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ABSTRACT

The organization of axonal projections from the oval and fusiform nuclei of the bed nuclei of
the stria terminalis (BST) was characterized with the Phaseolus vulgaris-leucoagglutinin
(PHAL) anterograde tracing method in adult male rats. Within the BST, the oval nucleus
(BSTov) projects very densely to the fusiform nucleus (BSTfu) and also innervates the caudal
anterolateral area, anterodorsal area, rhomboid nucleus, and subcommissural zone. Outside the
BST, its heaviest inputs are to the caudal substantia innominata and adjacent central amygdalar
nucleus, retrorubral area, and lateral parabrachial nucleus. It generates moderate inputs to the
caudal nucleus accumbens, parasubthalamic nucleus, and medial and ventrolateral divisions of
the periaqueductal gray, and it sends a light input to the anterior parvicellular part of the
hypothalamic paraventricular nucleus and nucleus of the solitary tract. The BSTfu displays a
much more complex projection pattern. Within the BST, it densely innervates the anterodorsal
area, dorsomedial nucleus, and caudal anterolateral area, and it moderately innervates the
BSTov, subcommissural zone, and rhomboid nucleus. Outside the BST, the BSTfu provides dense
inputs to the nucleus accumbens, caudal substantia innominata and central amygdalar nucleus,
thalamic paraventricular nucleus, hypothalamic paraventricular and periventricular nuclei,
hypothalamic dorsomedial nucleus, perifornical lateral hypothalamic area, and lateral tegmental
nucleus. Moderately dense inputs are found in the parastrial, tuberal, dorsal raphé, and para-
brachial nuclei and in the retrorubral area, ventrolateral division of the periaqueductal gray, and
pontine central gray. Light projections end in the olfactory tubercle, lateral septal nucleus,
posterior basolateral amygdalar nucleus, supramammillary nucleus, and nucleus of the solitary
tract. These and other results suggest that the BSTov and BSTfu are basal telencephalic parts of
a circuit that coordinates autonomic, neuroendocrine, and ingestive behavioral responses during
stress. J. Comp. Neurol. 436:430—-455, 2001.  © 2001 Wiley-Liss, Inc.

Indexing terms: autonomic; central amygdalar nucleus; CRH; ingestive behavior; paraventricular
nucleus of the hypothalamus; stress

Many studies indicate that the bed nuclei of the stria
terminalis (BST) play an important role in the coordina-
tion of neuroendocrine, autonomic, and somatomotor re-
sponses during behaviors associated with a definite affec-
tive or emotional component (Casada and Dafny, 1991;
Swanson, 1991; Gray et al., 1993; Dunn and Williams,
1995; Herman and Cullinan, 1997; Risold et al., 1997;
Watts, 2001). The BST receive massive, topographically
organized inputs from most parts of the amygdala (Kret-
tek and Price, 1978; Weller and Smith, 1982; Dong et al.,
2001) and in turn project massively to the nucleus accum-
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bens (ventral striatum), substantia innominata (ventral
pallidum), hypothalamus, midline thalamic nuclei, and
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Abbreviations
anterior amygdalar area CUN
anterior commissure DMH
nucleus accumbens DMHa
anterior commissure, olfactory limb DMHp
anterior commissure, temporal limb DMHv
anterodorsal nucleus thalamus DMX
anterior hypothalamic area DR
anterior hypothalamic nucleus DTN
anterior hypothalamic nucleus, anterior part ENTI1
anterior hypothalamic nucleus, central part EPv
anterior hypothalamic nucleus, dorsal part EW
anterior hypothalamic nucleus, posterior part FF
anteromedial nucleus thalamus, dorsal part fi
area postrema fr
cerebral aqueduct FS
arcuate nucleus hypothalamus fx
anteroventral preoptic nucleus GP
anteroventral periventricular nucleus hypothalamus GPl
Barrington’s nucleus GPm
bed nucleus accessory olfactory tract GR
basolateral amygdalar nucleus, anterior part GRN
basolateral amygdalar nucleus, posterior part 1A
basomedial amygdalar nucleus, anterior part IAM
basomedial amygdalar nucleus, posterior part ic
bed nuclei of the stria terminalis ite
bed nuclei of the stria terminalis, anterior division, an- ICe

terodorsal area 1Ce
bed nuclei of the stria terminalis, anterior division, an- F
terolateral area ILA
bed nuclei of the stria terminalis, anterior division, an- IMD
teroventral area INS
bed nuclei of the stria terminalis, anterior division, an- int
terodorsal area, central core isl
bed nuclei of the stria terminalis, posterior division, dor- IVn
sal nucleus KF
bed nuclei of the stria terminalis, anterior division, dorso- LA
lateral nucleus LC
bed nuclei of the stria terminalis, anterior division, dorso- LDT
medial nucleus LH
bed nuclei of the stria terminalis, anterior division, fusi- LHA
form nucleus LM
bed nuclei of the stria terminalis, posterior division, inter- LPO
fascicular nucleus LS
bed nuclei of the stria terminalis, anterior division, juxta- IS
capsular nucleus LSC
bed nuclei of the stria terminalis, anterior division, mag- r
nocellular nucleus LSr.vlLv.
bed nuclei of the stria terminalis, anterior division, oval
nucleus LSv
bed nuclei of the stria terminalis, posterior division, prin- LTN
cipal nucleus Lv
bed nuclei of the stria terminalis, anterior division, rhom- MA
boid nucleus MD
bed nuclei of the stria terminalis, anterior division, sub- MDc
commissural zone MD1
bed nuclei of the stria terminalis, posterior division, stria MDm
extension MEAad
bed nuclei of the stria terminalis, posterior division, cell- MEApd
sparse zone MEApv
bed nuclei of the stria terminalis, posterior division, MEPO
transverse nucleus MEV
bed nuclei of the stria terminalis, anterior division, ven- ml
tral nucleus mlf
field CA1, ammon’s horn MM
field CA2, ammon’s horn moV
field CA3, ammon’s horn mp
central nucleus amygdala MPN
central nucleus amygdala, capsular part MPO
central nucleus amygdala, lateral part MRN
central nucleus amygdala, medial part MS
central linear nucleus raphé mtt
central medial nucleus thalamus mtV
cortical nucleus amygdala, anterior part NDB
cortical nucleus amygdala, posterior part, lateral zone NLOT
cortical nucleus amygdala, posterior part, medial zone NTS
commissural nucleus, periaqueductal gray NTSce
caudoputamen NTSge
cerebral peduncle NTSI
superior central nucleus raphé, medial part NTSm
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cuneiform nucleus

dorsomedial nucleus hypothalamus

dorsomedial nucleus hypothalamus, anterior part

dorsomedial nucleus hypothalamus, posterior part

dorsomedial nucleus hypothalamus, ventral part

dorsal motor nucleus vagus nerve

dorsal nucleus raphé

dorsal tegmental nucleus

entorhinal area, lateral part

endopiriform nucleus, ventral part

Edinger-Westphal nucleus

fields of Forel

fimbria

fasciculus retroflexus

fundus of the striatum

columns of the fornix

globus pallidus

globus pallidus, lateral segment

globus pallidus, medial segment

gracile nucleus

gigantocellular reticular nucleus

intercalated nuclei amygdala

interanteromedial nucleus thalamus

internal capsule

inferior colliculus

inferior colliculus, central nucleus

inferior colliculus, external nucleus

interfascicular nucleus

infralimbic cortical area

intermediodorsal nucleus thalamus

insular cortical area

internal capsule

islands of Calleja (olfactory tubercle)

trochlear nerve

Kolliker-Fuse subnucleus (of PB)

lateral amygdalar nucleus

locus coeruleus

laterodorsal tegmental nucleus

lateral habenula

lateral hypothalamic area

lateral mammillary nucleus

lateral preoptic area

lateral septal nucleus

lateral septal nucleus, caudal part

lateral septal nucleus, rostral part

lateral septal nucleus, rostral part, ventrolateral zone,
ventral region

lateral septal nucleus, ventral part

lateral tegmental nucleus

lateral ventricle

magnocellular preoptic nucleus

mediodorsal nucleus thalamus

mediodorsal nucleus thalamus, central part

mediodorsal nucleus thalamus, lateral part

mediodorsal nucleus thalamus, medial part

medial nucleus amygdalar, anterodorsal part

medial nucleus amygdalar, posterodorsal part

medial nucleus amygdalar, posteroventral part

median preoptic nucleus

mesencephalic nucleus of the trigeminal

medial lemniscus

medial longitudinal fascicle

medial mammillary nucleus

motor root of the trigeminal nerve

mammillary peduncle

medial preoptic nucleus

medial preoptic area

mesencephalic reticular nucleus

medial septal nucleus

mammillothalamic tract

mesencephalic tract of the trigeminal nerve

nucleus of the diagonal band

nucleus of the lateral olfactory tract

nucleus of solitary tract

nucleus of the solitary tract, central part

nucleus of the solitary tract, gelatinous part

nucleus of solitary tract, lateral part

nucleus of solitary tract, medial part
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Abbreviations (continued)

och optic chiasm

opt optic tract

oT olfactory tubercle

ov vascular organ of the lamina terminalis

PA posterior nucleus amygdala

PAG periaqueductal gray

PAGd periaqueductal gray, dorsal division

PAGdl periaqueductal gray, dorsolateral division

PAGm periaqueductal gray, medial division

PAGrl periaqueductal gray, rostrolateral division

PAGrm periaqueductal gray, rostromedial division

PAGvl periaqueductal gray, ventrolateral division

PARN parvicellular reticular nucleus

PB parabrachial nucleus

PBI parabrachial nucleus, lateral division

PBlc parabrachial nucleus, central lateral part

PBId parabrachial nucleus, dorsal lateral part

PBle parabrachial nucleus, external lateral part

PBlv parabrachial nucleus, ventral lateral part

PBm parabrachial nucleus, medial division

PBme parabrachial nucleus, external medial part

PBmm parabrachial nucleus, medial medial part

PCG pontine central gray

PF parafascicular nucleus

PH posterior hypothalamic nucleus

PL prelimbic cortical area

pm principal mammillary tract

PMv ventral premammillary nucleus

PPN pedunculopontine nucleus

PR perireuniens nucleus

PRC precommissure nucleus, periaqueductal gray

PRN pontine reticular nucleus

PRNc pontine reticular nucleus, caudal part

PRNr pontine reticular nucleus, rostral part

PS parastrial nucleus

PSCH suprachiasmatic preoptic nucleus

PT parataenial nucleus

PVa anterior periventricular nucleus hypothalamus

PVH paraventricular nucleus hypothalamus

PVHam paraventricular nucleus hypothalamus, anterior magno-
cellular part

PVHap paraventricular nucleus hypothalamus, anterior parvicel-
lular part

PVHd paraventricular nucleus hypothalamus, descending divi-
sion

PVHdp paraventricular nucleus hypothalamus, dorsal parvicellu-
lar part

PVHf paraventricular nucleus hypothalamus, forniceal part

PVHIp paraventricular nucleus hypothalamus, lateral parvicellu-
lar part

PVHm paraventricular nucleus hypothalamus, magnocellular di-
vision

PVHmm paraventricular nucleus hypothalamus, medial magnocel-
lular part

PVHmp paraventricular nucleus hypothalamus, medial parvicellu-
lar part

PVHmpd paraventricular nucleus hypothalamus, medial parvicellu-
lar part, dorsal zone

