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Abstract
The ventrolateral bed nucleus of the stria terminalis (BSTvl) receives direct input from two
specific subpopulations of neurons in the nucleus tractus solitarius (NTS). It is heavily innervated
by aldosterone-sensitive NTS neurons, which are selectively activated by sodium depletion, and
by the A2 noradrenergic neurons, which are activated by visceral, immune- and stress-related
stimuli. Here, we used a retrograde neuronal tracer to identify other brain sites that innervate the
BSTvl. Five general brain regions contained retrogradely labeled neurons: cerebral cortex
(infralimbic and insular regions), rostral forebrain structures (subfornical organ, organum
vasculosum of the lamina terminalis, taenia tecta, nucleus accumbens, lateral septum,
endopiriform nucleus, dorsal BST, substantia innominata, and most prominently the amygdala –
primarily its basomedial and central subnuclei), thalamus (central medial, intermediodorsal,
reuniens, and most prominently the paraventricular thalamic nucleus), hypothalamus (medial
preoptic area, perifornical, arcuate, dorsomedial, parasubthalamic, and posterior hypothalamic
nuclei), and brainstem (periaqueductal gray matter, dorsal and central superior raphe nuclei,
parabrachial nucleus, pre-locus coeruleus region, NTS, and A1 noradrenergic neurons in the
caudal ventrolateral medulla). In the arcuate hypothalamic nucleus, some retrogradely-labeled
neurons contained either agouti-related peptide or cocaine-amphetamine regulated transcript. Of
the numerous retrogradely labeled neurons in the perifornical hypothalamic area, few contained
melanin concentrating hormone or orexin. In the brainstem, many retrogradely labeled neurons
were either serotoninergic or catecholaminergic. In summary, the BSTvl receives inputs from a
variety of brain sites implicated in hunger, salt and water intake, stress, arousal, and reward.
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INTRODUCTION
The bed nucleus of the stria terminalis (BST) is a forebrain group of neurons that encircles
the anterior commissure and lies just rostral to the thalamus. It is organized into several
subnuclei, many of which are interconnected with the central or medial nuclei of the
amygdala. This special interconnectivity with the amygdala, combined with embryologic
and histochemical similarities between these two structures, led to the idea that these two
structures form one highly integrated functional unit (de Olmos and Heimer, 1999). Hence,
the term `extended amygdala' was coined to describe these two regions along with
intervening neurons in the substantia innominata (Alheid, 2003).
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Each BST subnucleus provides a unique set of output connections, as revealed in an
extensive series of anterograde tracing studies by Dong and Swanson (Dong and Swanson,
2003; Dong and Swanson, 2004; Dong and Swanson, 2006b; Dong and Swanson, 2006a;
Dong and Swanson, 2006c). Less information is available regarding the input connections to
the BST. The topography of inputs from the amygdala to the BST is reviewed in (Dong et
al., 2001a). Additional afferents arise from sites in the brainstem, including the nucleus of
the solitary tract (NTS) and parabrachial nucleus (Ricardo and Koh, 1978; Saper and Loewy,
1980). Other afferents can be found in subcortical forebrain sites including the amygdala,
hypothalamus, and thalamus (Weller and Smith, 1982). This diversity of interoceptive inputs
raises the possibility that the BST participates in complex integrative functions.

Consistent with this possibility, data from stimulation, lesion, and viral tracing studies have
revealed that neurons in various BST subnuclei modulate a range of visceral and behavioral
functions including cardiovascular (Ciriello and Janssen, 1993), pancreatic (Loewy and
Haxhiu, 1993), neuroendocrine (Herman et al., 1994; Banihashemi and Rinaman, 2006), and
ingestive activities (Ciccocioppo et al., 2003; King et al., 2003; Rollins et al., 2006),
including salt intake (Pompei et al., 1991; Reilly et al., 1994; Zardetto-Smith et al., 1994).

Substantial neuroanatomical data support the hypothesis that neurons in the ventrolateral
BST (BSTvl) modulate fluid and sodium homeostasis (reviewed in Geerling and Loewy,
2008). This BST subregion, which receives direct input from angiotensin II-sensitive
neurons in both the subfornical organ and organum vasculosum of the lamina terminalis
(Sunn et al., 2003), was first described as the target of a dense afferent projection arising
from neurons in the caudal medial NTS (Ricardo and Koh, 1978). This projection from the
NTS arises in part from a unique group of neurons that co-express the mineralocorticoid
receptor and the enzyme 11-β-hydroxysteroid dehydrogenase type 2 (HSD2), which makes
cells selectively sensitive to aldosterone (Geerling et al., 2006a; Geerling et al., 2006b;
Geerling and Loewy, 2006b). The HSD2 neurons project to a restricted part of the BSTvl,
which has been named the fusiform subnucleus (Ju and Swanson, 1989; Dong et al., 2001b;
Geerling and Loewy, 2006b). The fusiform subnucleus of the BST contains perhaps the
greatest concentration of norepinephrine in the brain, receiving densely concentrated
noradrenergic input from the A1 and A2 noradrenergic neurons in the caudal medulla
(McKellar and Loewy, 1982; Woulfe et al., 1990; Terenzi and Ingram, 1995). This BST
subregion also receives input from neurons in the pontine parabrachial nucleus (Saper and
Loewy, 1980; Alden et al., 1994).

Information about other sources of axonal input to the BST remains incomplete, particularly
regarding specific subregions such as the BSTvl. Due to the potential importance of this site
in various behavioral and visceral functions, we identified the inputs to the BSTvl using the
highly sensitive retrograde tracer cholera toxin β-subunit (CTb). First, we produced a
complete brain map of the neurons that innervate this subregion of the BST. Then, we
investigated some of the neuronal phenotypes that contribute to this projection using
antibodies directed against monoamine neurotransmitter synthetic enzymes (tyrosine
hydroxylase and tryptophan hydroxylase), neuropeptides expressed in various hypothalamic
neurons that regulate energy homeostasis and arousal (agouti-related peptide, cocaine-and
amphetamine regulated transcript, melanin concentrating hormone, and orexin), and the
metabolic enzyme HSD2, which labels the aldosterone-sensitive neurons in the NTS.

MATERIALS AND METHODS
A total of 83 male Sprague Dawley albino rats (210–335g; Harlan, Indianapolis, IN) were
used for retrograde tracing experiments. All procedures were approved by the Washington
University School of Medicine Animal Care Committee, conformed to NIH guidelines, and
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were performed under sodium pentobarbital (50 mg/kg, i.p.) anesthesia. At the termination
of each experiment, the rats were killed by perfusion through the aorta with 200 mL saline
followed by 500 mL 4% paraformaldehyde in 0.1 M sodium phosphate buffer (pH = 7.4).

CTb retrograde experiments
Stereotaxic injections of cholera toxin β-subunit (CTb, product #104; List Biological,
Campbell, CA; 0.1% solution in distilled water) were made in the BSTvl using the following
coordinates taken from a rat brain atlas (Paxinos and Watson, 1997): bregma = −0.26 mm;
lateral = 1.60 mm; and deep = 6.4 to 6.5 mm. Injections were made by iontophoresis using
7-μA on/off positive pulses delivered from a Midguard precision current source (Stoelting,
Wood Dale, IL) for 15–20 min. The pipette was left in place for an additional 5–10 min to
minimize diffusion of CTb along the pipette track. The first group of rats were killed by
vascular perfusion 6–7d later (n=42). A second group of rats were prepared in a similar
manner (n=41), except 6 d later they were anesthetized, and given an injection of colchicine
(100 μg/10μl sterile saline) in the right lateral ventricle. This was done to enhance
neuropeptide levels in the cell soma for subsequent immunohistochemistry. The rats were
anesthetized and perfused 1d later.

The brain was cut on a freezing microtome in the transverse plane (50 μm thickness) and the
sections were collected as a 1-in-5 series. One series of sections through the BST region was
immunostained for CTb (see below) for injection site analysis in every case. The brainstem
from all cases with an injection involving part or all of BSTvl was processed by a double-
immunofluorescence method to visualize CTb and HSD2 in the NTS (see below for
protocol).

