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ABSTRACT
The axonal projections of the ventral subiculum to the bed nucleus of the stria terminalis
(BST) were examined in the rat with the anterograde neuronal tracer Phaseolus uulgarisleucoagglutinin (PHA-L). Axons originating in the ventral subiculum coursed to the BST
through either the fimbria-fornix, or a pathway involving the stria terminalis via the amygdala.
Ventral subicular axons gave rise to dense terminal networks that were preferentially
distributed in medial and ventral subregions of the BST. The distribution of subicular fibers
and terminals was examined in relation to BST neurons that project to the hypothalamic
paraventricular nucleus (PVN). In these cases, discrete iontophoretic injections of the
retrograde tracer Fluoro-gold were made in the PVN, with PHA-L delivered to the ipsilateral
ventral subiculum. An immunocytochemical double-labeling protocol was then employed for
the simultaneous detection of PHA-L and Fluoro-gold, and provided light microscopic evidence
for subicular input to PVN-projecting cells located within the BST.
In a second series of experiments, the y-amino butyric acid (GABAIergic nature of the EST
was examined by in situ hybridization histochemistry for detection of transcripts encoding
GADs7 mRNA. The studies revealed that a high proportion of BST neurons express GAD67
transcripts. Also, experiments combining Fluoro-gold tracing with GAD67i n situ hybridization
suggested that a proportion of PVN-projecting neurons in the BST are GABAergic. Taken
together, the results of these sets of studies suggest that the inhibitory influences of the
hippocampus on the PVN might be relayed through specific portions of the BST. These findings
may have important implications for our understanding of the neural regulation of the
hypothalamic-pituitary-adrenalaxis. c 1993 wiley-Liss, Inc
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The neurons of the medial parvicellular division of the
hypothalamic paraventricular nucleus (mpPVN) represent
the origin of a final common pathway involved in activation
of the hypothalamic-pituitary-adrenal (HPA) axis; these
cells, which synthesize and release corticotropin-releasing
hormone (CRH), arginine vasopressin (AVP), and other
secretagogues are responsible for a cascade of events culminating in the adrenocorticotropic (ACTHbmediated release
of glucocorticoids from the adrenal cortex. Glucocorticoid
levels are appropriately maintained by inhibitory influences
exerted at multiple levels, including the anterior pituitary,
the PVN, and additional brain areas (Keller-Wood and
Dallman, '84; Kovacs et al., '86; Sawchenko, '87). A brain
region strongly implicated in the inhibitory control of the
Q
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HPA axis is the hippocampus. Hippocampal stimulation
has been reported to inhibit median eminence-projecting
neurons in the PVN (Saphier and Feldman, '87), to reduce
plasma corticosteroid levels (Mandell et al., '62; Rubin et
al., '66; Dunn and Orr, '841, and to inhibit stress-induced
corticosterone secretion (Endroczi et al., '59; DuPont et al.,
'72). Other studies have demonstrated that hippocampal
ablation, or transsection of its major efferent pathway, the
fimbria-fornix, results in elevated ACTH levels in the
hypophyseal portal system (Sapolsky et al., '89), and glucocorticoid hypersecretion basally or in response to stress
(Fendler et al., '61; Knigge, '61; Feldman and Conforti, '80;
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Wilson et al., '80; Margarifios et al., '87; Herman et al.,
'89b). Fischette et al. ('80, '81) first focused attention on a
possible role for the ventral subiculum in glucocorticoid
regulation, demonstrating that fimbria-fornix lesions that
disrupt ventral subicular efferents altered the circadian
rhythmicity of plasma corticosterone levels. In addition,
recent evidence has indicated that hippocampal ablations or
selective fimbria-fornix lesions result in induction of CRH
and AVP mRNA in the mpPVN (Herman et al., '89b, '92).
The fact that the hippocampus contains the highest brain
levels of type I and type I1 glucocorticoid receptors and their
mRNAs has further implicated this structure in the inhibitory control of HPA function (McEwen et al., '68; Sapolsky
et al., '83; Reul and de Kloet, '85, '86; Arriza et al., '88; Van
Eekelen et al., '88; Herman et al., '89a; Sousa et al., '89).
The neural pathways by which hippocampal inhibitory
influences are conveyed to the PVN have remained unclear.
Anterograde neuronal tracing studies have suggested that
the hippocampus lacks significant direct input to the PVN
(Swanson and Cowan, '77; Kohler, 'go), and hippocampal
output is generally thought to be excitatory (Wallas and
Fonnum, '80; Finch et al., '86). These findings suggest the
existence of one or more neuronal relays between the
hippocampal formation and the PVN. One candidate region
for this function is the bed nucleus of the stria terminalis
(BST) (Sawchenko and Swanson, '83b; Swanson, '86; Herman et al., ' 8 9 ~ ) .Anterograde and retrograde neuronal
tract-tracing studies have demonstrated that the BST
receives input from the ventral subiculum (Swanson and
Cowan, '77, '79; Meibach and Siegel, '77; Krettek and Price,
'78; Weller and Smith, '82), and a BST projection to the
PVN has been similarly confirmed (Swanson and Cowan,
'79; Silverman et a]., '81; Sawchenko and Swanson, '83a;