PVHmpv paraventricular nucleus hypothalamus, medial parvicellu-
lar part, ventral zone

PVHp paraventricular nucleus hypothalamus, parvicellular divi-
sion

PVHpm paraventricular nucleus hypothalamus, posterior magno-
cellular part

PVHpml paraventricular nucleus hypothalamus, posterior magno-

cellular part, lateral zone

brainstem nuclei related to autonomic and somatomotor
activities (Swanson and Cowan, 1979; Schwaber et al.,
1982; Sofroniew, 1983; Holstege et al., 1985; Risold et al.,
1997; Dong et al., 1999, 2000).

Originally, the BST were parceled into medial and lat-
eral divisions based mainly on their amygdalar inputs.
The former was characterized by inputs from the medial
nucleus, whereas the latter was characterized by inputs

PVHpmm paraventricular nucleus hypothalamus, posterior magno-
cellular part, medial zone

PVHpv paraventricular nucleus hypothalamus, periventricular
part

PVi intermediate periventricular nucleus hypothalamus

Pvp posterior periventricular nucleus hypothalamus

PVpo preoptic periventricular nucleus

PVT paraventricular nucleus thalamus

RCH retrochiasmatic area

RE nucleus reuniens

REa nucleus reuniens, rostral division, anterior part

REc nucleus reuniens, caudal division, caudal part

REcd nucleus reuniens, caudal division, dorsal part

REcm nucleus reuniens, caudal division, median part

REd nucleus reuniens, rostral division, dorsal part

REI nucleus reuniens, rostral division, lateral part

REm nucleus reuniens, rostral division, medial part

REr nucleus reuniens, rostral division

RH rhomboid nucleus

RL rostral linear nucleus raphé

RN red nucleus

RR mesencephalic reticular nucleus, retrorubral area

RT reticular nucleus thalamus

SBPV subparaventricular zone hypothalamus

SC superior colliculus

SCH suprachiasmatic nucleus

SCP superior cerebellar peduncle

SF septofimbrial nucleus

SI substantia innominata

sm stria medullaris

SN substantia nigra

SNe substantia nigra, compact part

SNr substantia nigra, reticular part

SO supraoptic nucleus

SPF subparafascicular nucleus thalamus

SPFm subparafascicular nucleus thalamus, magnocellular part

SPFp subparafascicular nucleus thalamus, parvicellular part

st stria terminalis

STN subthalamic nucleus

SUBv subiculum, ventral part

SUM supramammillary nucleus

SUMI1 supramammillary nucleus, lateral part

SUMm supramammillary nucleus, medial part

SUT supratrigeminal nucleus

™ tuberomammillary nucleus

TMd tuberomammillary nucleus, dorsal part

TMv tuberomammillary nucleus, ventral part

TR postpiriform transition area

TRS triangular nucleus septum

TTd taenia tecta, dorsal part

TU tuberal nucleus

V3 third ventricle

V4 fourth ventricle

VL lateral ventricle

VMH ventromedial nucleus hypothalamus

VMHa ventromedial nucleus hypothalamus, anterior part

VMHc ventromedial nucleus hypothalamus, central part

VMHdm ventromedial nucleus hypothalamus, dorsomedial part

VMHvl ventromedial nucleus hypothalamus, ventrolateral part

VPMpc ventral posteromedial nucleus, parvicellular part

VTA ventral tegmental area

71 zona incerta

Zlda zona incerta, dopaminergic group

zl zona limitans

from the central (CEA) and basolateral nuclei (Bleier,
1961; de Olmos, 1972; Krettek and Price, 1978), and more
detailed variations on this basic medial/lateral division
are still widely used (Ricardo, 1978; Schwaber et al., 1982;
Weller and Smith 1982; Sofroniew, 1983; van der Kooy et
al., 1984; de Olmos et al., 1985; Holstege, 1985; Alden et
al., 1994; Alheid et al., 1995; Paxinos and Watson, 1998).
In contrast, developmental evidence suggests a funda-
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mental anterior/posterior (rostral/caudal) division (Bayer,
1987), and Ju and his colleagues (1989a,b) independently
arrived at the same conclusion based on cyto- and chemo-
architectonic observations in the adult rat. The latter au-
thors further parceled the adult anterior division into
dorsal, lateral, and ventral areas, and within them 12
distinct cell groups (nuclei) were identified. Our previous
work has shown that the juxtacapsular (BSTju) and rhom-
boid (BSTrh) nuclei in the lateral area of the anterior BST
display unique projection patterns (Dong et al., 1999,
2000), although projections from the BSTov—another dis-
tinct part of the lateral area of the anterior BST—remain
to be clarified.

The BSTov, together with the nearby BSTfu, have at-
tracted considerable attention in the last decade. Both cell
groups contain abundant y-aminobutyric acid (GABA)-
ergic neurons (Le Gal La Salle et al., 1978; Nitecka and
Ben-Ari, 1987; Sun and Cassell, 1993; Risold and Swan-
son, 1997; Day et al., 1999), many of which also express
corticotropin-releasing hormone (CRH; Ju et al., 1989;
Watts et al., 1995; Day et al., 1999). This is interesting
because nonneuroendocrine CRH neurons have been im-
plicated in behavioral responses to stress, fear, and anxi-
ety (Dallman et al., 1987; Dunn and Berridge, 1990; Koob
et al., 1993). Infusion of CRH into the lateral ventricle
produces behavioral responses similar to those associated
with conditioned fear (Dunn and Berridge, 1990; Koob et
al., 1993), but, more specifically, microinfusion of CRH
directly into the BST mimics some of these effects. Fur-
thermore, microinfusion of CRH antagonist into the BST
blocks ventricular CRH-enhanced startle responses in a
dose-dependent manner (Lee and Davis, 1997), and le-
sions of the “lateral part of BST” (which includes our
BSTov and BSTfu) attenuate the effects of CRH infused
into the lateral ventricle (Gray et al., 1993).

Perhaps of even greater interest is that the lateral part
of the central amygdalar nucleus (CEAI), which also con-
tains many GABAergic neurons that express CRH (Veen-
ing et al.,, 1984; Nitecka and Ben-Ari, 1987; Sun and
Cassell, 1993; Watts et al., 1995; Day et al., 1999), projects
in a very dense and selective way to both the BSTov and
the BSTfu (Petrovich and Swanson, 1997). This evidence,
combined with the fact that CRH mRNA levels in the CEA
(Swanson and Simmons, 1989; Watts and Sanchez-Watts,
1995) and in the BSTov and BSTfu (Markino et al., 1994;
Watts and Sanchez-Watts, 1995) may be regulated to
greater or lesser degrees by corticosterone, has led to the
suggestion that all three nuclei form part of an adrenal
steroid-sensitive network involved in regulating the out-
put of the medial part of the central amygdalar nucleus
(CEAm; Petrovich and Swanson, 1997).

Unfortunately, the outputs of the BSTov and BSTfu
themselves remain essentially unknown, in part because
previous anterograde tracing experiments, based on the
autoradiographic method, inevitably produced injection
sites that were much too large (Swanson and Cowan,
1979; Holstege et al., 1985). Thus, we decided to charac-
terize their overall projections with the anterograde tracer
Phaseolus vulgaris-leucoagglutinin (PHAL), because it
produces small injection sites and is very sensitive. The
intent is to provide a starting point for more detailed
analysis with retrograde tracer, histochemical, ultrastruc-
tural, and physiological methods.
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MATERIALS AND METHODS

Experiments were performed in accordance with the
NIH Guidelines for the Care and Use of Laboratory Ani-
mals, and all protocols were approved by the University of
Southern California Institutional Animal Care and Use
Committee. A total of 30 adult male Harlan Sprague-
Dawley rats (300—350 g) received a single, stereotaxically
placed iontophoretic injection of a 2.5% solution of PHAL
(Vector Laboratories, Burlingame, CA), prepared in 0.01
M sodium phosphate-buffered saline (pH 7.4; NaPBS),
into the region of the BSTov or BSTfu through a glass
micropipette (15 pm tip diameter) by applying a positive
current (5 pA, 7 sec on/off intervals) for 7-10 min. Animals
were anesthetized for stereotaxic surgery with an equal
mixture of ketamine and xylazine solutions (50 mg/ml
ketamine, 10 mg xylazine/ml; 1 ml/kg body weight).