Finally, a complete series of sections was processed for CTb labeling throughout the entire
brain in select normal (non-colchicine) cases (n=3). Experimental animals were selected
based on two criteria: (1) CTb injections involved primarily the BSTvl with minimal
extension into surrounding nuclei and (2) extensive CTb retrograde labeling in many HSD2
neurons and A2 noradrenergic neurons in the NTS (20–65%). This second criterion ensured
that the injection site involved the fusiform subnucleus, which is heavily targeted by these
two populations (Terenzi and Ingram, 1995; Geerling et al., 2006a). Unlike the series of
papers published by Dong and Swanson and their associates (see Introduction for
references), in which tiny PHA-L injections were made within individual cytoarchitectonic
subnuclei of the BST, many of the CTb injections presented here extended into multiple
adjoining BST subnuclei due to the inherent properties of this retrograde tracer which
diffuses more than PHA-L. Because of this technical limitation, we have used the term
`BSTvl' in this report, with the understanding that, although centered on the fusiform
subnucleus, most CTb injections involved other subnuclei in the ventrolateral BST,
including the anterodorsal, dorsomedial, subcommissural, and the adjoining parastrial
nucleus. Note: the parastrial nucleus is considered by Swanson to be part of the preoptic
region because it does not receive an input from the amygdala (Ju and Swanson, 1989),
although many of its other inputs and output properties are very similar to other BST nuclei.

Histochemical protocols
For both injection site analysis and whole-brain retrograde neuronal labeling analysis,
sections were immunostained with a goat polyclonal antiserum to CTb (1:25,000; #703 List
Biologicals, Campbell, CA). The primary antibody was diluted in 0.3% Triton-X (Sigma, St.
Louis, MO), 5% donkey serum in 0.1 M sodium phosphate buffer (pH = 7.4) that contained
0.1% sodium azide. After 16 h incubation at room temperature on a rotary shaker, the
sections were 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
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ImmunoResearch, West Grove, PA) made in 0.1M sodium phosphate buffer for 2 h, washed
in KPBS, incubated in avidin-biotin complex (ABC, Vectastain kit, Vector Labs,
Burlingame, CA) for 1 h, washed in KPBS, and then, colorized in diaminobenzidine (DAB,
1 tablet, 1 tablet urea, 15 ml distilled water, #D-4418; Sigma) for 5–6 min. Sections were
then washed in KPBS, mounted on gelatinized glass slides, air-dried, counterstained with
0.1% thionin (pH = 4.6), and coverslipped.

Double-immunofluorescence staining for CTb+HSD2 was performed on nine sections from
a one-in-five series through the caudal two-thirds of the NTS. Sections were incubated
overnight at room temperature in mixture of two primary antibodies – a rabbit polyclonal
CTb antiserum raised against purified choleragenoid, the β subunit of cholera toxin
(1:25,000; #B65927R; Biodesign, Saco, Maine) and an affinity-purified sheep polyclonal
antibody to the enzyme 11-β-hydroxysteroid dehydrogenase type 2 (HSD2, product #1296;
Chemicon International; Temecula, CA). See below for details regarding antibody
specificity.

Two antibodies (anti-CTb and anti-HSD2) were added to a KPBS solution (0.01 M, pH 7.4)
containing 5% donkey serum and 0.3% Triton X-100 (Sigma). After two 5 min washes in
KPBS, sections were transferred into a mixture of two fluorophore-labeled secondary
antibodies - Cy2-conjugated donkey anti-sheep (1:500; Jackson) and Cy3-conjugated
donkey anti-rabbit (1:500; Jackson) used for labeling HSD2 in combination with CTb for 3
h. In some cases, an additional series of sections was stained with a biotinylated secondary
antibody followed by streptavidin-Alexa 488 (1:500; Molecular Probes, Eugene, OR) to
increase the intensity of labeling. For example, after goat anti-CTb, a biotinylated donkey
secondary antibody (1:250; Jackson) was used (instead of the Cy3-conjugated secondary
donkey antibody), and after washing in KPBS, sections were transferred into streptavidin-
Alexa 488 for 2 hour, washed again, and then incubated for overnight in the different
neuropeptide antisera used in this study (see below under Antibodies) and mounted.

For double immunofluorescence staining of CTb with tyrosine hydroxylase (TH) or
tryptophan hydroxylase (synthetic enzyme of serotonin), these protocols were modified as
follows. Rabbit anti-CTb was used for both reactions, but for the TH staining an affinity-
purified polyclonal antibody raised in sheep against tyrosine hydroxylase from rat
pheochromocytoma (1:1000; product #AB1542, Chemicon) was used. CTb was then
visualized using a Cy3-donkey anti-rabbit secondary antiserum (1:500; Jackson), and after 2
washes in KPBS, sections were transferred into sheep anti-TH for 16 h, washed, reacted
with biotinylated donkey anti-sheep antiserum for 2.5 h (1:250; Jackson), washed, and
transferred to streptavidin-Alexa 488 (1:500; Molecular Probes, Eugene, OR) for 2 h,
washed and mounted on glass slides. A similar immunostaining procedure was followed
when a monoclonal antibody against tryptophan hydroxylase was used in another series of
sections (1:4000; product #MAB 5278; Chemicon). In this instance, a biotinylated donkey
anti-mouse antibody (1:500; Jackson) was used, and visualized with streptavidin-Alexa 488
(Molecular Probes).

Antibodies
An affinity-purified polyclonal antiserum was used to label HSD2 (#1296; Chemicon
International; Temecula, CA). 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. 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
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concentrations (dilutions below ~1:20,000), this antibody additionally produces nuclear
labeling in all neuronal nuclei throughout the brain. 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). For these reasons, 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 this ubiquitous nuclear staining at higher antibody
concentrations as non-specific cross-reactivity. Western blot analysis using this antiserum
reveals labels a single band in the kidney at ~40kD, the predicted molecular weight of HSD2
(Gomez-Sanchez et al., 2001; verified in our laboratory, unpublished obs. JCG). No labeling
was obtained at any MW in tissue homogenates from whole brain, parietal cortex, or
brainstem unless higher antibody concentrations (1:1000) and larger amounts of protein
(120μg) are loaded, which produces additional “non-specific” appearing bands at multiple
MW, barely detectable above background labeling in each protein lane (C. Gomez-Sanchez,
personal communication; JCG, unpublished observations). The lack of HSD2 detection by
western blot in the brainstem may be due to the paucity of HSD2-expressing cells in this
tissue (~500–1000 total in the NTS) relative to the kidney. For further details regarding
HSD2 immunoreactivity in the rat brain see (Geerling et al., 2006b).

To label catecholamine neurons, we used an affinity-purified polyclonal antibody raised in
sheep against denatured tyrosine hydroxylase (TH) from rat pheochromocytoma (1:1000;
product #AB1542, Chemicon). Immunostaining of neuronal cell bodies with this antibody in
the present experiments was found only within brain sites known from previous work to
contain catecholamine neurons, including the A1 and A2 noradrenergic groups in the
medulla oblongata and well-known dopaminergic groups in the midbrain, in exactly the
same neuroanatomical pattern as previous work involving this antiserum (Geerling and
Loewy, 2006b) and as produced by another anti-TH antiserum raised in rabbit (Geerling et
al., 2006b).

The PH8 mouse monoclonal antibody was used to label tryptophan hydroxylase, an
enzymatic marker for serotoninergic neurons (1:4000; “PH8 antibody,” product # MAB
5278, Chemicon). This antibody was raised against phenylalanine hydroxylase (PH) purified
from monkey liver (Jennings et al., 1986), and in unfixed tissue, it binds an epitope in PH,
TH, and tryptophan hydroxylase that is relatively conserved across mammalian species
including humans, rabbits and rats (Cotton et al., 1988). However, this epitope of TH is
modified by formaldehyde fixation and no longer binds the PH8 antibody, allowing selective
labeling of tryptophan hydroxylase (Haan et al., 1987; reviewed in Paterson et al., 2006). In
the present experiments, consistent with previous reports (Haan et al., 1987; Halliday et al.,
1988; Baker et al., 1991a; Baker et al., 1991b; Paterson et al., 2006), this monoclonal
antibody produced immunolabeling in formaldehyde-fixed brain sections only in regions
that contain serotoninergic neurons (raphe nuclei in the midbrain, pons, and medulla).
Although in pilot tests various other commercially-available antibodies produced neuronal
labeling throughout both serotoninergic and catecholaminergic groups, the PH8 antibody
never produced labeling in regions that contain TH-expressing catecholaminergic neurons
but not serotonergic neurons (including the substantia nigra, ventrolateral medulla, and
NTS).

Four different neuropeptide-containing classes of hypothalamic neurons were labeled to
determine whether they project to the BST by means of a double-immunofluorescence
staining procedure. Goat anti-CTb antibody (1:25,000, List) was used in combination with
one of the following commercially-available rabbit antisera raised against: agouti-related
protein (AgRP; 1:6000; H-003-57, Phoenix Pharmaceuticals, Belmont, CA), cocaine-and
amphetamine regulated transcript (CART; 1:1000; G-003-62, Phoenix), melanin
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concentrating hormone (MCH; 1:5000; H-070-47, Phoenix), or orexin-A (1:5000; G-003-30,
Phoenix).

