex was located at the −4.6 mm interaural level and calamus scriptorius was at -5.3
mm interaural level.

Geerling et al. Page 49

J Comp Neurol. Author manuscript; available in PMC 2011 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 8.
A. PVH axonal labeling (red fibers) surrounding cholinergic neurons (green, ChAT-ir) in the
compact formation of the nucleus ambiguus (NAc), and lighter labeling caudally in the
semi-compact formation (NAsc) as seen in the sagittal plane (case #2511). See area outlined
in Figure 7 at Lateral 2.10 mm. Scale bar = 200 μm.
(B) PVH axonal labeling surrounds some of the tyrosine-hydroxylase containing neurons in
the C1/A1 transition zone (ice-blue) as seen in the sagittal plane. Image taken from area
outlined in the Lateral 2.10 mm sagittal section shown in Figure 7. Scale bar = 100 μm.
(C) PVH axons distributed among the PNMT-immunoreactive (adrenergic, green) C1
neurons in the RVLM. See D for scale bar.
(D) PVH axonal labeling is clustered around some of the PNMT-immunoreactive neurons of
the C1/A1 transition area (green). Scale bar = 100 μm.
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Figure 9.
Confocal montages showing PVH axons (red) in different subdivisions of the nucleus
ambiguus (cases #2223 & #2221). ChAT-labeled cell bodies appear green. (A) & (B) Dense
axonal labeling is seen in the nucleus ambiguus-compact subdivision (NAc), which contains
esophageal motoneurons. A very weak input was seen in the nucleus ambiguus-subcompact
subdivision (NAsc) which was noted in the sagittal section presented in Figure 8B. This area
contains pharyngeal motoneurons. A, B, & D: Clusters of smaller ChAT-ir neurons lying
outside the principal nucleus ambiguus cell column form a subdivision that has been termed
the nucleus ambiguus-external formation (NAex). It contained moderate-to-dense
concentrations of axonal varicosities. Neurons in this region are parasympathetic
preganglionic vagal motoneurons. C: Laryngeal-related motoneurons in the nucleus
ambiguus-loose formation (NA-L) receive a variable density of input from the PVH; most of
these exhibit few or no apparent contacts, while others, such as the dendrite at the top of this
panel, exhibited a dense innervation. D: Note also the denser labeling caudally surrounding
the A1 noradrenergic neurons (TH-immunoreactive, show in ice-blue) and extending
laterally into a functionally-defined region termed the CPA (described below). Scale bar =
100 μm.
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Figure 10.
The PVH densely projects to a region of the caudalmost part of the ventrolateral medulla
known as the caudal pressor area (CPA). A: Axonal labeling is shown here in case #2221,
which exhibited the densest axonal labeling in this region (in a distribution similar to that
seen in other cases, including case #2223) after a PHAL injection centered in the dorsal
parvicellular PVH. Scale bar = 500 μm. B-D: These drawings illustrate successively more
caudal levels through the ventrolateral medulla beginning with (B) roughly the last
medullary level shown from case #2223 (see Fig. 4 J) and extending through the pyramidal
decussation (C-D). At the rostral end of the CPA (B), axonal labeling extended laterally
from the caudal A1 noradrenergic neurons (the location of A1 was verified in adjacent
sections labeled for TH+PHAL). The densest and most extensive axonal labeling was found
in the mid-CPA at levels containing the pyramidal decussation (C), but a moderate density
of axonal labeling continued through the end of the medulla (D) and into the lateral spinal
nucleus and dorsolateral funiculus of the cervical spinal cord (not shown). In panel (C), the
structure outlined in gray within the CPA is a blood vessel. E & F: Photoimages showing
axonal labeling in the CPA from respective areas outlined in panels C & D. Scale bar = 100
μm.
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Figure 11.
These images compare axonal labeling in the dorsomedial medulla at the level of the area
postrema with markers for established subpopulations of neurons in the NTS and dorsal
vagal nucleus (DMX). (A) Aldosterone-sensitive NTS neurons (HSD2-ir, green) are situated
along the medial border of the medial subnucleus of the NTS, amid a dense field of varicose
axons from the PVH (PHAL-ir, red). This section contains the mid-caudal AP, which
contained very little axonal labeling. (B) The A2 noradrenergic neurons (TH-ir, ice-blue)
occupy a large extent of this dense field of PVH axon terminals. Note also the presence of
dopaminergic neurons in the dorsal vagal nucleus (DMX) (arrows), with more diffuse TH
immunoreactivity. Relative to the A2 neurons, these catecholaminergic vagal motoneurons
receive very little input from the PVH. This section contains the caudal AP, which contains
very little axonal labeling relative to the underlying NTS. C: Dense PVH projection to the
rostralmost A2 noradrenergic neurons (A2r), which lie along the rostral, dorsolateral edge of
the dorsal motor nucleus of the vagus (DMX). At first glance, this dense terminal field
appeared to target the lateral DMX (ChAT-ir, green), but upon closer inspection in every
case, this dense concentration of PVH axonal labeling appears to target the dendrites and
somata of A2r neurons, while only a moderate density of terminals targets neighboring and
intermingled neurons in the DMX, all of which are ChAT-ir. This section contains the

Geerling et al. Page 53

J Comp Neurol. Author manuscript; available in PMC 2011 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



rostralmost AP, which exhibits minimal axonal labeling. Panels (A) and (B) were taken from
case #2223 (Figs. 2 &3 for injection site), while (C) was taken from case #2276 (injection
site not shown). Scale bar = 50 μm.
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Figure 12.
Summary diagram showing the major brainstem sites innervated by the PVH. Individual
areas are represented schematically in their approximate positions, and darker shading
indicates a qualitatively denser projection from the PVH.
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