Grove, '88).Recently the efferent projections of the ventral
subiculum have been described in experiments utilizing the
sensitive anterograde tracer Phaseolus uulgaris-leucoagglutinin (PHA-L) (Kohler, '90; Witter and Groenewegen, 'go),
although little information was reported concerning inputs
to the BST. A major focus of the present investigation was
to examine both the precise relationship between the
ventral subiculum and this nucleus, and whether subicular
fibers might contact PVN-projecting neurons located in the
BST.
A second series of experiments was undertaken to determine whether the BST projection to the PVN contains the
neurotransmitter y-amino butyric acid (GABA).A number
of studies have implicated GABAergic mechanisms in the
negative control of HPA activity (Makara and Stark, '74;
Jones et al., '76; Acs and Stark, '78; Tappaz et al., '82;
Plotsky et al., '87b; Calogero et al., ' 8 8 ) ,although the site(s)
of GABA action was not determined. The BST is known to
contain a rich population of GABAergic neurons (Mugnani
and Oertel, '85; Ferraguti et al., '90; Erlander et al., '91 1,
although whether such neurons are among those that
project to the PVN has not been examined to date. l o
address this question, a separate series of experiments was
undertaken utilizing the retrograde neuronal tracer Fluorogold, in combination with in situ hybridization histochernil;;try for detection of mRNA transcripts encoding glutam ic
acid decarboxylase (G.4D), the GABA-synthesizing enzyme.

MATERIALS AND METHODS
Anterograde and retrograde neuronal tracing
Twenty-five male Sprague-Dawley rats weighing between
275 and 325 g were included. Animals were anesthetized
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VENTRAL SUBICULAR PROJECTIONS TO THE BST
with chloral hydrate (300 mg/kg), and mounted in a Kopf
stereotaxic apparatus adjusted to coordinates according to
the atlas of Paxinos and Watson ('86). Anterograde neuronal tract tracing was performed with PHA-L (Vector)
according to the method of Gerfen and Sawchenko ('84). A
2.5% PHA-L solution diluted in 0.01 M phosphate buffer
(pH = 8.0) was backfilled into glass micropipettes of tip
diameter 15-20 km. Iontophoretic injections to the ventral
subiculum and surrounding regions were made (5-6 FA; 7
seconds on/of€l for 15-20 minutes. For retrograde neuronal
tracing, the tracer Fluoro-gold (Schmued and Fallon, '86)
was employed. A 2% Fluoro-gold solution diluted in 0.9%
NaCl was backfilled into glass micropipettes of tip diameter
10-15 pm, and subsequently delivered to the PVN iontophoretically (3 pA; 7 seconds onioff, for 1-3 minutes. In all
cases involving delivery of PHA-L or Fluoro-gold, the
pipette was left in place following delivery for 15 minutes to
minimize tracer diffusion along the pipette track. Five
animals received Fluoro-gold injections alone; 15 animals
received injections of PHA-L with Fluoro-gold delivered to
the ipsilateral side. Survival periods ranged from 10 to 21
days. In an effort to discern the fiber pathways by which
subicular efferents reach the BST, in five additional cases
injections of PHA-L alone were made, with animals sacrificed at various periods ranging from 1to 5 days.
Following survival periods, all animals were deeply anesthetized and perfused transcardially with 50 ml saline,
followed by 350 ml of a fixative containing 4% paraformaldehyde in 0.1 M sodium phosphate buffer (pH = 7.4) (PB).
Brains were removed and postfixed overnight in the same
fixative to which 20% sucrose had been added, subsequently
frozen on dry ice, and cut on a sliding microtome in the
coronal plane into six series of 20 pm sections. Sections
were then placed in a cryoprotectant solution and stored at
-20" until further processing.
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ization of PHA-L and Fluoro-gold. PHA-L was detected in
the first immunocytochemical sequence as described above,
except that the secondary antibody was a biotinylated
anti-goat IgG prepared in donkey (Chemicon), and the
nickel-enhanced DAB color modification of Hsu and Soban
('82) was employed. Fluoro-gold was then detected in the
second immunocytochemical sequence as previously described, except that the primary antiserum was used at a
1:2,000 dilution.
To control for the possibility of cross-reactivity between
immunoreagents or secondary antisera in the doublelabeling studies, a series of sections was processed in the
full immunocytochemical sequence with one or both primary antibodies deleted, or replaced with normal goat or
rabbit serum. No evidence of labeling was encountered in
these experiments.