The anti-AgRP antiserum was raised against mouse agouti-related protein (82–131)-NH2
(Phoenix). Without i.c.v. colchicine pre-treatment, this antiserum produced only axonal
immunoreactivity in the hypothalamus and basal forebrain, in restricted locations consistent
with previous reports (Broberger et al., 1998; Elias et al., 1998b; Bagnol et al., 1999). After
i.c.v. colchicine pre-treatment, AgRP-immunoreactivity was also found in neuronal somata
only within the medial subregion of the arcuate hypothalamic nucleus, again consistent with
previous in situ hybridization and immunohistochemical findings (Broberger et al., 1998;
Elias et al., 1998b; Hahn et al., 1998; Bagnol et al., 1999). The affinity-purified anti-CART
antibody was raised against a synthetic rat CART peptide sequence (amino acids 55–102)
and verified to label this peptide at a concentration of 1:1000 – 1:3000 in a dot-blot system
(Phoenix). On Western blot of rat brain tissue homogenates, a 0.5 μg/mL concentration of
this antibody labels a 5 kD band corresponding to endogenous CART, and this labeling is
abolished by pre-incubation with synthetic rat CART (55–102) (Phoenix). More
importantly, in the present experiments this antibody produced a restricted pattern of cell
and axonal labeling in rat hypothalamus consistent with previous reports, including
subpopulations of neurons in the lateral subregion of the arcuate nucleus and lateral
hypothalamus (Koylu et al., 1998; Elias et al., 2001).

The MCH antiserum was raised against the following amino acid sequence: Asp-Phe-Asp-
Met-Leu-Arg-Cys-Met-Leu-Gly-Arg-Val-Tyr-Arg-Pro-Cys-Trp-Gln-Val. The affinity
purified orexin-A antibody was raised against the following peptide: pGlu-Pro-Leu-Pro-
Asp-Cys-Cys-Arg-Gln-Lys-Thr-Cys-Ser-Cys-Arg-Leu-Tyr-Glu-Leu-Leu-His-Gly-Ala-Gly-
Asn-His-Ala-Ala-Gly-Ile-Leu-Thr-Leu-NH2. This antiserum selectively labels the 3.5 kD
orexin-A peptide and its precursor, preproorexin (15 kD) at a concentration of 1 μg/mL on
Western blots of rat brain tissue homogenates (Phoenix product sheet G-003-30). The MCH
and orexin peptide sequences used to make these antibodies are identical in human, mouse,
and rat. More importantly, both antisera produced the distinctive, well-established neuronal
labeling patterns in the LHA expected from previous work (Elias et al., 1998b; Swanson et
al., 2005).

Photomicrographs and data presentation
Digital images were taken using a CCD camera and AnalySis (Soft Imaging Systems,
Lakewood, CO), Nikon ACT-1 software (v2.62), or Nikon Phylum software. Image
cropping, resizing, and adjustments in brightness, contrast, sharpness, and color balance
were performed using Adobe Photoshop CS (San Jose, CA). Red-channel information was
duplicated into the blue channel to enhance visibility for readers with red-green color
blindness.

An X-Y microscope plotter (AccuStage X-Y microscope digitizer and software, Shoreview,
MN) was used to map CTb retrogradely labeled neurons. MDPlot v5.2 software (Accustage)
was used to count neurons after plotting. Neuroanatomical landmarks were outlined based
on cytoarchitectonic and features identified with the aid of thionin counterstained sections
and dark field optics.

In every case, all HSD2 neurons in a 1-in-5 series of sections through the NTS were plotted
and scored for the presence or absence of cytoplasmic CTb immunoreactivity using
conventional fluorescence microscopy and an X-Y microscope plotting system as described
previously (Geerling et al., 2006a). As described previously (Geerling et al., 2006b), the
HSD2 neurons form a compact cluster lining the medial wall of the NTS at caudalmost
levels with an open fourth ventricle, and extend back through the caudal NTS in a band that
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parallels the border between the NTS and AP. Between 112 and 238 HSD2 neurons were
plotted and scored in each case (n=3 normal, n=4 colchicine-treated). All plotting was
performed at 400× magnification, and a neuron was scored as CTb-labeled if it contained
red-fluorescence within the same cytoplasmic distribution and at the same focal depth and as
the surrounding HSD2-immunoreactive cytoplasm. In some cases, percentages of peptide-
or enzyme-immunoreactive retrogradely labeled cells were also plotted and counted for a
other neuroanatomic regions or collection of regions, as defined by standard rat brain atlases
(Paxinos and Watson, 1997) and described below. No stereological procedure or counting
correction factor was used in the present experiments, which were designed only to provide
rough approximations of retrogradely labeled neuronal populations, and not for statistical
comparisons or determinations of an absolute number of labeled cells in the rat brain.

RESULTS
Figure 1 presents the CTb injection sites from the seven cases used in this study; three were
from normal rats and four were from colchicine-treated animals. Of the three normal cases
used in this study, rat #8252 had the most restricted injection, centered on the fusiform
subnucleus of the BST (Figs. 1 & 2). This case was used to illustrate the general pattern of
CTb labeling throughout the brain after injections into BSTvl because of its limited size.
Case #6506 (Fig. 2A) had a larger injection site centered on the NTS-innervated fusiform
subnucleus, but also involving much of the surrounding BSTvl. With the exception of case
#8800 (Fig. 2B), which had a highly restricted injection site in the BSTvl and only slight
diffusion dorsally, CTb injection sites in the colchicine-treated rats were also somewhat
larger. These cases were used only to classify a subset of the neuronal phenotypes that
project to the BSTvl.

Retrograde labeling of HSD2 and A2 neurons in the NTS
In normal rats, CTb injections involving the fusiform subnucleus of the BST produced
retrograde labeling in 35–48% (n=3) of the ipsilateral HSD2 neurons in the NTS (Fig. 3A),
consistent with previous results (Geerling and Loewy, 2006b). Most labeling in this
population was confined to the ipsilateral side; contralateral labeling ranged from 0 to 4% of
the HSD2 population. Likewise, 18–64% (n=4) of the ipsilateral HSD2 neuronal population
was labeled in colchicine-treated cases. Just lateral to the HSD2 population, BSTvl
injections also retrogradely labeled many A2 noradrenergic neurons in the NTS (Fig. 3B).
The density of innervation was approximately 60% from the A2 neurons, 15–30% from the
HSD2 neurons, and 10–25% from unidentified neuronal phenotypes, in the same distribution
we described in a previous report (Geerling and Loewy, 2006b).

BSTvl afferents: case #8252
Five major brain regions contained structures that project to the BSTvl. First, two areas in
cerebral cortex were lightly labeled – the infralimbic and insular cortical areas (Figs. 4A,
4C, 4E, and 4F, Fig. 5A). A small number of weakly labeled neurons were found in both of
these sites, consistent with anterograde data showing for example a light projection from
infralimbic cortex targeting BSTvl subnuclei primarily outside the fusiform region injected
in this case (Dong et al., 2001a).

Second, other rostral forebrain structures project to the BSTvl. Retrogradely labeled neurons
were found in the lateral border of the subfornical organ (Fig. 6), organum vasculosum of
the lamina terminalis (OVLT), and other sites including the dorsal part of the taenia tecta
(Fig 4A), nucleus accumbens—mainly its shell portion (Figs. 4B–C, Fig. 5B), lateral septum
(Figs. 4C), dorsal endopiriform nucleus (Fig. 4B), dorsolateral bed nucleus of stria
terminalis (Fig. 4D), substantia innominata (Fig. 4F), and amygdala (central > basomedial >
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basolateral > medial and cortical regions – see Figs. 4G–L, Figs. 7A–C). The most
prominent retrograde labeling in the amygdala was seen in the medial and lateral
subdivisions of the central nucleus, consistent with the dense axonal projection from these
two subdivisions to the fusiform subnucleus of the BST identified in anterograde tracing
experiments (Dong et al., 2001a). The next prominent concentration of retrograde labeling
within the amygdala was found throughout the rostrocaudal extent of the basomedial
nucleus, complementing with previous anterograde evidence for a moderate input from this
nucleus to the fusiform BST (Dong et al., 2001a). A few additional neurons were found
intermingled within the stria terminalis as it arched between the amygdala and BST (Fig.
4E–F).