After a survival time of 14-16 days, the rats were
deeply anesthetized with pentobarbital (40 mg/kg body
weight intraperitoneally) and perfused transcardially
with 150 ml of 0.9% NaCl followed by 300 ml of ice-cold 4%
paraformaldehyde in 0.1 M borate buffer, pH 9.5. The
brains were removed, postfixed overnight at 4°C in the
same fixative containing 10% sucrose, and frozen. Then,
serial 30 pm-thick sections (1 in 4) were cut in the trans-
verse plane on a sliding microtome. One complete series of
sections was processed to detect PHAL using the immu-
nohistochemical procedure described elsewhere (Gerfen
and Sawchenko, 1984; Petrovich and Swanson, 1997).
PHAL-containing cells (in the injection sites) and fibers
were plotted with the aid of a camera lucida onto cytoar-
chitectonic drawings of adjacent thionin-stained sections
and then transferred onto a series of standard drawings of
the rat brain (Swanson, 1999) with the aid of a computer
(Apple Power Mac G4, Adobe Illustrator 9). Parceling of
the rat brain, and the terminology for describing morpho-
logical features of PHAL-labeled axons, follows Swanson
(1999), unless indicated otherwise.

Another adjacent series of 30 pm-thick sections through
the PHAL injection site was collected into ice-cold KPBS
containing 0.25% paraformaldehyde and mounted imme-
diately onto gelatin-coated/poly(L)-lysine-coated slides,
vacuum desiccated overnight, and stored at —-70°C for
CRH mRNA hybridization histochemistry. This histo-
chemistry was done to provide a chemoarchitectonic
marker for the BSTov and BSTfu.

For in situ hybridization, 3°S-labeled riboprobe comple-
mentary to CRH mRNA was prepared using a Promega
Gemini Kit (Promega Inc., Madison, WI) exactly as de-
scribed previously (Watts and Sanchez-Watts, 1995).
Briefly, slides were pretreated for 1 hour each in 4%
paraformaldehyde/potassium phosphate-buffered saline,
pH 7.4, then proteinase K, dehydrated through ascending
concentrations of ethanol, and vacuum desiccated. Slides
were hybridized by using a 700-base-pair CRH cRNA
probe kindly provided by Dr. Joseph Majzoub (Frim et al.,
1990) at 60°C for 18—20 hours. After hybridization, sec-
tions were treated with RNase, washed in descending
concentrations of saline-sodium citrate buffer, and then
dehydrated through ascending concentrations of ethanol.
Slides were air dried and exposed to Cronex Microvision
X-ray film (Dupont, Wilmington, DE) for 1-10 days,
dipped in liquid photographic emulsion (Kodak NTB-2,
diluted 1:1 with water), exposed for 7-11 days, and devel-
oped.
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BSTfu injections

a

BST127

Fig. 1.

Cameral lucida plots of histological sections with labeled neurons (black dots) following PHAL

injections into the BSTov (experiments BST22, BST120, and BST127) and BSTfu (experiments BST44,
BST92, and BST106). In each case, a is rostral to b and, then, c.

RESULTS
Nomenclature

Before describing the projections of the BSTov and
BSTfu, it is important to consider the boundaries adopted
here for these cell groups, because different nomencla-
tures have been used in the past and no real consensus
has emerged. The BSTov (Ju and Swanson, 1989; Ju et al.,
1989) is a roughly oval, compact cell group that is centered
in midrostrocaudal levels of the anterolateral area, where
it lies dorsally, just medial to the internal capsule and
lateral to the anterodorsal area (Fig. 1). It corresponds
roughly to the “dorsal part of the lateral BST” (BSTLD) of
de Olmos et al. (1985), Paxinos and Watson (1986), and
Alheid et al. (1995) and to the “dorsal lateral subnucleus of
the lateral BST” (BSTDL) of Moga et al. (1989); it is
included in the “anterolateral subdivision” of the BST of
Weller and Smith (1982) and Sun and Cassell (1993). In
most other work, it probably lies within the “lateral part of
the BST” (e.g., Krettek and Price, 1978; Schwaber et al.,
1982; Sofroniew, 1983).

The BSTfu is a small but relatively well-defined cell
group that lies along the ventromedial border of the an-
terolateral area (Dong et al., 2001; Fig. 1). It is bordered
dorsomedially by the dorsomedial nucleus of the BST,
dorsolaterally by the subcommissural zone of the BST,
and medially by the parastrial nucleus of the preoptic
region. It begins rostrally at about the same level as the

parastrial nucleus, and then shifts laterally, almost reach-
ing the lateral edge of the BST caudally. The cluster of
cells was marked, but not labeled, in the atlas of Paxinos
and Watson (1986). It corresponds well to the lateral di-
vision, ventral (LV) of the BST according to de Olmos
(1985) and to the ventral lateral subnucleus of the BST
(BSTvl) according to Moga et al. (1989). However, the
“ventral lateral part of the BST” indicated in some studies
(e.g., Alden et al., 1994) also includes our subcommissural
zone of the BST, which appears to generate an output
pattern that is distinct from the BSTfu (see below). Re-
cently, “fusiform nucleus” as described here has been
adopted by Alheid et al. (1995) and Paxinos and Watson
(1998).

Projections from the BSTov

In seven experiments, the PHAL injection was centered
in the BSTov, and three of the injection sites were very
small and apparently restricted entirely (Fig. 1, experi-
ments BST22, BST127) or almost entirely (Fig. 1, experi-
ment 120) to the nucleus. The other four injection sites
were larger, and a few PHAL-labeled neurons spread into
adjacent regions of the BST (not shown here). The borders
of the BSTov were confirmed in adjacent Nissl-stained
sections, and in adjacent sections hybridized for CRH
mRNA, because it is abundantly expressed in BSTov neu-
rons but is much less abundant in surrounding areas (Fig.
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2C). The projections labeled in experiment BST120 are
illustrated in detail because it has the largest injection
site virtually limited to the BSTov (Figs. 1, 2A-C) and
because the projection pattern (Figs. 3, 4A—W) is indistin-
guishable from that in the other experiments with a
PHAL injection essentially restricted to the BSTov. Over-
all, our results suggest that the BSTov displays a rela-
tively simple pattern of projections to other regions of the
basal telencephalon, hypothalamus, and lower brainstem
(Fig. 5).

Local projections. Although the longer projections of
the BSTov are relative simple, its short, local inputs are
rather more complex. From the injection site a few PHAL-
labeled axons extend rostrally and generate a small num-
ber of terminal boutons in the rostral anterolateral area of
the BST (Fig. 4C), and a distinct bundle of labeled axons
streams ventrally through the subcommissural zone of the
BST to provide an extremely dense input to the BSTfu,
where the PHAL-labeled axons branch profusely and dis-
play very dense terminal boutons (Figs. 2B, 4D). Then,
many of these PHAL-labeled axons appear to extend ros-
trally through the dorsomedial nucleus and anteroventral
area, arch around the medial edge of the anterior commis-
sure, and enter the anterodorsal area of the BST (Fig.
4B-D). Moderate numbers of terminal boutons were ob-
served in the subcommissural zone and anterodorsal area,
whereas only a few boutons-of-passage were observed in
the dorsomedial nucleus and anteroventral area of the
BST (Fig. 4B-D). More rostrally, these axons from the
BSTov provide a moderately dense input to the most cau-
dal region of the nucleus accumbens (Fig. 4A), just rostral
to the BST. In addition, a very few PHAL-labeled axons
were observed dorsally in the lateral margin of the lateral
septal nucleus (Fig. 4A) and ventrally in the rostroventral
substantia innominata (Fig. 4A-D).

The vast majority of PHAL-labeled axons from the
BSTov extends caudally into the rhomboid nucleus, caudal
anterolateral area, and far lateral regions of the interfas-
cicular and transverse nuclei of the BST (Fig. 4E,F). These
labeled axons generate a moderate number of terminal
boutons and boutons-of-passage in the rhomboid nucleus
of the BST, and very rich terminal fields in the caudoven-
tral corner of the anterolateral area, and far lateral re-
gions of the interfascicular and transverse nuclei of the
BST (Fig. 4E,F). Small numbers of scattered fibers were
also observed in the lateral or external segment of the
globus pallidus (Fig. 4E,F). As we shall now see, descend-
ing projections from the BSTov appear to follow four dis-
tinct pathways to reach their terminal fields outside the
BST.

Ansa peduncularis projection. A massive group of
highly branched PHAL-labeled axons with very rich ter-
minal boutons and varicosities extends from the cau-
doventral corner of the anterolateral area, and the lateral
region of the interfascicular and transverse nuclei of the
BST, into adjacent dorsolateral regions of the substantia
innominata (Figs. 3A, 4E,F). This dense terminal field
extends uninterrupted through the caudal substantia in-
nominata from the level of the crossing of the anterior
commissure to its caudal tip adjacent to the amygdala
(Fig. 4E-H).

Caudally, this dense projection from the BSTov ex-
tends into the CEA, whereas the rest of the amygdala is
almost free of PHAL labeling except for a few axons in
the posterior basolateral nucleus and postpiriform tran-
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sition area (Fig. 4K,L.). The CEAm is very densely in-
nervated by abundant, highly branched, bouton-laden
fibers (Figs. 3B, 4G-I), whereas the lateral and capsular
parts of the CEA display moderate numbers of fibers
with terminal boutons, especially in more caudal levels
(Fig. 4G-J).

Stria terminalis pathway. A small group of PHAL-
labeled axons travels dorsally from the BSTov injection
site to enter the stria terminals; they then follow it to the
amygdala (Fig. 4E—J), where they cannot be distinguished
from labeled axons arriving via the ansa peduncularis
pathway described above.

Periventricular pathway. Small numbers of PHAL-
labeled axons course medially though the anteroventral
area, and the ventral and dorsomedial nuclei of the BST,
to enter the periventricular zone of the hypothalamus just
ventral to the region where the anterior commissure
crosses the midline (Fig. 4E,F). These fibers terminate in
the anterior parvicellular part of the paraventricular nu-
cleus, and, interestingly, this appears to be the only region
of the hypothalamic periventricular zone innervated by
the BSTov (Fig. 4F).