In situ hybridization histochemistry

Three animals were sacrificed by rapid decapitation, and
brains were removed, frozen in isopentane at -4O"C,
subsequently sectioned at 15 km using a cryostat (Hacker
Instruments), mounted onto polylysine-coated slides, and
fixed for 1 hour in 4% paraformaldehyde in PB. Tissue
sections were deproteinated with proteinase K (0.1 Fgirnl)
for 5 minutes at 37°C. Slides were subsequently rinsed for
several minutes in distilled HzO, and then washed in 0.1 M
triethanolamine for 1minute, and for 10 minutes following
the addition of 0.25% acetic anhydride. Slides were then
rinsed in distilled H20, and dehydrated in a progressive
series of alcohols.
In situ hybridization for GAD mRNA was performed with
a probe specific for the M, 67,000 isoform of GAD (GAD,,;
courtesy of A. Tobin, UCLA). Plasmid containing GADs7
(Hind11fragment subcloned in pGEM3) was linearized with
NcoI, and antisense 35S-labeledcRNA probe (210 nts) was
synthesized using standard in uitro transcription methodolImmunocytochemistry
ogy. The labeling reaction mixture contained the following:
Prior to all immunocytochemical steps, sections were 1 Fg linearized plasmid, 1x SP6 transcription buffer (BRL),
routinely rinsed several times in ice cold PB. Antisera were 125 FCi "S-UTP, 150 FM NTPs-UTP, 12.5 mM dithiodiluted in PB to which 0.5% Triton X-100 and 0.25% threitol, 20 U RNAsin, and 6 U T7 polymerase. The
carrageenan (Sigma, lambda type) had been added. All reaction was allowed to proceed for 90 minutes at 37"C, and
incubations were carried out under gentle agitation at 4°C. probe was separated from free nucleotides over a Sephadex
PHA-L was detected by the avidin-biotin-peroxidase(ABC) G50-50 column. Probes were diluted in hybridization buffer
technique. Sections were incubated in a goat anti-PHA-L to yield approximately 1,500,000 dpmi30 ~1 buffer. The
antiserum (Vector) at a dilution of 1:2,000 for 36 hours. hybridization buffer consisted of 75% formamide, 10%
This was succeeded by a biotinylated rabbit anti-sheep dextran sulfate, 3X SSC, 50 mM sodium phosphate buffer
antiserum (Vector; 1 : l O O ) for 4 hours, and the ABC com- (pH = 7.4), 1X Denhardt's solution, 0.1 mgiml sheared
plex (Vector) at a dilution of 1:500 for 4 hours. This was salmon sperm DNA, and 0.1 mg/ml yeast tRNA. Diluted
) applied to each slide, with slides coverfollowed by the coupled oxidation reaction (Itoh et al., '79) probe (30 ~ 1 was
in a solution containing 50 mg 3,3'-diaminobenzidene slipped and sealed at their borders with rubber cement.
(DAB) tetrahydrochloride, 40 mg ammonium chloride, 0.4 Slides were then placed in moistened chambers, and incubamg glucose oxidase (Sigma, type VII), and 200 mg B-D- tions were allowed to proceed for 12-30 hours at 57°C.
glucose, per 100 ml PB. Sections were then rinsed, mounted Following hybridization, coverslips were removed in 1X
onto poly-lysine coated slides, dehydrated in a series of SSC, and slides were subsequently washed several times in
alcohols, placed in xylene for several hours, and cover- 1X SSC for 10 minutes. Slides were then treated with
RNase A (200 pgiml) for 30-60 minutes at 37"C, and
slipped with DPX.
Immunocytochemical detection of Fluoro-gold was per- washed successively in lX, 0.5X, and 0.2X SSC for 10
formed according to the peroxidase-antiperoxidase (PAP) minutes each, followed by a 1.5 hour wash in 0.2X SSC at
method. Sections were incubated in an anti-Fluoro-gold 60°C. Slides were then dehydrated in alcohols, exposed to
antibody (Chang et al., '90) prepared in rabbit (1:4,000) for Kodak XAR X-ray film for 24-36 hours, and ultimately
36 hours, followed by a donkey anti-rabbit IgG (Chemicon) dipped in Kodak NTB2 emulsion. Emulsion-dipped slides
at 1 : l O O for 4 hours, and the rabbit PAP complex at 1 : l O O were then stored in light-tight boxes for 10-21 days at 4°C.
for 3 hours. This was succeeded by the coupled oxidation Slides were developed in Kodak D-19 developer, and subsequently dehydrated, placed in xylene for 20 minutes, and
DAB reaction as described above.
In cases involving dual tracer injections, a double- coverslipped with DPX. Control experiments were perlabeling protocol was employed for the simultaneous visual- formed on tissue sections pretreated with RNase A. Evi-
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dence of labeling was not encountered in these experiments.
The proportions of neurons expressing GADs7mRNA within
BST subdivisions were determined visually from a minimum of three to five sections counterstained with cresyl
violet. Counts of labeledinon-labeled neurons were registered with the aid of an ocular reticle placed over a given
BST subnucleus corresponding to a 200 x 200 bm area of
the section. Labeling of positive cells was typically at least 5
to 10 times that of background levels.