Third, midline and intralaminar nuclei of the thalamus innervated the BSTvl. The
paraventricular thalamic nucleus provided the major input (Figs. 4E–I, Figs. 5D–F), while
the central medial, intermediodorsal, and reuniens nuclei contributed to a lesser extent (Figs.
4H&I).

Fourth, several nuclei of the hypothalamus project to the BSTvl; these inputs originate from
the medial preoptic region (Figs. 4D&E; Fig. 5C), arcuate nucleus (Figs. 4G–J, Fig. 5I),
dorsomedial hypothalamic nucleus (Figs. 4H & I), lateral hypothalamic area (Figs. 4F–L,
fig. 7D), parasubthalamic nucleus in the dorsolateral hypothalamus (Figs. 4K & L, Fig. 5H),
and posterior hypothalamic nucleus (Figs. 4K&L).

The fifth major region projecting to the BSTvl was the brainstem. CTb-labeled neurons were
found in the periventricular and periaqueductal gray matter (Figs. 4J–Q, Fig. 7E), midbrain
raphe nuclei (Figs. 4M–P; Fig. 7E), parabrachial nucleus (Figs. 4R–T, Fig. 7F), pre-locus
coeruleus nucleus (Fig. 4Q, Fig. 7F), NTS (Figs. 4R&S, Fig. 7G), and ventrolateral medulla
(Fig. 4R).

BSTvl afferents: case #6506
In general, the relatively larger CTb injection of case #6506 (Figure 8A) produced denser
retrograde labeling in the same brain regions as those described above for case #8252. For
example, labeling in the pons and medulla was virtually identical, with prominent labeling
again found in the pre-LC, PB, and NTS (see Geerling and Loewy, 2006b), but virtually no
labeling elsewhere in the rhombencephalon. However, a few patterns of labeling unique to
case #6506 (besides the overall increase in the number of labeled cells) are worth
mentioning regarding afferents to BSTvl subnuclei surrounding the restricted injection site
of case #8252.

First, many retrogradely labeled cells were seen in the main olfactory bulb, presumably the
result of injection pipette passage through the anterior commissure (ac). In this case, a small
group of axons in the ventral aspect of this white matter tract were filled with CTb (Figure
8A). In most other cases (including 8252), the injection pipette did not penetrate the ac and
neither it nor the olfactory bulb exhibited CTb-immunoreactivity. Second, somewhat more
contralateral labeling was evident in the lateral septum, nucleus accumbens, BST, medial
preoptic area, lateral hypothalamic area, central nucleus of the amygdala, parabrachial
nucleus, and pre-locus coeruleus, whereas comparably little contralateral labeling was seen
in 8252. The locations of these labeled cells mirrored the denser patterns of ipsilateral
labeling in these sites. Third, labeling in the lateral septum rostral to the BST was
significantly more prominent in 6506 relative to 8252, despite a relatively minor increase in
the density of labeling in the nucleus accumbens in the same sections. Fourth, a greater
number of CTb-labeled cells were found in the medial and cortical nuclei of the amygdala,
although the overall pattern of labeling was clustered more prominently in the central and
basolateral nuclei as in 8252.
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Finally, a substantial density of retrogradely labeled cells persisted posteriorly through the
caudal basolateral nucleus of the amygdala, the amygdalohippocampal transition zone, and
into the ventral subiculum/CA1 subregion of the hippocampus (Figure 8B–C). This pattern
of labeling produced by a relatively large BSTvl injection complements the previous
demonstration that most axons of hippocampal neurons targeting in this region of the BST
terminate just outside the fusiform subnucleus, primarily medial and dorsal to the subregion
covered by the more fusiform-restricted CTb injection in our case #8252 (see Figs. 2B and
5B of Cullinan et al., 1993; see also Fig 31 of Dong et al., 2001a). In other cases with
smaller injections in the BSTvl, regions of the amygdala caudal to the CeA contained
smaller numbers of lightly-labeled cells. Tissue sections from #8252 containing caudal
levels of the ventral hippocampus were lost, so it is possible that retrogradely labeled cells
were present in the subiculum in this case, although, unlike #6506, labeling was already
rather sparse at posterior levels of the amygdala (Figure 4K–L).

Neurotransmitter phenotypes of BSTvl-projecting neurons
Some of the hypothalamic neurons that contribute input to the BSTvl were immunoreactive
for neuropeptides implicated in the regulation of food intake, energy balance, and arousal.
For example, orexin and melanin-concentrating hormone (MCH) neurons of the lateral
hypothalamic area (LHA) provide a weak input to the BSTvl region. Figure 9 shows the
distribution of CTb labeling in the lateral hypothalamus of case #8706 (see Fig. 1 for
injection site). Ipsilateral to the injection site, 1.9–2.4% of the orexin and 2.0–3.5% of the
MCH neurons (counting data from n=2 cases each) were retrogradely labeled (Fig. 10).
Conversely, among the ipsilateral CTb-labeled neurons in this region, only 0.1 – 1.0% were
immunoreactive for orexin and 2.4 – 2.8% were immunoreactive for MCH. Similar patterns
of labeling were found in cases with larger injection sites versus those with more restricted
injections inside the BSTvl, as well as normal versus colchicine-treated animals. Thus, only
small percentages of the total orexin and MCH neuronal populations project to the BSTvl,
and the majority of LHA neurons that project to the BSTvl contain neither orexin nor MCH.
The chemical phenotype of the majority of BSTvl-projecting cells in this region remains
unknown (Fig. 9).

Among the robustly labeled neurons found consistently in the arcuate nucleus of the
hypothalamus, 8–13% of the agouti-related protein (AgRP)-immunoreactive neurons
ipsilateral to the injection site were labeled with CTb in animals treated with colchicine
(n=4; Figs. 12 and 13). Conversely, 14–23% of ipsilateral CTb-labeled neurons in this
nucleus were immunoreactive for AgRP. In cases without colchicine, immunoreactivity for
AgRP was found only in axons, not cells bodies. Consistent with this pattern of retrograde
labeling, the BSTvl is heavily targeted by AgRP-immunoreactive axons, as shown in Fig.
11. Within the BSTvl, AgRP-immunoreactive axons were most concentrated in the fusiform
subnucleus, and continued medially into the neighboring parastrial nucleus. In the same
sections, dense axonal labeling was also found in the OVLT and median preoptic nucleus,
surrounding the optic recess of the third ventricle (Fig. 11).

The BSTvl is also innervated by CART-immunoreactive axons (Koylu et al., 1997). Among
CART-immunoreactive neurons in the ipsilateral arcuate nucleus, 7–13% were labeled after
CTb injections into the BST in colchicine-treated animals (n=4; Figs 12 & 13). Conversely,
14–19% of the ipsilateral CTb-labeled neurons in this nucleus were immunoreactive for
CART. Unlike AgRP, both normal and colchicine-treated animals exhibited CART-
immunoreactive cell bodies in the arcuate nucleus. Although more CART-ir neurons were
visible after colchicine treatment (~900 ipsilateral CART-ir neurons in n=4 colchicine-
treated animals, versus ~400 in n=3 normal cases) the retrogradely labeled percentages of
cells were nearly identical in normal cases (6–13% of their ipsilateral CART neurons were
retrogradely labeled; 11–17% of CTb-labeled neurons were immunoreactive for CART).
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Many retrogradely labeled neurons in the brainstem were monoaminergic (Figs. 14–16).
Serotoninergic input to the BSTvl (identified by retrogradely labeled neurons
immunoreactive for tryptophan hydroxylase, TrpOH) originated from the dorsal, central
linear, and central superior raphe nuclei of the midbrain (Figs. 14 and 16). Throughout the
rostrocaudal extent of the dorsal raphe, for example, 6–14% of TrpOH-immunoreactive
neurons were retrogradely labeled (n=3). Conversely, 18–54% of the CTb-labeled neurons
in this nucleus were immunoreactive for TrpOH. None of the retrogradely labeled neurons
in the pons or medulla caudal to the dorsal raphe nucleus were immunoreactive for TrpOH
(Fig. 4Q–S).

Many retrogradely labeled neurons in the brainstem were catecholaminergic. In the midbrain
and pons, these neurons were found in the dorsal raphe nucleus, ventrolateral PAG, and
caudal VTA (Figs. 15 & 16). Of the catecholaminergic (TH-immunoreactive) neurons
throughout the rostrocaudal extent of the dorsal raphe nucleus, for example, 10–20% were
labeled with CTb (n=2). Conversely, 13–31% of CTb-labeled neurons in this nucleus were
immunoreactive for TH. Additional TH-immunoreactive neurons were intermixed with
serotoninergic neurons in the central superior raphe (Fig. 14); 3–10% of which were labeled
with CTb. Since TH neurons in these regions do not express dopamine β-hydroxylase
(Swanson and Hartman, 1975), they are presumptively dopaminergic. In the medulla,
retrograde labeling in catecholaminergic neurons was limited to two groups – the A2
noradrenergic neurons in the NTS (described above) and A1 noradrenergic neurons in the
ventrolateral medulla – consistent with previous reports (Riche et al., 1990;Woulfe et al.,
1990;Terenzi and Ingram, 1995;Geerling and Loewy, 2006b).