Medial forebrain bundle pathway. Another group of
PHAL-labeled axons from the BSTov courses medial to the
substantia innominata and lateral preoptic area to enter
the lateral hypothalamic area (Fig. 4E-I). These fibers
descend through far lateral regions of the lateral hypotha-
lamic area and for the most part appear to be fibers-of-
passage, except for a few branches that seem to end in the
perifornical region at tuberal levels (Fig. 4J) and a mod-
erate number of branches with terminal boutons in the
region just dorsomedial to the subthalamic nucleus (Fig.
4K), which was identified and named the “parasubtha-
lamic nucleus” by Wang and Zhang (1995; see also Paxinos
and Watson, 1998). At this level, a very few labeled fibers
were found in the subthalamic nucleus and midline nuclei
of the thalamus (Fig. 4J,K).

This group of descending fibers then courses through
the ventral tegmental area, compact part of the sub-
stantia nigra, zona incerta, and mesencephalic reticular
nucleus (Fig. 4L,M), where they display very few termi-
nal boutons and are thus presumably fibers-of-passage,
to provide a very dense input with very rich branches
and terminal boutons in the retrorubral area (Fig.
4N,0). Then, a bundle of fibers arches caudally, dor-
sally, and then medially through the mesencephalic
reticular nucleus to innervate moderately the ventrolat-

Fig. 2 (Overleaf). Darkfield photomicrographs illustrating the ap-
pearance of a PHAL injection site in the BSTov (B, experiment
BST120; see corresponding section b in Fig. 1) and in the BSTfu (B’,
experiment BST92; see corresponding section b in Fig. 1), along with
the caudally adjacent thionin-stained transverse sections (A, A’, re-
spectively). The rostrally adjacent sections were subjected to in situ
hybridization for CRH mRNA (C, C’). Arrows point to the same blood
vessels in the photomicrographs. Scale bars = 300 pm.

Fig. 3 (Overleaf). Darkfield photomicrographs showing the ap-
pearance of PHAL-labeled axons from the BSTov (A—C) and from the
BSTfu (A’'-E’) in the substantia innominata (SI; A, A’), in the central
amygdalar nucleus (CEA; B,B’), and in the pontine central gray and
parabrachial nucleus (PB; C,C’). In addition, the BSTfu sends dense
projections to parts of the hypothalamus, including the paraventricu-
lar nucleus (PVH; D’) and the dorsomedial nucleus (DMH), and perifor-
nical region of the lateral hypothalamic area (E’). Scale bars = 300 um.



BSTfu injection site

BSTov injection site

Figures 2 and 3
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Fig. 4. Summary of BSTov projections. The distribution of PHAL-  the BSTov (D) indicates the injection site (see Figs. 1, 2). The number
labeled axons in experiment BST120 was plotted onto a series of in the lower left corner of each drawing refers to the corresponding
standard drawings of the rat brain derived from an atlas (Swanson, rostrocaudal level of the atlas.

1999), arranged from rostral (A) to caudal (W). The dark gray area in
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Figure 4 (Continued)

eral division of the periaqueductal gray (Fig. 4P). A few aqueductal gray (Fig. 4P), and even fewer axons were
PHAL-labeled axons extend medially into the dorsal observed in the medial division of the periaqueductal
raphé nucleus and the contralateral ventrolateral peri- gray (Fig. 4K-P).
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Figure 4 (Continued)

BSTov outputs

Fig. 5. Summary diagram to indicate the general organization of
projections from the BSTov. The relative size of each pathway is
roughly proportional to the thickness of the line representing it. The
BSTov provides very sparse contralateral projections, which are not
shown here. Flat map is based on Swanson (1999).

Most of the BSTov axons descending though the medial
forebrain bundle end in the parabrachial nucleus, where
there are dense terminal fields in the external lateral,
ventral lateral, central lateral, and a restricted region of
the dorsal lateral part of the lateral division (Figs. 3C,
4Q-U). In addition, there is a light input to the medial
region and a dense input to the caudodorsal (“waist”)
region of the medial division (Fig. 4Q-U). A few PHAL-
labeled axons were also observed in the Kolliker-Fuse
subnucleus (Fig. 4R,S).

In addition, there is a dense, obvious terminal field in
the lateral tegmental nucleus (Figs. 3C, 4S,T) and a small
number of fibers in regions around the rostral locus coer-
uleus; some of the latter fibers extend laterally into the
ependymal lining of the fourth ventricle (Fig. 4S-U). Fi-
nally, a small number of PHAL-labeled axons with termi-
nal boutons were found in the medial part of the nucleus
of the solitary tract (Fig. 4V,W).

Projections from the BSTfu

The BSTfu, like the BSTov, contains many CRH-
expressing neurons. Therefore, the nuclear borders of the
BSTfu were also confirmed by CRH mRNA hybridization
in experiments involving PHAL injections aimed at it (see
Fig. 2A’'-C’). In five experiments, the PHAL injection la-
beled many neurons in the very tiny BSTfu. Three injec-
tion sites that were mostly restricted to the BSTfu are
shown in Figure 1, although in each case there were a few
PHAL-labeled neurons in adjacent areas, especially in the
BSTdm and BSTsc and in the parastrial nucleus (Fig. 1,
BST44, BST92, BST106). The same pattern of projections
was observed in all these experiments, and experiment
BST92 was chosen to illustrate in detail because the in-
jection site spreads less from the BSTfu than in the other
experiments (Figs. 1, BST92, 2A'-C’). Considering the
size and shape of the BSTfu, it is doubtful that a perfect
PHAL injection can be obtained, and considering its prob-
able projection pattern it also seems unlikely that it
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can ever be completely validated with retrograde tracer
methods.

Nevertheless, several PHAL control injections were
made in areas surrounding the BSTfu, including the dor-
somedial nucleus and subcommissural zone of the BST.
These two areas were examined in some detail because
they contained a few labeled cells in the experiment to be
described in detail (BST92). The projections of the paras-
trial nucleus, which is adjacent to the BSTfu and which
also contained a few PHAL-labeled neurons in the BSTfu
experiments, have been described elsewhere (Simerly and
Swanson, 1989; Thompson and Swanson, in preparation).

By way of introduction, the BSTfu displays a much more
complex pattern of projections than that observed for the
BSTov (Figs. 6, 7). Within the BST, the BSTfu projects
densely to the caudoventral corner of the anterolateral
area, to the anterodorsal area, and to the dorsomedial
nucleus; it projects moderately to the oval and rhomboid
nuclei and subcommissural zone; and it projects lightly to
the rostral anterolateral area and ventral nucleus. Some
of the longer projections of the BSTfu are like those of the
BSTov in that they ascend into the rostral telencephalon,
they course through the stria terminalis and ansa pedun-
cularis to reach the amygdala, and they descend through
the medial forebrain bundle to innervate the lateral hy-
pothalamus and lower brainstem nuclei. However, axons
from the BSTfu provide a very dense input to the perifor-
nical area of the lateral hypothalamic area, which receives
only a very light input from the BSTov, and the BSTfu
sends very dense projections to the hypothalamus via
periventricular and ventral routes, which is strikingly
different from the BSTov.

Local and ascending projections. Within the BST, a
group of fibers displaying branches with rich boutons ex-
tends dorsomedially from the BSTfu through the dorso-
medial nucleus and anteroventral area and then arches
around the medial edge of the anterior commissure to
enter the anterodorsal area (Fig. 6D-F). Fibers with nu-
merous branches and terminal boutons can then be ob-
served in the rostral end and central core of the anterodor-
sal area (Fig. 6D-F), whereas caudal regions of the
anterodorsal area receive only light inputs that appear to
arrive via the dorsal route (see next paragraph). Some
axons continue dorsally and rostrally throughout the an-
terodorsal area of the BST to innervate more rostral parts
of the telencephalon (see below).

Another group of PHAL-labeled axons from the injection
site extends dorsally through the subcommissural zone of
the BST, where moderate numbers of boutons-of-passage
and terminal boutons are seen (Fig. 6G), to provide a
moderate input to the caudoventral BSTov and adjacent
bordering regions of the anterodorsal area (Figs. 2B’, 6G).
Curiously, the rostral BSTov is almost completely avoided
by PHAL-labeled axons (Fig. 6F).

PHAL-labeled axons in the anterodorsal area of the BST
extend laterally into the rostral anterolateral area of the
BST, which is only lightly innervated by the BSTfu (Fig.
6E), and they also extend dorsomedially into the lateral
septal nucleus, where small numbers of terminal boutons
are observed, mainly in the rostral and ventral parts (Fig.
6B—H). Interestingly, most of the PHAL-labeled axons in
the anterodorsal area of the BST extend rostrally to gen-
erate a dense terminal field in the most caudal (dorsome-
dial) regions of the nucleus accumbens (Fig. 6C). In more
rostral levels of the nucleus accumbens, the PHAL-
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labeling dramatically decreases, and only a small number
of axons can be observed medially in the nucleus (Fig.
6A,B). These fibers continue ventrally to provide a light
input to the olfactory tubercle, where a small number of
terminals were observed in all three layers (Fig. 6B). A
few PHAL-labeled axons were also found in the rostroven-
tral substantial innominata (Fig. 6B—H), and even fewer
PHAL-labeled axons with terminal boutons could be
traced into the infralimbic cortical area (Fig. 6A).

From the BSTfu injection site, large numbers of PHAL-
labeled axons also extend caudally into the caudoventral
corner of the anterolateral area of the BST and the adja-
cent substantia innominata. Numerous fibers with rich
branching and terminal boutons appear to provide dense
inputs to these areas (Fig. 6H,I). However, the lateral
interfascicular and transverse nuclei of the BST, which
are densely innervated by the BSTov, contain only scat-
tered fibers-of-passage (Fig. 6J). The rhomboid and ven-
tral nuclei of the BST contain a moderate plexus of PHAL-
labeled axons with rich terminal boutons, whereas the
rest of the BST contains only scattered fibers-of-passage
(Fig. 6H,I). As we shall now see, the longer, extrinsic
projections from the BSTfu were observed to follow five
distinct pathways to the amygdala, hypothalamus, and
lower brainstem (Figs. 6A-Z, 7).