Fluoro-gold immunocytochemistry combined
with GAD in situ hybridization
GAD in situ hybridization was performed on sections
previously immunolabeled for Fluoro-gold. The Fluoro-gold
immunolabeling was performed on floating sections as
previously described, except that 20 nM vanadyl ribonucleosidase (Sigma) was added to the incubation and rinse
solutions to inhibit ItNase activity. Sections were subsequently mounted onto coated slides, dehydrated in a progressive series of alcohols, and stored overnight. GAD in sztu
hybridization was then performed as described above,
except that in some cases the proteinase K step was
omitted. Exposure times for emulsion-dipped sections varied between 10 and 14 days. Control in situ hybridization
experiments were run on Fluoro-gold-immunolabeled sections pretreated with RNase A (200 pgirnl) and did not
show evidence of labeling.

i

RESULTS
Terminology
Parcellations of the bed nucleus of the stria terminalis
have traditionally emphasized medial and lateral divisions
associated with neuroendocrineireproductive and autonomic functions, respectively. Recently, several detailed
descriptions of the BST have subdivided the nucleus on the
basis of cytoarchitectural, chemoarchitectural, and connectional data, to which the reader is referred (de Olmos et al.,
'85; J u and Swanson, '89; J u et al., '89; Moga et al., '89). For
the purposes of the present study, we have maintained
many of the major BST divisions defined by Moga et al.
('89), as this study most closely resembled the present
cytoarchitectural and connectional data. The parastrial
nucleus, while considered to be distinct from the BST, has
been included in the present description in view of its
similarities to the BST in cytoarchitecture and peptide
content (Moga et al., '89). The terminology outlined in the
second edition of the atlas of Paxinos and Watson ('86) was
adopted for the delineation of most other rostra1 forebrain
structures.

Anterograde tracing experiments
Discrete iontophoretic PHA-L injections were made in
various aspects of the ventral subiculum, as well as in
portions of the amygdalohippocampal transition area. The
locations of PHA-L injection sites from 10 primarily nonoverlapping experiments are represented in Figure 1,and a
typical PHA-L injection site is illustrated in Figure 8B. A
description of pathways and forebrain terminations of
these cases follows.
Cases 21, 32, and 05. The PHA-L injections in these
cases were made at several different rostrocaudal levels in
the proximal or lateral-most portion of the ventral subiculum, in the region previously termed prosubiculum (Mei-

Fig. 1. Schematic diagram indicating the locations of Phaseolus
uulgaris-leucoagglutinin(PHA-L) injection sites within the ventral
subiculum or amygdalohippocampal transition area a t levels approximately4.7,5.4,5.9,and 6.3 mm caudal to bregma.