DISCUSSION
Based on the connectional data presented here (Fig. 17), the BSTvl appears to be a point of
convergence for input from brain regions with diverse functions. For example, some inputs
originate in a brain region implicated in reward behavior (nucleus accumbens), while others
come from areas associated with emotional expression (amygdala), energy homeostasis
(arcuate, dorsomedial, paraventricular, and lateral hypothalamic nuclei), and visceral and
chemosensory information related to water and sodium balance (subfornical organ, OVLT,
parabrachial nucleus, and NTS). The convergence of these seemingly disparate inputs within
the BSTvl is consistent with previous evidence suggesting that it integrates stress-related
behavioral functions and studies which show that the BST may serve as a nodal point for
regulation of the hypothalamic-pituitary-adrenal (HPA) axis (Herman et al., 2005;Choi et
al., 2007).

Many of the central sites that innervate the BSTvl, including the infralimbic cortex and
central nucleus of the amygdala, have been implicated in stress regulation (Herman et al.,
2005). c-Fos data indicate that these areas are activated by stressful stimuli (Herman et al.,
2005). Drug addiction and withdrawal paradigms suggest a special role for this region of the
BST as well. In monkeys, chronic cocaine self-administration leads to a pronounced
increase in norepinephrine transporter expression in a subregion of the BSTvl (Macey et al.,
2003), which likely corresponds to the rat fusiform subnucleus.

In rats, stress-conditioned responses and behaviors associated with opiate administration and
withdrawal are dependent on the activation of BSTvl-projecting A1/A2 noradrenergic
neurons in rats (Delfs et al., 2000; Wang et al., 2001). These two BSTvl-projecting
noradrenergic groups respond to a variety of other physiological and psychological stressors,
such as hypertonic saline administration (Ceccatelli et al., 1989; Hochstenbach et al., 1993;
Geerling and Loewy, 2007a), gastrointestinal stimulation (Rinaman et al., 1993; Willing and
Berthoud, 1997; Rinaman et al., 1998), hemorrhage (Chan and Sawchenko, 1995), hypoxia
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(Buller et al., 1999), immune challenge (Ericsson et al., 1994), and noise (Dayas et al.,
2001). Conversely, the production of norepinephrine by neurons in the NTS is somehow
necessary for reward-related responding to morphine (Olson et al., 2006); it remains
unknown whether this involves their projections to the BSTvl or other targets, such as the
caudal nucleus accumbens shell (Delfs et al., 1998).

The present study provides a catalog of the various inputs to a restricted part of the BST,
which sends efferent projections to many of the same regions (Dong et al., 2001b). For
example, the BSTvl innervates the nucleus accumbens, extended amygdala complex
(dorsolateral BST, sublenticular substantia innominata, central nucleus of the amygdala,),
hypothalamus (paraventricular, dorsomedial, perifornical, and parasubthalamic nuclei), and
brainstem (periaqueductal gray matter, parabrachial nucleus, and NTS). Many of these
reciprocally linked regions integrate autonomic, neuroendocrine, and behavioral changes
related to basic visceral functions. Via their inputs to the BSTvl, these systems may respond
to interoceptive imbalances and thereby serve in homeostasis.

Although the BSTvl is linked bidirectionally to a number of forebrain regions, not all of its
output connections are reciprocated. For example, some neurons in the fusiform BST project
to the paraventricular hypothalamic nucleus (Cullinan et al., 1993; Dong et al., 2001b),
while few if any neurons were retrogradely labeled in the PVH in the present experiments.
Similarly, neurons within the BSTvl densely innervate the orexin neurons in the perifornical
LHA, providing the heaviest input to this group of all central afferents (Yoshida et al.,
2006). As shown here, however, very few orexin neurons project back to the BSTvl.

Also, the BSTvl (particularly the fusiform subnucleus) projects only to the caudal nucleus
accumbens (Dong et al., 2001b), yet it receives input from a much larger region of the
accumbens shell (Figs 4B&C). There are considerable local connections within the nucleus
accumbens whereby both the core and shell regions are linked by interneurons (van Dongen
et al., 2005), so the bidirectional linkage between nucleus accumbens and the BSTvl may
involve numerous sets of local neurons. This pathway also may be affected by other brain
sites that project to both the nucleus accumbens and BSTvl such as the basal amygdala,
infralimbic and agranular insular cortical regions, and midline thalamic groups
(paraventricular and intermediodorsal thalamic nuclei), and midbrain dopamine neurons
(Heimer et al., 1997a; Hasue and Shammah-Lagnado, 2002). Just how these systems interact
and what functions they subserve remain unknown, but the BSTvl may be a site of
convergence between multiple reward-related pathways and appetitive circuits affecting
water, sodium, and food intake (see below for further discussion).

Inputs related to appetite and visceral homeostasis
The nutritional needs of all animals are regulated by specific brain pathways that detect
peripheral signals related to deficiencies in water, salt, or food. Some of these signals are
detected by specific types of neurons that are found in or near the circumventricular organs
(CVOs), which lack a blood brain barrier and are thus exposed to the chemical environment
of the blood to monitor its osmotic, ionic, and hormonal composition of the plasma
(McKinley et al., 2003). These neurons are the initial sensing elements that form
functionally specific hard-wired pathways that process this information related to nutritional
inadequacies. Ultimately, information from these neurons reaches forebrain sites that trigger
motor programs for appropriate behavioral activities directed at achieving energy, water, and
electrolyte balance. Our data clearly show that many cell groups implicated in appetitive
functions provide input to the BSTvl.

The HSD2 neurons of the NTS, which are activated in association with nutritional sodium
deficiency (Geerling et al., 2006a), project directly to the BSTvl (Geerling and Loewy,
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2006b). The present study confirms this finding, and that the two brainstem relay sites that
are densely innervated by the HSD2 neurons - the external lateral parabrachial nucleus and
the pre-locus coeruleus – each contain neurons that project directly to the BSTvl. Neurons in
all three sites become Fos-activated during dietary sodium deprivation, although,
interestingly, neurons in the BSTvl do not show a detectable change in c-Fos expression
under this condition (Geerling and Loewy, 2007b). Why target neurons in the pons, but not
those in the BSTvl, show c-Fos activation upon HSD2 neuronal activation remains
uncertain, but this problem may reflect the inconsistent sensitivity of c-Fos as an activity
marker in different groups of neurons (Wan et al., 1992; Hoffman et al., 1993).

The rostral forebrain contains two neuronal CVOs, the organum vasculosum of the lamina
terminalis (OVLT) and subfornical organ (SFO), which are important neural elements
influencing thirst and sodium appetite (Hiyama et al., 2004; McKinley et al., 2006). As
shown here, both sites project directly to the BSTvl, confirming earlier work (Swanson and
Lind, 1986; Sunn et al., 2003). PHA-L injections in the SFO also resulted in axon terminal
labeling in the parastrial nucleus (Swanson and Lind, 1986), which is located just medial to
the BSTvl and projects densely to the magnocellular and parvicellular subdivisions of the
PVH, as well as the dorsomedial hypothalamic nucleus (Thompson and Swanson, 2003).

SFO and OVLT neurons are extremely sensitive to blood-borne angiotensin II – a potent
dipsogenic hormone (Simpson and Routtenberg, 1973; Sunn et al., 2003) and glial cells in
the SFO are directly sensitive to increases in the plasma sodium concentration (Hiyama et
al., 2004; Watanabe et al., 2006). Thus, the SFO, OVLT, BSTvl, parastrial nucleus, PVH,
and supraoptic nucleus represent key components of a network that senses perturbations in
fluid and electrolyte balance to drive compensatory autonomic, neuroendocrine and
behavioral changes that affect arousal, ingestive behavior, glucocorticoid production,
vasopressin and oxytocin secretion, and sympathetic tone. This hypothesis is supported by
additional neuroanatomical data showing that the SFO projects directly to the magnocellular
neurons of both the PVH and supraoptic hypothalamic nucleus, as well as to the median
preoptic nucleus (MnPO), which projects heavily to the parvicellular portion of the PVH
(Thompson and Swanson, 2003), which provides descending projections to the both vagal
and sympathetic preganglionic neurons (Saper et al., 1976). The potential for a descending
SFO→MnPO→PVH→ autonomic pathway was discussed in an earlier publication in the
context of viral transneuronal data showing that all these sites are labeled after pseudorabies
virus injections into the either stellate sympathetic ganglion or adrenal gland (Westerhaus
and Loewy, 1999).