Ansa peduncularis pathway. As described in the
preceding section, many PHAL-labeled fibers from the
injection site course through the caudoventral corner of
the anterolateral area of the BST to provide a dense
input to adjacent caudal dorsolateral regions of the
substantia innominata (Figs. 3A’, 6H-J). However, un-
like the projection from the BSTov, PHAL-labeled axons
from the BSTfu generate many fewer branches and
terminal boutons when they travel through more caudal
regions of the substantia innominata toward the amyg-
dala (Fig. 6J-M).

Within the amygdala, the CEAm receives a dense ter-
minal field generated by abundant fibers displaying
branches and terminal boutons (Figs. 3B’, 61.-0O). Very
few PHAL-labeled axons with terminal boutons were also
found in the CEAc and CEAIl (Fig. 6K-0). Finally, the
posterior basolateral nucleus and postpiriform transition
area also receive light inputs (Fig. 6Q-S), whereas the rest
of the amygdala is almost free of PHAL labeling.

Stria terminalis pathway. A bundle of axons from
the BSTfu travels dorsally through the anterodorsal area,
through the BSTov, and more caudally through the rhom-
boid nucleus to enter the stria terminalis and travel cau-
dally toward the amygdala (Fig. 6G—P). After entering the
amygdala, these axons cannot be distinguished from those
arriving via the ansa peduncularis pathway.

Medial forebrain bundle pathway. The BSTfu uses
this pathway to send a very dense projection to the lateral
hypothalamic area, and moderately dense projections to
more caudal sites in the brainstem. From the injection
site, labeled axons travel through a circumscribed region
that includes the caudal anterolateral area of the BST,
caudal dorsomedial regions of the substantia innominata,
and adjacent regions of the lateral preoptic area to enter
the lateral hypothalamic area (Fig. 6H-L). Compared to
descending fibers from the BSTov described above, PHAL-
labeled axons arising in the BSTfu travel though more
ventromedial regions of the medial forebrain bundle (Fig.
6K-Q). Initially, the fibers in the lateral hypothalamic
area are cut in cross-section and generate almost no bou-
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Fig. 6. A-Z: Summary of BSTfu projections. The distribution of PHAL-labeled axons in experiment
BST92 was plotted onto a series of standard drawings as in Figure 4. The dark gray area in the BSTfu
(G) indicates the injection site (see Figs. 1, 2).
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Figure 6 (Continued)

tons until they arrive at tuberal levels (Fig. 6N), where the forniceal part of the paraventricular nucleus (PVH;
they generate many branches and boutons in an area just Figs. 3D’, 6N, 8G',H’). From this terminal field a group of
dorsolateral to the fornix. This is a dense terminal field in PHAL-labeled fibers extends medially through the lateral
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Figure 6 (Continued)

parvicellular part of the PVH, which also contains dense medial parvicellular and periventricular parts at atlas
terminal boutons, to contribute inputs to all of the more (Swanson, 1999) levels 26 and 27 (Figs. 3D, 6M,N,
medial parts of the nucleus, but especially the dorsal 8G’,H’).
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Figure 6 (Continued)

Just caudal to the forniceal part of the PVH, axons from
the BSTfu provide a very dense input to a region of the
lateral hypothalamic area capping the fornix; numerous
branches and terminal boutons were observed here (Figs.
3E’, 60). This terminal field extends medially into the dor-
somedial nucleus of the hypothalamus (Figs. 3E’, 60), which
is heavily innervated by fibers that seem mainly to arrive via
the periventricular and ventral pathways (see below).

Interestingly, at levels of the map caudal to P (Fig. 6),
labeled fibers, branches, and terminal boutons in perifor-
nical regions of the lateral hypothalamic area decrease
dramatically. A small number of PHAL-labeled fibers can
be seen extending through the posterior hypothalamic
nucleus and contributing inputs to the midline nuclei of
the thalamus (Fig. 6P,Q), whereas the remaining PHAL-
labeled axons extend caudally. Unlike the BSTov, the
BSTfu does not innervate the parasubthalamic nucleus of
the lateral hypothalamic area (Fig. 6Q), although a few
branches and terminal boutons can be seen in the most
caudal region of the lateral hypothalamic area (Fig. 6R).
At this level, small numbers of fibers course medially to
enter the lateral part of supramammillary nucleus and
generate a very distinct terminal field in a small region
just dorsomedial to the principal mammillary tract (Fig.
6R). In addition, a few axons can be found in the medial
supramammillary nucleus (Fig. 6R).

The remaining PHAL-labeled axons from the BSTfu
that travel through the lateral hypothalamic area enter

the midbrain, where they course through the ventral teg-
mental area to reach more caudal brainstem nuclei (Fig.
6R,S). PHAL-labeled axons traveling through the ventral
tegmental area display very few branches and boutons
(Fig. 6S) and follow median and lateral pathways to reach
the pons.

The median pathway. Small numbers of PHAL-
labeled axons course medially from the ventral tegmental
area though the interfascicular and central linear nuclei
of the raphé (Fig. 6S,T) to end in the dorsal nucleus of the
raphé (Fig. 6U). Along the way, these fibers generate very
few boutons except in the dorsal raphé, where there is a
moderate input (Fig. 6U). Some PHAL-labeled axons in
the dorsal nucleus of the raphé also extend laterally into
the ventrolateral division of the periaqueductal gray,
where they merge with fibers arriving from the lateral
pathway described next (Fig. 6U).

The lateral pathway. Most PHAL-labeled fibers in the
ventral tegmental area travel caudolaterally through an
area between the medial lemniscus and substantia nigra
(Fig. 6S), then the retrorubral area, and then dorsolateral
mesencephalic reticular nucleus, to arrive in the ventro-
lateral division of the periaqueductal gray (Fig. 6T,U). The
BSTfu provides moderate inputs to the retrorubral area
(Fig. 6T) and ventrolateral division of the periaqueductal
gray (Fig. 6U) and a light input to the rostral laterodorsal
tegmental nucleus (Fig. 6U).
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Fig. 7. Summary diagram to indicate the general organization of projections from the BSTfu plotted

as in Figure 5.

The BSTfu innervates regions of the parabrachial nu-
cleus different from those innervated by the BSTov. Thus,
rostrodorsal regions of the central lateral and dorsal lat-
eral parts, and caudal regions of the ventral lateral and
central lateral parts, contain moderate numbers of termi-
nal boutons after BSTfu injections (Figs. 3C’, 6V,W). How-
ever, the external lateral part, the most caudal regions of
the ventral lateral part of the lateral division, and the
medial division (especially the “waist” area)—regions that
are heavily innervated by the BSTov—receive only very
light projections from the BSTfu (Fig. 6W,X).

In the pontine central gray, the BSTfu, like the BSTov,
provides a distinct terminal field in the lateral tegmental
nucleus (Figs. 3C’, 6W). Interestingly, numerous fibers
were also observed dorsomedially around the rostral end
of the locus coeruleus, although very few axons were found

within the nucleus itself (Fig. 6W,X). In addition, many
fibers extend into the ependymal wall of the fourth ven-
tricle (Figs. 3C’, 6W,X). Finally, a few PHAL-labeled fibers
with terminal boutons were observed in the medial part of
nucleus of the solitary tract (Fig. 6Y,Z).

The ventral pathway. In the caudal BST, a group of
PHAL-labeled axons courses ventromedially through the
ventral nucleus of the BST to the medial preoptic area and
then turns caudally to run near the ventral surface of the
hypothalamus in the vicinity of the supraoptic nucleus
(Fig. 6H-J). These fibers generate a few branches and
boutons in the retrochiasmatic area, in the area just dor-
sal to the surface of the supraoptic nucleus (Fig. 6K,L),
and in the supraoptic nucleus itself (Fig. 6J-L). Then,
more caudally, these axons generate a small number of
branches and boutons in the tuberal nucleus (Fig. 6M—P)
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Fig. 8. Darkfield photomicrographs showing the appearance of nucleus from rostral to caudal (A’-H’). For subdivisions of the para-
PHAL-labeled axons from the BSTfu (experiment BST92) in trans-  ventricular nucleus, see the corresponding caudally adjacent thionin-
verse histological sections through the hypothalamic paraventricular  stained transverse sections (A-H). Scale bar = 200 pm.
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before turning dorsally and branching profusely in the
circumscribed lateral hypothalamic terminal field sur-
rounding the fornix that was described above for the me-
dial forebrain bundle pathway (Fig. 60,P). Near the ros-
tral end of the dorsomedial nucleus, this plexus of fibers
merges with the plexus from the medial forebrain bundle
lateral to the fornix (Figs. 3E’, 60), whereas more cau-
dally they turn dorsomedially to join a fiber plexus in the
ventral part of the dorsomedial nucleus (Fig. 6P). The
ventral pathway seems to end as a few scattered axons in
and ventral to the ventral premammillary nucleus (Fig.
6Q).

The periventricular pathway. This is a major path-
way from the BSTfu to the periventricular zone of the
hypothalamus. From the BSTfu, PHAL-labeled axons first
course medially through the dorsomedial nucleus of the
BST and the parastrial nucleus, which receive moderate
terminal fields consisting of branches and terminal bou-
tons. The pathway then crosses the dorsal extreme of the
medial preoptic area to enter the periventricular zone, just
ventral to the crossing of the anterior commissure (Fig.
6G-I). Some fibers also enter the periventricular zone
from a slightly more rostral position (Fig. 6D-F). At pre-
optic levels, these PHAL-labeled axons display very few
terminal boutons in the anteroventral, median preoptic,
and preoptic periventricular nuclei (Fig. 6E—J). However,
more caudally, this pathway from the BSTfu provides a
major terminal field within the PVH.

Different components of the PVH are topographically
innervated by PHAL-labeled fibers (Fig. 8). Thus, the an-
terior parvicellular and adjacent periventricular parts are
moderately innervated (Figs. 6J,K, 8A’,B’), whereas the
anterior magnocellular part contains only a few PHAL-
labeled fibers (Figs. 6J, 8B’,C’). More caudally, the rostral
end of the dorsal medial parvicellular and dorsal parvicel-
lular parts, and the posterior magnocellular part, contain
only scattered fibers (Figs. 6L, 8D',E’). However, the
PHAL-labeled axons display numerous branches and ter-
minal boutons more caudally in the dorsal medial parvi-
cellular part and adjacent regions of the periventricular
part (Figs. 3D’, 6M,N, 8F',G’). The lateral parvicellular
part also contains a dense terminal field (Figs. 3D, 6N,
8F'), whereas the dorsal parvicellular and ventral medial
parvicellular parts contain only a small number of PHAL-
labeled terminal boutons (Figs. 6M, 8E’,F’). Interestingly,
at the most caudal levels of the PVH, many very fine
PHAL-labeled axons with numerous branches and termi-
nal boutons were observed to extend laterally through the
lateral parvicellular part into the forniceal part (Figs. 3D’,
6N, 8G',H’). However, the major terminal fields in the
forniceal and lateral parvicellular parts of the PVH prob-
ably arise, at least in part, from the medial forebrain
bundle pathway (see above).

The caudal half of the intermediate part of the periven-
tricular nucleus is heavily innervated by very dense
PHAL-labeled fibers with numerous branches and termi-
nal boutons (Figs. 3E’, 60,P), whereas the rest of the
nucleus contains only what appear to be fibers-of-passage.
In addition, the arcuate nucleus contains a small number
of PHAL-labeled fibers (Fig. 6P).

Most of the remaining axons in the periventricular
pathway extend caudally to innervate the dorsomedial
nucleus of the hypothalamus, where numerous PHAL-
labeled branches with abundant boutons were observed in
the anterior and ventral parts (Figs. 3E’, 60,P). It should
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be noted that fibers contributing to the terminal field in
the dorsomedial nucleus arrive not only from the periven-
tricular pathway but also from the medial forebrain bun-
dle and ventral pathways as well (Fig. 60,P). Curiously,
the posterior division of the dorsomedial nucleus is virtu-
ally free of PHAL labeling except for scattered axons (Fig.
6P).

Only a few PHAL-labeled axons with terminal boutons
were observed in the posterior periventricular nucleus
(Fig. 6Q), and small numbers of fibers extend caudally
though the periaqueductal gray (Fig. 6Q,R). Most of the
latter travel in the medial and adjacent ventrolateral di-
visions of the periaqueductal gray to end in the area of
pontine central gray near the wall of the fourth ventricle
(Fig. 6R-U).

Finally, the BSTfu provides a dense bilateral projection
to the caudal paraventricular nucleus of the thalamus via
the periventricular pathway. The largest group of fibers
ascends into the thalamus at rostral levels (Fig. 6K,L),
although a few axons-of-passage may be seen to ascend
directly to the paraventricular nucleus of the thalamus
throughout the length of the midline thalamus (Fig. 61—
Q). These fibers provide dense terminal fields in the cau-
dal paraventricular nucleus and also innervate immedi-
ately adjacent regions of the medial mediodorsal nucleus
(Fig. 6N—-Q). However, there are only a few branches and
terminal boutons in the rostral paraventricular nucleus of
the thalamus (Fig. 6J-M).

Contralateral projections. Unlike the BSTov, the
BSTfu projects lightly to the contralateral side. Most of
the crossed projections emerge from the periventricular
pathway, and they tend to mirror the ipsilateral projection
pattern (Fig. 7).

From the injection site, groups of PHAL-labeled fibers
cross the midline dorsal and ventral to the anterior com-
missure to enter the contralateral BST (Fig. 6G-I). Ros-
trally, a few axons also extend medially through the lat-
eral preoptic area from the ipsilateral BST to enter the
contralateral BST (Fig. 6D-F), where most branches and
boutons are in the anterodorsal area (Fig. 6D-G). The
PHAL-labeled axons emerging from the contralateral BST
basically follow the same pathways as described for the
ipsilateral projection. Rostrally, they end in the nucleus
accumbens (Fig. 6A-C), whereas, caudally, a very few
axons course through the substantia innominata (Fig. 6J)
to end in the CEAm (not shown here). However, most
fibers take the periventricular pathway to innervate the
contralateral periventricular and paraventricular nuclei
of the hypothalamus (see below).

At all levels of the hypothalamus, scattered fibers from
the ipsilateral periventricular pathway cross the midline
just dorsal to the third ventricle to enter the contralateral
periventricular zone (Fig. 6K-Q). Specifically, these axons
travel through ventral regions of the nucleus reuniens to
end mainly in the contralateral paraventricular and dor-
somedial nuclei (Fig. 6K-P). In addition, a few of these
axons also ramify in the contralateral lateral hypotha-
lamic area at the level of the dorsomedial nucleus (Fig.
60,P). A few axons also cross the midline through the
retrochiasmatic area in the supraoptic commissures to
end in the contralateral subparaventricular zone and tu-
beral nucleus (Fig. 6K-N).

Caudally, a small number of axons in the contralateral
periventricular pathway course through the posterior hy-
pothalamic nucleus to the contralateral periaqueductal
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Fig. 9. Camera lucida plots of transverse histological sections with labeled neurons following PHAL
injections into the dorsomedial nucleus (experiment BST13) and subcommissural zone (experiment
BST67) of the BST, as controls for BSTfu injections (see Fig. 1). In each case, a-e is from most rostral

to most caudal.

gray (Fig. 6Q-V). A few PHAL-labeled axons were ob-
served in the contralateral parabrachial nucleus and nu-
cleus of the solitary tract (Fig. 6V-Z).

Control injections

It is possible that the very small numbers of labeled
neurons outside the BSTfu in the injection sites used here
(Fig. 1) contribute to, or actually are responsible for, the
very light projections shown in Figure 6. Specifically, the
dorsomedial nucleus (BSTdm) and subcommissural zone
(BSTsc) of the BST, and the parastrial nucleus, may con-
tribute a few axons to some of the pathways illustrated in
Figure 6. To examine this possibility, 15 additional exper-
iments with a PHAL injection centered in these three
adjacent areas were analyzed. The projection patterns of
the BSTdm and BSTsc will be described fully in a subse-
quent paper, and the projections of the parastrial nucleus
have been described by Simerly and Swanson (1989) and
Thompson and Swanson (in preparation). Here we will
simply comment on relevant projections as displayed in
experiments BST13 (centered in the BSTdm) and BST67
(centered in the BSTsc; Fig. 9).

Projections from the BSTdm (experiment BST13) follow
pathways used by the BSTfu to innervate the rostral tel-
encephalon, amygdala, hypothalamus, thalamus, and
lower brainstem. The most striking differences between
projections of the BSTdm and BSTfu are displayed in the
periventricular zone of the hypothalamus. It would appear
that terminal fields generated by the BSTdm and BSTfu
are located in different, by and large complementary,
parts of the PVH. Axons from the BSTdm preferentially
target rostral levels of the dorsal medial parvicellular
part, whereas more caudal levels are heavily innervated
by the BSTfu (Fig. 8F). Furthermore, the BSTdm inner-
vates moderately to heavily magnocellular parts of the
PVH, as well as the supraoptic, arcuate, and posterior
periventricular nuclei, which receive only scattered
PHAL-labeled fibers from injection sites centered in the

BSTfu. The BSTdm also provides moderate to dense in-
puts to caudal regions of the medial preoptic nucleus,
which contains very few PHAL-labeled axons in our ex-
periments with injections centered in the BSTfu. Finally,
the BSTdm does not project significantly to the parabra-
chial nucleus, which is moderately innervated by the
BSTfu.

The parastrial nucleus does not project significantly to
the amygdala, although it provides a very dense input to
the periventricular zone of the hypothalamus, including
the anteroventral preoptic nucleus, median preoptic nu-
cleus, magnocellular division of the PVH, and supraoptic
nucleus, all of which receive only scattered axons from
injections centered in the BSTfu. In contrast, the BSTsc
does not provide significant projections to the periven-
tricular zone of the hypothalamus, but, like the BSTfu, it
does send dense inputs to the CEA and lateral hypotha-
lamic area and a moderate input to the parabrachial nu-
cleus. However, at least in the parabrachial nucleus, its
terminal distribution is distinct from that arising in the
BSTfu.

In summary, it is possible that these three adjacent
regions contribute a few of the labeled axons shown in
Figure 6. A detailed analysis with retrograde tracers
might clarify this ambiguity. On the other hand, it is clear
that the vast majority of labeling, and certainly all of the
moderately to densely labeled terminal fields, arise in the
BSTfu itself.

DISCUSSION

Our results demonstrate that the BSTov and BSTfu
have different though partly overlapping projections to
specific regions of the cerebral hemispheres and brain-
stem (Figs. 5, 7). After briefly reviewing the earlier ana-
tomical literature on these projections, we will consider
evidence suggesting that the BSTov and BSTfu, along
with the CEA, form a highly interconnected network that
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is activated by certain forms of stress but not others.
Then, we will review the possible functional significance of
projection patterns identified here from the BSTov and
BSTfu. Finally, we will consider what is known about
afferent regulation of the BSTov and BSTfu, beginning
with the highly organized input from the CEA and ending
with the expression of nuclear receptors for circulating
steroid hormones.

Previous anatomical literature

There is very little corroboration of our results in the
literature simply because the precise regions of the BSTov
and BSTfu were rarely identified in earlier work. The
following has been reported concerning BSTov projections.
(1) Retrograde labeling in the “lateral part of the BST”
(which includes the BSTov) was found after wheat germ
agglutinin-horseradish peroxidase (WGA-HRP) injections
in the “dorsal” substantia innominata (Grove, 1988). (2)
Retrograde labeling in the nucleus was reported after
HRP injections in the CEA (Sun and Cassell, 1993). (3)
Fluorogold injections in the caudal nucleus accumbens
retrogradely label neurons in all subdivisions of the BST,
including the BSTov (Brog et al., 1993). (4) Retrograde
tracer injected into the region of the parasubthalamic
nucleus retrogradely labels neurons in the BSTov (Grittic
et al., 1994). (5) Cholera toxin B injection in the ret-
rorubral area yields dense retrograde labeling in the “lat-
eral part of the BST,” which probably includes the BSTov
and BSTfu (Berendse et al., 1992). (6) Retrograde tracer
evidence indicates that the BSTov projects to the external
lateral part and “waist” area of the parabrachial nucleus
(Moga et al., 1989, 1990; Sun et al., 1994) and that at least
some of these fibers contain CRH, neurotensin, and soma-
tostatin (Moga et al., 1985, 1989). (7) After retrograde
tracer injection in the periaqueductal gray, Gray and Mag-
nuson (1992) reported labeled CRH- and neurotensin-
immunoreactive neurons in the “dorsal lateral BST.” (8)
HRP injections in the nucleus of the solitary tract retro-
gradely label a few neurons in the “dorsolateral part of the
BST,” which includes the BSTov (Schwaber et al., 1982).
Most BST projections to the nucleus of the solitary tract
arise in the rhomboid nucleus of the BST (Schwaber et al.,
1982; Dong et al., 1999).