Inputs from the arcuate hypothalamic nucleus
The neural networks and their mediators that regulate food intake and body weight have
been studied intensely, and several hypothalamic neuropeptide systems that participate in
these functions have been characterized (Williams et al., 2001; Williams et al., 2004). One
set of neurons within the arcuate nucleus co-expresses neuropeptide Y and agouti-related
peptide (AgRP) (Broberger et al., 1998; Hahn et al., 1998) and projects to a number of sites
including the PVH and perifornical hypothalamic area (Elias et al., 1998b), where both of
these peptides act to stimulate hunger and reduce energy expenditure (Stanley et al., 1986;
Hagan et al., 2000). These neurons also project heavily to the BST, selectively targeting the
fusiform subnucleus as well as the neighboring parastrial nucleus (Fig. 11).

A separate set of neurons in the arcuate hypothalamic nucleus co-expresses
proopiomelanocortin (POMC) and cocaine-amphetamine-related transcript (CART) (Elias et
al., 1998a). These neurons produce the POMC cleavage product α-melanocyte-stimulating
hormone (α-MSH) (Knigge et al., 1985). Central injections of either α-MSH or CART
causes an increase in energy expenditure and a reduction in hunger (Larsen and Hunter,
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2006), although the key sites of action remain unsettled. The fusiform BST and/or parastrial
nucleus, both of which receive are densely innervated by CART-immunoreactive axons
(Koylu et al., 1997), may represent important functional targets in the behavioral,
autonomic, and/or neuroendocrine actions of these peptides. The retrograde tracing data
presented here confirm that many of the CART-immunoreactive axons found in the BST
originate from neurons in the arcuate nucleus (Fig. 13). Similarly, the BST receives an
extensive α-MSH innervation (O'Donohue et al., 1979), a majority of which likely arises
from these same neurons in the arcuate nucleus. The only other POMC/α-MSH-expressing
neurons in the brain are found in the NTS (Appleyard et al., 2005) and it is unclear whether
these particular neurons project to the BST. Our CTb data suggest that the bulk of the BST
innervation originating from the NTS arises from A2 noradrenergic neurons (~60%) and
HSD2 neurons (~25%), with the remaining ~15% of this projection originating from
neurons of unknown phenotype. Thus, it is unknown whether any of the POMC/α-MSH
neurons in the NTS contribute to this pathway.

Inputs from the lateral hypothalamic area
Many neurons in the lateral hypothalamic area (LHA) project to the BSTvl. These inputs
arise from three general regions: the perifornical LHA, the LHA proper at the level of the
ventromedial hypothalamic nucleus, and the parasubthalamic nucleus in the caudal
dorsolateral hypothalamus (Fig. 4). The exact phenotype of most of these cells remains
unknown. Over 95% of the LHA neurons that project to the BSTvl do not express orexin or
melanocortin-concentrating hormone (MCH), neuropeptides used to define separate
subpopulations of neurons that occupy a large extent of the LHA (Swanson et al., 2005).
With respect to the orexin neurons, in particular, this result was unexpected. The BSTvl
provides the most concentrated source of axonal input to the orexin neurons (Yoshida et al.,
2006), so we had anticipated more of a reciprocal projection. Whether additional feedback
communication is mediated via interneurons located in the LHA remains unknown.

Inputs from the dorsomedial hypothalamic nucleus
The dorsomedial hypothalamic nucleus (DMH) and the BSTvl are bidirectionally connected
(Thompson et al., 1996; Thompson and Swanson, 1998). Here we demonstrated that the
anterior and ventral parts of the DMH project to the BSTvl, and earlier work showed that the
BSTvl (fusiform subnucleus) projects to these same regions (Dong et al., 2001b). The DMH
receives input from the suprachiasmatic nucleus - the main circadian pacemaker. Its outputs
influence arousal, body temperature, corticosteroid release, and locomotor activity in
response to endogenous circadian input from the suprachiasmatic nucleus and possibly
circadian food entrainment as well (Chou et al., 2003; Gooley et al., 2006; Landry et al.,
2006).

The DMH exerts influence over autonomic functions due its dense innervation of the
autonomic-related region of the PVH (Thompson and Swanson, 1998). Both the BSTvl
(fusiform subnucleus) and the parastrial nucleus provide direct axonal projections to this
same region of the PVH (Dong et al., 2001b; Thompson and Swanson, 2003). These direct
and indirect pathways to the PVH may be important for the modulation of autonomic
functions in response to interoceptive stimuli.

Monoaminergic inputs from the midbrain
Another region with bidirectional connections to the BSTvl is the periaqueductal gray matter
(PAG). Our findings confirm the findings of Hasue and Shammah-Lagnado (2002) that
dopaminergic neurons within the midbrain periaqueductal gray matter, dorsal raphe nucleus,
and central superior (linear) raphe nucleus project to the BST. These investigators found
similar patterns of retrograde labeling after injections into the dorsolateral BST or central
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nucleus of the amygdala, suggesting that these midbrain dopaminergic neurons project
widely throughout the central extended amygdala.

Dopaminergic neurons in this region also project to cholinergic neurons in the laterodorsal
tegmental nucleus, midline and intralaminar thalamic nuclei, ventrolateral preoptic region
(VLPO), infralimbic cortex, and help maintain wakefulness (Lu et al., 2006). The innermost
part of the PAG also provides a dense input to the external lateral parabrachial nucleus
(Krout et al., 1998), a region that receives axonal input from the HSD2 neurons originating
from the NTS (Geerling and Loewy, 2006b) and sends an ascending projection to the
extended amygdala, which contributes a direct descending projection back to the HSD2
neurons (Geerling and Loewy, 2006a). What role the dopaminergic neurons of the PAG
contribute to this pathway is unknown.

Partially intermixed with these dopaminergic neurons are serotoninergic neurons. These are
distributed in the periaqueductal gray matter, dorsal raphe, and central superior raphe
nucleus and many project to the BSTvl (Figs. 14 and 16). Throughout much of the
neuroscience literature, it has been generally assumed that the ascending projections arising
from these serotoninergic neurons function as part of the central circuits that modulate
anxiety and related behaviors (Lowry et al., 2005;Hensler, 2006), but these neurons also
participate in other functions, such as circadian phase-shifting (Morin and Allen, 2006). The
functional role of serotoninergic projections to the BST, like that of dopaminergic input to
this region, remains unknown.

Input-output relationships and potential functions
The data presented here indicate that the BSTvl receives a diverse array of inputs. Its
afferent neurons have been implicated in a variety of functions including the detection of
sodium deficiency (HSD2 neurons of the NTS, pre-locus coeruleus, external lateral
parabrachial nucleus, SFO, OVLT), visceral status (A1 and A2 noradrenergic neurons),
anabolic and catabolic states of energy balance (AgRP and CART neurons of the arcuate
nucleus), reward and motivation (nucleus accumbens), arousal (dopamine neurons of the
PAG), circadian function (paraventricular thalamic nucleus, dorsomedial hypothalamus),
and emotion (amygdala, infralimbic and insular cortices, midbrain serotoninergic neurons).

In synthesizing the findings presented in this report, it is equally important to consider the
outputs of the BSTvl. Dong and colleagues (2001b) described the efferent projections of the
BST fusiform subnucleus, which lies at the center of this region and receives the densest
input from many of the sites listed above, particularly the HSD2 neurons in the NTS, A1 and
A2 noradrenergic neurons, and AgRP-containing neurons in the arcuate nucleus. Output
from this subnucleus heavily targets the substantia innominata, the parvocellular
paraventricular hypothalamic nucleus, the dorsomedial, perifornical, and lateral
hypothalamus, the central nucleus of the amygdala, the PAG, pre-locus coeruleus, lateral
parabrachial area, and NTS. Many of these target areas influence autonomic functions. In
addition, some represent sites that we identified as regions activated during sodium
deprivation, such as the pre-locus coeruleus, lateral parabrachial nucleus, and medial NTS
(compare Figs 6W and 6Z of Dong et al, 2001 with Figures 6 and 16 of Geerling and
Loewy, 2007).