The following evidence relevant to BSTfu projections
has been reported. (1) Caudal nucleus accumbens fluoro-
gold injections retrogradely label neurons in all subdivi-
sions of the BST, including the BSTfu (Brog et al., 1993).
Furthermore, dense anterograde labeling was observed in
the caudal nucleus accumbens after cholera toxin B injec-
tions into the “ventrolateral” BST (which corresponds to
our BSTfu; Georges and Aston-Jones, 2000). (2) Grove
(1988) reported retrograde labeling in the general vicinity
of the BSTfu after tracer injections in the substantia in-
nominata. (3) Fluorogold injections in the dorsolateral
perifornical region of the lateral hypothalamic area, just
caudal to the PVH, retrogradely label many neurons in the
BSTfu (Kelly and Watts, 1996). (4) Retrograde tracer ex-
periments also indicate that neurons in or near the BSTfu
project to the dorsal raphé (Peyron et al., 1998), ventro-
lateral periaqueductal gray (Gray and Magnuson, 1992),
and laterodorsal tegmental nucleus (Satoh and Fibiger,
1986). (5) Moga and colleagues (1989, 1990) used antero-
grade and retrograde tracer methods to demonstrate a
projection from the “ventral lateral subnucleus of the
BST” (which includes our BSTfu) to specific parts of the
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Fig. 10. Summary of connections between the CEAl and CEAm
and the BSTov and BSTfu—and of the major outputs of the BSTov
and BSTfu—in the rat. First, note that the four cell groups are almost
completely interconnected; all that seems to be missing is a projection
from the CEAm to the CEAl. However, it is important to note that the
relative strength of connections within this network can vary from
strong to weak, as indicated qualitatively by line thickness and
length. All of these interconnections appear to use GABA as a neuro-
transmitter; the cell groups highlighted in gray also appear to utilize
the neuropeptide CRH. As discussed and documented in the text,
descending projections from the BSTov and BSTfu differentially in-
nervate various components of the somatomotor, autonomic, and neu-
roendocrine motor systems; parts of the brain involved in controlling
behavioral state; cell groups that relay viscerosensory and nociceptive
information (PB and NTS); and the paraventricular thalamic nucleus
(PVT).

parabrachial nucleus. (6) A projection from the “ventral
part” of the BST to the “peri-locus coeruleus region” has
been reported with retrograde tracing (Luppi et al., 1995;
Lechner and Valentino, 1999). (7) In terms of the dien-
cephalon, retrograde tracer experiments indicate that the
BSTfu projects to the PVH (Sawchenko and Swanson,
1983), dorsomedial nucleus (Thompson and Swanson,
1998), and thalamic paraventricular nucleus (Cornwall
and Phillipson, 1988; Chen and Su, 1990). Furthermore, it
has been shown that CRH neurons in the BSTfu project to
the PVH (Moga and Saper, 1994).

Central amygdalar input and functional
activation

The organization and significance of BSTov and BSTfu
outputs is more readily appreciated if the relationship of
these two nuclei with the CEA, and especially with its
lateral part, is discussed first. As documented in the in-
troductory paragraphs, many neurons in the BSTov,
BSTfu, and CEAIl are GABAergic and also express CRH
mRNA, and the CEAI sends a dense and rather selective
projection to the BSTov and BSTfu. Furthermore, the
present results indicate that the BSTov sends a dense
projection to the BSTfu and projects to virtually all parts
of the CEA, and the BSTfu projects lightly to the BSTov
and more heavily to the central amygdalar nucleus (espe-
cially the CEAm). Thus, the CEAl, BSTov, and BSTfu
share the expression of certain neurotransmitters in com-
mon and are massively interconnected (Fig. 10). Further-
more, the CEAm also projects heavily to both the BSTov
and the BSTfu (for review see Dong et al., 2001), and, as
we have shown here, both of the latter nuclei project to all
parts of the CEA. Thus, as outlined in Figure 10, there are
bidirectional, probably GABAergic, projections between
the CEAm, CEAI, BSTov, and BSTfu. To make the situa-
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tion even more complex, there is anatomical evidence for
bidirectional, presumably GABAergic, connections be-
tween all four cell groups and the capsular part of the CEA
as well (see Dong et al., 2001; present results). In short,
there is an exceptionally rich network of GABAergic con-
nections involving the various parts of the CEA and the
oval and fusiform nuclei of the BST.

It should be noted that the CEAI and BSTov express a
much richer set of neuropeptide genes—including at least
CRH, neurotensin, somatostatin, enkephalin, and dynor-
phin (Fallon and Leslie, 1986; Ju and Han, 1989; Ju et al.,
1989; Moga et al., 1989; Day et al., 1999)—than other
parts of the amygdala and BST. In contrast, CRH is the
predominant known peptide expressed in the BSTfu (Ju et
al., 1989). These peptides reportedly are always colocal-
ized with GABA or its synthetic enzyme (Oertel et al.,
1983; Veinante et al., 1997; Day et al., 1999), although
there appear to be at least two distinct GABAergic popu-
lations in both the CEAI and the BSTov, one expressing
predominantly CRH and neurotensin and the other ex-
pressing predominantly enkephalin (Day et al., 1999). In
addition, the former GABAergic populations appear to
innervate brainstem regions including the central gray,
parabrachial nucleus, and dorsal vagal complex, whereas
the latter do not (Veening et al., 1984; Moga and Gray,
1985; Gray and Magnuson, 1987; Moga et al., 1989, 1990;
Gray and Magnuson, 1992). Furthermore, there is exper-
imental evidence to suggest that projections from the
amygdala to the general region of the BSTov contain at
least GABA, enkephalin, and neurotensin (Uhl and Sny-
der, 1979; Ben-Ari, 1981; Palkovits et al., 1981; Rao et al.,
1987). Obviously, a great deal remains to be learned about
the various classes of neurons (cell types) in the BSTov
and BSTfu.

Several experimental models of stress lead to coordi-
nated activation of the CEAIl, BSTov, and BSTfu as indi-
cated by increased Fos levels. Stimuli reported thus far
include hypertonic saline (Senba and Ueyama, 1997), so-
dium depletion (Johnson et al., 1999), and angiotensin II,
all of which are dipsogenic (Herbert et al., 1992; Rowland
et al, 1994), and peripheral administration of
interleukin-1 (Brady et al., 1994; Ericsson et al., 1994;
Day and Akil, 1996; Day et al., 1999), which is anorexi-
genic. Levels of Fos are also up-regulated in the CEAI and
BSTov (at least) by systemic injections of several other
well-known anorexigenic agents, including bombesin, cho-
lecystokinin, satietin, and dexfenfluramine (Bonaz et al.,
1993; Li et al., 1994; Li and Rowland 1995; Rowland et al.,
1996); by peripheral administration of the immune acti-
vator lipopolysaccharide (LPS; Lacroix and Rivest, 1997),
which is anorexigenic; and by intracerebroventricular in-
jections of CRH (Bittencourt and Sawchenko, 2000; Chan
et al., 2000) and the related peptide urocortin (Bittencourt
and Sawchenko, 2000), which are also anorexigenic. Fur-
thermore, it has been shown that levels of CRH neuropep-
tide mRNA are also clearly altered in the CEAl, BSTov,
and BSTfu after dehydration and food restriction (Watts
et al., 1995; Watts, 2000, 2001) and that corticosterone
itself can, to a greater or lesser extent, alter CRH mRNA
levels in these three cell groups (Makino et al., 1994;
Watts et al., 1995; Watts and Sanchez-Watts, 1995). Fi-
nally, it has been reported (Thrivikraman et al., 2000)
that Fos levels increase in the CEAl and BSTov after
hemorrhage (20% estimated blood volume).
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On the other hand, Fos levels in the CEAIl, BSTov, and
BSTfu do not appear to be altered substantially under
certain other experimental conditions, including restraint
stress (Bowers et al., 1998), swim stress (Cullinan et al.,
1995), and audiogenic stress (Campeau and Watson,
1997). Mechanisms responsible for changing Fos levels in
this circuitry remain to be elucidated. Presumably, they
are mediated by neural and/or hormonal inputs to the cell
groups, which will be reviewed after a brief consideration
of how neural projections from the BSTov and BSTfu are
organized.

Functional organization of BSTov and
BSTfu projections

Obviously, these two nuclei have multiple and diverse
projection fields as defined anatomically, and their func-
tional significance remains to be determined experimen-
tally. Nevertheless, it would appear from a qualitative
perspective that most of the terminal fields seem to be
associated with four components of the motor system, with
the behavioral state system, and with visceroceptive/
nociceptive systems (Fig. 10).