One of the densest output projections from neurons in the BST fusiform subnucleus targets
the dorsal part of the substantia innominata (see Fig. 6H of Dong et al, 2001). This pallidal-
derived region of the substantia innominata (SI), located just ventral to the globus pallidus,
may influence motor function. Its neurons represent an important output channel for neurons
of striatal-derived structures including the nucleus accumbens (Heimer et al., 1997a;Heimer
et al., 1997b) and regions of the extended amygdaloid complex (Bourgeais et al., 2001). In
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addition to many of the neuroendocrine and autonomic areas of the hypothalamus found to
project to the BSTvl, the SI sends a heavy projection to a wide wedge within the core of the
midbrain, in an area that has been termed the “mesencephalic locomotor region” (Fig. 18).
This region includes the ventrolateral periaqueductal gray matter, deep mesencephalic
reticular formation, and pedunculopontine tegmental nucleus (see Fig. 4A–D of Swanson et
al., 1984;Mogenson et al., 1985).

This region was named the mesencephalic locomotor region after the demonstration that
electrical stimulation at this site in cats elicited spontaneous walking on a treadmill (Shik et
al., 1966). This response is dependent on descending connections from this region to
reticulospinal neurons located medially in the medullary reticular formation (Garcia-Rill and
Skinner, 1987). Functional imaging studies have revealed the potential importance of this
midbrain region for initiating and modulating locomotion in humans (Lee et al., 2003;
Hathout and Bhidayasiri, 2005). Chemical stimulation of neurons in the neighboring PAG
produces integrated autonomic, nociceptive, and motor responses (Bandler and Shipley,
1994).

Some of these findings can be explained by data from viral transneuronal tracing studies
from our laboratory which demonstrated that the ventrolateral PAG is multisynaptically
linked to both the cardiosympathetic and cardiovagal systems (Farkas et al., 1997; Farkas et
al., 1998). The pedunculopontine nucleus (PPN) has reciprocal connections with the
substantia nigra, globus pallidus, and subthalamic nucleus, and thereby modulates basal
ganglia-mediated motor activity (Nakano, 2000). PPN neurons also project to other sites,
including an area in pontine reticular formation that induces rapid eye movement (REM)
sleep (Mitani et al., 1988; Yamamoto et al., 1990; Leonard and Lydic, 1997) and the
medullary reticular formation, including both rostral ventrolateral medulla and the
ventromedial reticular areas – regions which modulate sympathetic outflow and
somatomotor output, respectively (Inglis and Winn, 1995; Winn et al., 1997). Some PPN
neurons project directly to the spinal cord as well (Rye et al., 1988; Skinner et al., 1990).
These direct and indirect routes to the spinal motor and sympathetic systems could be part of
a central output system governing the transformation of appetite, anxiety, or emotional
events into motivated behaviors, such as searching for and consuming food, water, or salt
(Fig. 18).

Conclusions
The ventrolateral bed nucleus of the stria terminalis receives axonal input from neurons in
diverse regions of the brain. These afferent regions have been implicated in a variety of
functions including autonomic modulation, neuroendocrine regulation, arousal, reward,
appetite, and stress-related behaviors. Based on this input diversity and known output
connections of the BSTvl, its neurons may modify appetitive functions and hedonic
behaviors in response to visceral stimuli.
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ABBREVATIONS USED IN FIGURES

3V Third ventricle
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5-HT Serotonin

ac Anterior commissure

AgRP Agouti-related protein

AP Area postrema

Aq Cerebral aqueduct

AHN Anterior hypothalamic nucleus

AHZ Amygdalohippocampal transition zone

AId Agranular insular cortex, dorsal part

AIp Agranular insular cortex, posterior part

Arc Arcuate hypothalamic nucleus

BLA Basolateral nucleus of the amygdala

BMA Basomedial nucleus of the amygdala

BSTdl Bed nucleus of the stria terminalis- dorsolateral region

BSTdm Bed nucleus of the stria terminalis-dorsomedial subnucleus

BSTfu Bed nucleus of the stria terminalis- fusiform subnucleus

BSTsc Bed nucleus of the stria terminalis-subcommissural subnucleus

BSTvl Bed nucleus of the stria terminalis-ventrolateral region

CART Cocaine-and amphetamine regulated transcript

cc Corpus callosum

CeA-l Central nucleus of the amygdala-lateral subdivision

CEA-m Central nucleus of the amygdala-medial subdivision

CM Central medial thalamic nucleus

CP Caudate-Putamen

CS Superior central raphe nucleus

DMH Dorsomedial hypothalamic nucleus

DR Dorsal raphe nucleus

DTN Dorsal tegmental nucleus

EPd Endopiriform nucleus, dorsal part

fr Fasciculus retroflexus

fx Fornix

GP Globus pallidus

IC Inferior colliculus

III Oculomotor nucleus

ILC Infralimbic cerebral cortex

IMD Intermediodorsal thalamic nucleus

IPN Interpeduncular nucleus
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islm Island of Calleja (olfactory tubercle)

IV Trochlear nucleus

LA Lateral nucleus of the amygdala

LGd Lateral geniculate nucleus, dorsal part

LH Lateral habenular nucleus

LHA Lateral hypothalamic area

LS Lateral septum

LV Lateral ventricle

MeA Medial nucleus of the amygdala

MeV Mesencephalic nucleus of the trigeminal nerve

MCH Melanin-concentrating hormone

MH Medial habenular nucleus

ml Medial lemniscus

mlf Medial longitudinal fasciculus

MPO Medial preoptic nucleus

mtt Mammillothalamic tract

NAc core Nucleus accumbens, core region

NAc shell Nucleus accumbens, shell region

NTS Nucleus of the solitary tract

OVLT Organum vasculosum of the lamina terminalis

PAG Periaqueductal gray matter

PBel Parabrachial nucleus, external lateral subnucleus

PeF Perifornical hypothalamic region

PF Parafascicular thalamic nucleus

PMv Premammillary nucleus, ventral part

pre-LC Pre-locus coeruleus nucleus

PS Parastrial nucleus

PSTN Parasubthalamic nucleus

PVG Periventricular gray matter

PVH Paraventicular hypothalamic nucleus

PVp Posterior periventricular hypothalamic nucleus

PVT-a Paraventricular thalamic nucleus, anterior part

PVT-m Paraventricular thalamic nucleus, middle part

PVT-p Paraventricular thalamic nucleus, posterior part

RM Raphe magnus nucleus

RN Red nucleus
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RPa Raphe pallidus nucleus

RPO Raphe pontine nucleus

RO Raphe obscurus nucleus

SC Superior colliculus

scp Superior cerebellar peduncle

SEZ/RC Subependymal zone/rhinocele

SFO Subfornical organ

SH Septohippocampal nucleus

SI Substantia innominata

SNc Substantia nigra, pars compacta

SNr Substantia nigra, pars reticulata

SON Supraoptic nucleus

SpV Spinal sensory nucleus of the trigeminal nerve

st Stria terminalis

STN Subthalamic nucleus

TTd Taenia tecta, dorsal part

VMH Ventromedial hypothalamic nucleus

VTA Ventral tegmental area

X Dorsal vagal nucleus

XII Hypoglossal nucleus

ZI Zona incerta
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Figure 1.
CTb injection sites that targeted to the BSTvl. The left column shows injection sites from
three normal cases. The right column shows injection sites from four colchicine-treated rats
used to identify peptidergic phenotypes of retrogradely labeled neurons in the hypothalamus.
These rat brain drawings were adapted from the atlas of Swanson (Swanson, 1998).
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Figure 2.
Photomicrographs of injection sites. (A) A normal rat (Case #8252) with a small CTb
injection, contained entirely within the BSTvl. (B) A colchicine-treated rat (Case #8800)
with an injection centered in the BSTvl, with slight dorsal extension of the surrounding
“halo” of CTb labeling. Scale bar = 500 μm.