The four influences on the motor system broadly con-
ceived include the following. First, both the BSTov and the
BSTfu project to at least three regions that are thought to
modulate somatomotor responses: the nucleus accumbens,
substantia innominata, and retrorubral field. Although
the functional significance of these ventral striatopallidal-
associated regions is far from clear, there is good evidence
that they are at least involved in modulating locomotor,
orofacial, and perhaps ingestive behaviors (Swanson et
al., 1984; Mogenson et al., 1985; Von Krosigk and Smith,
1990; Spooren et al., 1993; Stratford and Kelley, 1999;
Swanson and Kalivas, 2000). Second, both the BSTov and
the BSTfu project to four regions involved in controlling
the output of the autonomic nervous system: the central
nucleus of the amygdala, the dorsal regions of the tuberal
lateral hypothalamic area, the parabrachial nucleus, and
the nucleus of the solitary tract (Loewy, 1991). In addition,
the BSTfu projects heavily to the descending division of
the hypothalamic paraventricular nucleus, which pro-
vides extensive inputs to preganglionic sympathetic and
parasympathetic neurons in the brainstem and spinal
cord (for review see Swanson, 1987). Third, the BSTfu
projects to two nuclei dominated by neuroendocrine mo-
toneurons: the paraventricular and anterior periventricu-
lar nuclei of the hypothalamus (Markakis and Swanson,
1997). Thus, the BSTfu is a part of the BST as a whole that
is in a position to modulate adrenocorticotropic hormone
(ACTH) release (Beaulieu et al., 1986; Dunn, 1987;
Roozendadal et al., 1991; Gray et al., 1993), by innervating
the region containing neuroendocrine CRH motoneurons
in the paraventricular nucleus, and to modulate growth
hormone release by innervating neuroendocrine soma-
tostatin neurons in the anterior periventricular nucleus
(see Markakis and Swanson, 1997). Indeed, ibotenic acid
lesions of the lateral BST that include the BSTov and
BSTfu significantly decrease CRH mRNA levels in the
medial parvicellular part of the PVH (Herman et al.,
1994). Fourth, the BSTfu also projects to multiple compo-
nents of the recently identified visceromotor pattern
generator network in the periventricular region of the
hypothalamus, a network that innervates various combi-
nations of neuroendocrine motoneuron pools and pools of
preautonomic neurons in the paraventricular nucleus (Ri-
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Fig. 11. Summary of major known projections to the BSTov and
BSTfu in the rat. These neural pathways are discussed and docu-
mented in the text. Note that certain regions of the brain innervate
both the BSTov and the BSTfu, whereas there are also differential
inputs to each cell group.

sold et al., 1997; Thompson and Swanson, 1998; Swanson,
2000). These nuclei include the dorsomedial, parastrial,
and median preoptic nuclei, which are thought to play an
especially important role in body water homeostasis
(Swanson, 2000).

The BSTfu also projects to three cell groups that may
have important influences on behavioral state. Two of
them, the dorsal nucleus of the raphé and the laterodorsal
tegmental nucleus are centered in the midbrain periaque-
ductal gray and are thought to regulate various aspects of
arousal (Satoh and Fibiger, 1986; Steriade et al., 1990;
Vertes, 1990a,b). In contrast, the subparaventricular zone
of the hypothalamus receives most of the output of the
nearby suprachiasmatic nucleus and thus presumably has
an important influence on circadian functions (Watts et
al., 1987; Morin et al., 1994).

Finally, both the BSTov and the BSTfu project to the
nucleus of the solitary tract and especially the parabra-
chial nucleus. As mentioned above, these nuclei undoubt-
edly influence profoundly the output of the autonomic
nervous system. However, it is also clear that both nuclei
are involved in relaying visceroceptive as well as nocicep-
tive information to more rostral levels of the neuraxis
(Ricardo and Koh, 1978; Saper and Loewy, 1980; Bernard
et al., 1989, 1993, 1994, 1995; Herbert et al., 1990; Alden
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et al., 1994; Bester et al., 1997a,b). Therefore, it seems
reasonable to suggest that the BSTov and BSTfu may also
“gate” the flow of such information to the midbrain and
forebrain.

Afferent control of the BSTov and BSTfu

To place the axonal connections of the BSTov and BSTfu
described here within a functional context, it may be use-
ful to review briefly what little is known about neural and
hormonal inputs to them. To begin with, it is convenient to
divide neural inputs into those ending in both cell groups,
those ending predominantly in the BSTov, and those end-
ing predominantly in the BSTfu (Fig. 11). As pointed out
above (see Fig. 10), both nuclei receive a highly differen-
tiated input from the CEA, which in turn receives virtu-
ally all classes of sensory information via a complex set of
cortical and subcortical connections (McDonald, 1998;
Swanson and Petrovich, 1998). In addition, both nuclei
receive inputs from the nucleus of the solitary tract, part
of which may be noradrenergic (Ricardo and Koh, 1978;
Riche et al., 1990; Terenzi and Ingram, 1995; Georges and
Aston-Jones, 2000), and from the parabrachial nucleus,
although the lateral parabrachial nucleus tends to inner-
vate both cell groups (Alden et al., 1994), whereas the
medial parabrachial nucleus, which preferentially deals
with gustatory information, tends to innervate the BSTfu
(Herbert et al., 1990; Alden et al., 1994). Whether these
pathways from the nucleus of the solitary tract and para-
brachial nucleus supply visceroceptive, nociceptive, and/or
gustatory information to the BSTov and BSTfu remains to
be determined physiologically. Finally, both nuclei appear
to receive noradrenergic inputs from the A2 cell group in
the nucleus of the solitary tract and A6 cell group in the
locus coeruleus (Pickel et al., 1974; Jones and Yang, 1985;
Phelix et al., 1992a,b; Aston-Jones et al., 1999; Delfs et al.,
2000; Georges and Aston-Jones, 2000), serotonergic inputs
from the dorsal nucleus of the raphé (Eiden et al., 1985;
Vertes, 1991), and presumably dopaminergic inputs from
the ventral tegmental area (Moore, 1978; Hokfelt et al.,
1980; Phelix et al., 1992b; Freedman and Cassell, 1994;
Risold and Swanson, 1997; Georges and Aston-Jones,
2000).

In contrast, the BSTov also receives inputs from (1) the
postpiriform transition area (McDonald, 1998; Dong et al.,
2001), a cortical area that receives a massive input from
the main olfactory bulb and also projects massively to the
CEA (McDonald, 1998; Swanson and Petrovich, 1998); (2)
the insular region (Saper, 1982; Yasui et al., 1991; Mec-
Donald et al., 1999), which includes visceral, gustatory,
and visceroolfactory association areas of cortex; and (3)
the paraventricular nucleus of the thalamus (Moga et al.,
1995), which receives inputs from many parts of the hy-
pothalamus, including the suprachiasmatic nucleus, and
from more caudal regions of the brainstem (for review see
Risold et al., 1997).

The BSTfu also receives inputs from several other sites.
First, it receives substantial inputs from the anterior di-
vision of the BST (H.-W.D. and L.W.S., unpublished ob-
servations with PHAL), which is important because the
anterior BST receives inputs from the ventral subicular
complex of the hippocampus and virtually the entire
amygdala (Canteras and Swanson, 1992; for review see
Dong et al., 2001). Second, it receives projections from the
nucleus accumbens (Groenewegen and Russchen, 1984;
Georges and Aston-Jones, 2000), which in turn receives
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widespread cortical and subcortical inputs (Groenewegen
et al., 1999). Third, it receives inputs from a group of
nuclei that have been implicated in the regulation of in-
gestive behavior, especially in the regulation of thirst (for
review see Swanson, 2000). They include the subfornical
organ (Swanson and Lind, 1986), parastrial nucleus (R.H.
Thompson and L.W.S., unpublished observations with
PHAL), dorsomedial nucleus of the hypothalamus
(Thompson et al., 1996), and a region of the dorsal tuberal
level of the lateral hypothalamic area whose neurons up-
regulate the expression of CRH when animals experience
dehydration (Kelly and Watts, 1996). Fourth, the BSTfu
appears to receive an input from the Al noradrenergic cell
group located in the lateral paragigantocellular reticular
nucleus of the ventrolateral medulla (Woulfe et al., 1988;
Roder and Ciriello, 1994; Zagon et al., 1994; Aston-Jones
et al., 1999; Delfs et al., 2000). This pathway appears to be
involved in transmitting information received from the
nucleus of the solitary tract (Ross et al., 1985).

As mentioned earlier, there is good evidence that adre-
nal glucocorticoids may influence to varying degrees neu-
ropeptide gene expression in the BSTov and BSTfu, and it
should be noted that neurons in both cell groups also
express high levels of the androgen but not the estrogen
receptor (Simerly et al., 1990) and that neurons in the
BSTov also express moderate levels of the mineralocorti-
coid receptor (Arriza et al., 1988).

OVERVIEW

The results of the present experiments, together with a
rather large body of published evidence, suggest at least
the outlines of a highly interconnected neural network—
consisting of the CEA, BSTov, and BSTfu—that plays an
important role in coordinating somatic, autonomic, and
neuroendocrine motor responses that attempt to maintain
homeostasis in the face of water and/or food deficits. It has
recently been suggested that this network is a specialized
component of the basal ganglia, cerebral nuclei, or stria-
topallidum (Swanson and Petrovich, 1998; Swanson,
2000). Thus, the CEA may correspond to a (caudal) part of
the striatum, with a defined set of cortical inputs and a
dual descending GABAergic projection to the (rostral) pal-
lidum and to a variety of motor system components. The
rostral pallidum includes the BSTov and BSTfu, which in
turn also send descending GABAergic projections to a
variety of motor system components and to the thalamus
(Fig. 10).

Adrenal steroid hormones (both glucocorticoids and
mineralocorticoids) are critically important for glucose
and body water homeostasis, and recent evidence suggests
that circulating corticosterone levels, at least, change neu-
ropeptide gene expression in very specific ways after de-
hydration and/or decreased food intake within neurons of
the CEA, BSTov, and BSTfu (for review see Watts, 2000,
2001). It has been proposed that altered neuropeptide
levels could, under at least some conditions, alter the
physiological effectiveness or strength of projections from
these nuclei to sensory and/or motor regions such as the
parabrachial and hypothalamic paraventricular nuclei
(Watts, 2001). It has also been suggested that conditioned
neuropeptide mRNA level changes in the CEAI might act
as a reversible “gain control” for long-term modulation of
subsequent conditioned responses mediated through the
CEAm, BSTov, and/or BSTfu (Petrovich et al., 2000).
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