Shin et al. Page 27

J Comp Neurol. Author manuscript; available in PMC 2009 December 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
(A) In the NTS, many HSD2 immunoreactive neurons (green) were retrogradely labeled
following injections of CTb (magenta) into the BSTvl (arrowheads = CTb + HSD2 double-
labeled neurons; Case #8706). (B) Lateral to the HSD2 neurons, many A2 noradrenergic
neurons (tyrosine hydroxylase immunoreactive, shown in green) were retrogradely labeled
following injections of CTb (magenta) into the BSTvl (arrowheads = TH + CTb double-
labeled neurons; Case #8706). Scale bar = 100 μm.
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Figure 4.
(A–S) Line drawings showing neurons retrogradely labeled with CTb throughout the brain
in rat #8252, after an injection centered on the fusiform subnucleus and contained entirely
within the BSTvl (see Figure 2A). Individual CTb-labeled neurons are represented by red
dots. See “Abbreviations Used in Figures” for nomenclature.
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Figure 5.
Retrogradely labeled neurons in the forebrain, thalamus, and hypothalamus after the most
restricted injection within BSTvl (Case #8252). (A) Infralimbic cortex; (B) Nucleus
accumbens; (C) Medial preoptic region; (D–F) Paraventricular thalamic nucleus including
anterior, middle, and posterior levels; (G) Agranular insular cortex; (H) Parasubthalamic
region of dorsolateral hypothalamus; (I) Arcuate nucleus. Inset drawings show the region of
photomicrograph from a corresponding section in Figure 4. Scale bar = 200 μm.
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Figure 6.
CTb-labeled neurons were present in the lateral border of the subfornical organ (SFO) after
CTb injections in the BSTvl. Scale bar = 500 μm in (A), and scale bar = 200 μm in (B).
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Figure 7.
Select examples of CTb-labeled neurons in amygdala, hypothalamus, and brainstem after the
most restricted injection within BSTvl (Case #8252). (A–C) Amygdala; (D) Perifornical
hypothalamic area; (E) Periaqueductal gray matter at midbrain level; (F) Dorsal pontine
level showing pre-LC and parabrachial nuclei; (G) Nucleus of the solitary tract (NTS). Inset
drawings show the region of photomicrograph from a corresponding section in Figure 4.
Scale bar = 200 μm.
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Figure 8.
(A) The CTb injection site of case #6506 was centered on the fusiform subnucleus, but
involved more of the surrounding BST. (B) In this case, dense retrograde labeling extended
further caudally through the basal amygdala, amygdalohippocampal transition zone, ventral
subiculum, and CA1 subregion of the hippocampus. Retrogradely labeled cells in the
hypothalamus were omitted for clarity. This pattern of labeling after a larger CTb injection
complements prior anterograde tracer data from the hippocampus showing that axons from
the subiculum target BST subnuclei largely outside the fusiform subnucleus (Cullinan et al.,
1993). Scale bar in (A) is 500 μm.
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Figure 9.
The lateral hypothalamic area showed a consistent distribution of CTb-labeled neurons (red)
largely separate from the overlapping populations of neurons immunoreactive for orexin (A–
C) or melanin-concentrating hormone (A′ –C′) after a CTb injection in the BSTvl (Case
#8706). Note also the dense terminal field of axons from the BSTvl, which have been shown
to heavily target the orexin neurons (Yoshida et al., 2006).
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Figure 10.
Most retrogradely labeled cells in the lateral hypothalamic area (LHA) formed a separate
subpopulation from the orexin- and melanocortin-concentrating hormone (MCH) neurons,
two well-known and independent subgroups of neurons that help define this region of the
brain both functionally and anatomically. These double-fluorescence images, taken from
adjacent mid-level sections through the LHA, show retrograde CTb labeling (green) in
combination with labeling for each of these peptides (magenta). (A–C) Orexin neurons were
noticeably co-distributed with anterograde axonal CTb labeling after injection of this
bidirectional tracer into the BSTv1, consistent with previous data demonstrating that the
BSTvl is a major source of input to this peptidergic group (Yoshida et al., 2006).
Conversely, the overall distribution of CTb retrogradely labeled neurons was centered
somewhat ventral to the orexin population, and these neurons tended to be somewhat
smaller than the orexin neurons. (A'–C') Similarly, although MCH-immunoreactive neurons
were partially co-distributed with CTb-labeled cells, only a small number of these neurons
were double-labeled. Retrograde labeling in the LHA and immunoreactivity for orexin and
MCH were similar for all cases in this study; these examples were taken from adjacent
sections in Case #8706. Scale bar = 500 μm.
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Figure 11.
(A) Agouti-related protein (AgRP)-immunoreactive fibers from the arcuate nucleus of the
hypothalamus densely innervate the BSTvl. (B) Enlargement of the BSTvl is shown in (A)
to illustrate that AgRP axonal labeling in this region is most concentrated in the fusiform
subnucleus (BSTfu), as determined by its anatomic position relative to the ac and by local
cytoarchitecture in this section after subsequent Nissl counterstaining (not shown). The
dorsomedial and subcommissural BST subnuclei lacked AgRP fibers. In this region of the
basal forebrain, AgRP-labeled fibers were also found in the medially-adjacent parastrial
nucleus (PS), median preoptic nucleus, and OVLT. These cytoarchitectonic divisions were
based on the nomenclature of Dong and Swanson (Dong et al., 2001b). Scale bar = 500 μm
for low power image shown in A, and 200 μm for inset image shown in B.
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Figure 12.
Line drawings showing the distribution of neurons immunoreactive for agouti-related
protein (AgRP, A–C) or cocaine-and amphetamine regulated transcript (CART, A'–C') in
the arcuate hypothalamic nucleus, relative to CTb retrograde labeling after injections in the
BSTvl (Case #8800).
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Figure 13.
Photomicrographs showing neurons immunoreactive for CTb (magenta) and agouti-related
protein (AgRP, A–C) or cocaine-and amphetamine regulated transcript (CART, A'–C') in
the arcuate nucleus of the hypothalamus (upper panels, both in green). Lower panels show
double-labeled neurons (white), indicated by arrows. The examples shown here are from
colchicine-treated rats (Cases #8804 and #8800). Retrograde labeling in CART-
immunoreactive neurons was similar in all cases with injections that involved the BSTvl,
whereas AgRP immunoreactivity in cell somata only became visible in colchicine-treated
animals. Scale bar = 50 μm.
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Figure 14.
Many serotoninergic neurons (immunoreactive for tryptophan hydroxylase, TrpOH; shown
in green) in the midbrain and pons were retrogradely labeled after CTb injections in the
BSTvl. Most retrogradely of these double-labeled neurons were concentrated in the dorsal
raphe or central linear raphe nuclei. These illustrations were made from colchicine-treated
Case #8800; the patterns of TrpOH labeling and retrograde labeling were similar after all
CTb injection into BSTvl.
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Figure 15.
In the rostral brainstem, many neurons immunoreactive for tyrosine hydroxylase (TH) were
retrogradely labeled after CTb injections in the BSTvl. Unlike the A1 and A2 noradrenergic
neurons in the brainstem, these TH-expressing neurons do not express dopamine β-
hydroxylase (Swanson and Hartman, 1975), and thus, are presumptively dopaminergic.
Outside the A1 and A2 noradrenergic groups in the medulla, most TH-immunoreactive
neurons that project to the BSTvl were distributed in the region of the dorsal raphe nucleus
and ventrolateral PAG, immediately ventral to the cerebral aqueduct, with fewer cells
extending ventrally into the central linear raphe and ventral tegmental area. These examples
are shown for colchicine-treated Case #8706; the patterns of TH labeling and retrograde
labeling were similar after all CTb injections into BSTvl. Note that in panel A, the dense
collections of dopaminergic neurons in the substantia nigra are represented in solid green for
simplicity, as no labeled neurons were found in this region in any BSTvl-injected cases.
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Figure 16.
Photomicrographs showing neurons in the dorsal raphe nucleus immunoreactive for
tryptophan hydroxylase (serotoninergic, A–C) or tyrosine hydroxylase (dopaminergic, A'–
C') and retrogradely labeled after a CTb injections in the BSTvl (Case #8706). Upper panels
show neurons immunoreactive for tryptophan hydroxylase or tyrosine hydroxylase (green).
Middle panels show CTb-labeled neurons (magenta). Lower panels show merged images;
double-labeled neurons (white) are indicated by arrows. Scale bar = 50 μm.
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Figure 17.
Sources of input to the BSTvl determined by the retrograde CTb labeling experiments
presented in this report.
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Figure 18.
Hypothesized descending pathway for translating emotional states or appetitive need for
food, salt or water into goal-directed motor tasks. Representative afferents to the BSTvl that
are implicated in detecting changes in nutrient status and energy balance are shown at top.
Information from these sites is integrated by neurons within the BSTvl, which project
densely to the dorsal substantia innominata (SI), among other sites (Dong et al., 2001b).
Next, major efferent projections from neurons in the SI target the reticular formation and
pedunculopontine nucleus in the midbrain (Swanson et al., 1984). Neurons in these sites
stimulate motor behavior and autonomic activation via indirect projections through the
medullary reticular formation and direct projections to the spinal cord (see references in
Discussion). These serial projections (BSTvl → SI → midbrain reticular formation / PPT →
medullary reticular formation → spinal cord) represent a likely output channel for the
modulation of somatomotor and autonomic function, and likely play an important role in
driving behaviors such as foraging for salt, water, and/or food in response to or in
combination with emotional states.
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