bach and Siegel, '77). In cases 32 and 05, a few neurons in
the dentate gyrus were also labeled; however, in no cases
could PHA-L-labeled cells be detected ventral to the subiculum in the entorhinal cortex or amygdalohippocampal
transition area. The resulting patterns of forebrain labeling
were similar among these cases, although the density of the
innervation differed in the respective experiments, apparently as a function of the number of cells labeled at the
injection sites. The labeling pattern from case 05 is shown
at a series of forebrain levels in the darkfield micrographs of
Figures 2 and 3. In agreement with previous data (Kohler,
'90; Witter and Groenewegen, '901, hippocampal efferents
were seen to course from the injection site either: dorsally,
through the alveus to the fimbria-fornix system, or uentrolaterally to the entorhinal cortex, and then anteriorly to the
amygdala. These fiber systems are described in turn.
Fibers that coursed dorsally from the injection site ran
through the lateral portion of the fimbria and could be
detected in the precommisural and postcommisural portions of the fornix, as well as the medial corticohypothalamic tract. Precommissural fibers provided a massive
input to the lateral septal nucleus, which was seen primarily within its intermediate subdivision (Fig. 2A,B). A
similarly dense innervation was seen within the septofimbrial nucleus (Fig. 2B). Fibers bearing mainly en passant
varicosities continued ventrally along the lateral border of
the medial septal nucleus to the nuclei of the vertical arid

Fig. 2. Series of darkfield photomicrographs illustrating the distribution of PHAL-labeled fibers and
terminals at rostra1 (A), mid- (B),
and caudal ( C ) BST levels, and at the level of the PVN (D), following a
tracer injection in the lateral portion of the ventral subiculum (case 05).Arrows in A and B depict fibers that
reach the BST via the fornix and stria terminalis, respectively. Scale bar = 0.5 mm.
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Fig. 3. Darkfield photomicrographs illustrating the distribution of PHA-L-labeled fibers and terminals
at the level of the ventromedial hypothalamic nucleus (A) and within the amygdala (El, following a tracer
injection in the lateral portion of the ventral subiculum (case 05). Scale bars = 0.5 mm.

horizontal limbs of the diagonal band, where they appeared
to turn caudally. Other precommissural fornix fibers turned
ventrolaterally at the level of the septum, distributing a
dense network of fibers and terminals to the BST (Fig.
2A,B). Some axons coursing in the postcommissural fornix
and the proximal portion of the medial corticohypothalamic
tract could be followed laterally to the caudal BST; a
contingent of these postcommissural fornix fibers turned
ventrolaterally, coursed through the sublenticular substantia innominata (SI)in the region corresponding to the
ventral amygdalofugal pathway (Novotny, '77), and could
be followed to the anterior amygdaloid area and medial
amygdaloid nucleus. PHA-L-labeled axons that detached
from the postcommissural fornix and medial corticohypothalamic tract also heavily innervated numerous hypothalamic
regions, including the medial preoptic area (Fig. 2C), anterior hypothalamic area, regions surrounding the paraventricular (Fig. 2D) and ventromedial hypothalamic nuclei
(Fig. 3A), and mammillary region. Labeled fibers and
terminals were also seen within the dorsomedial hypothalamic nucleus (Fig. 3A), and relatively light labeling was
seen within the medial preoptic nucleus (Fig. 2 C ) . Labeling
was not detected within the PVN itself, other than for a few
passing fibers, nor were labeled fibers evident within the
supraoptic nucleus. Postcommissural fornix fibers also
coursed within the subiculothalamic tract to the thalamus,
where labeling was seen within the thalamic paraventricular, paratenial, and anteromedial nuclei, and to a lesser
extent within the interanteromedial and reuniens nuclei

(Fig. 2C,D). Dense labeling was observed within the rostromedial tip of the zona incerta (Fig. 2D).
Fibers that coursed ventrolaterally from the injection site
to the entorhinal cortex could be followed anteriorly to the
amygdala, where dense fiberiterminal networks were seen
within the lateral amygdaloid nucleus, medial amygdaloid
nucleus, the basomedial nucleus, the medial part of the
central nucleus, and the intraamygdalar division of the BST
(BSTIA) (Fig. 3B). Labeling was relatively sparse in the
basolateral nucleus. A prominent network of fibers/
terminals was seen to surround the lateral division of the
central amygdaloid nucleus, although, like the paraventricular hypothalamic nucleus, this region was largely devoid of
labeling (Fig. 3B). Some axons could be followed to the
caudal portion of the caudate putamen, while other fibers
continued to more rostra1 portions of the medial amygdaloid nucleus. Within the amygdala, a small contingent of
fibers was consistently seen collected within the stria
terminalis, mainly along its lateral border (Fig. 4B). These
fibers could be followed along the course of the stria
terminalis (Fig. 4A,B) to the BST (Fig. 2B,C), where dense
terminal networks were elaborated.
At the level of the BST, some fibers arriving via the stria
terminalis could be followed ventrally to the anterior
hypothalamic area, where they merged with the terminal
plexus originating from the fornix system (Fig. 2C). A
separate contingent of the fibers from the stria terminalis
coursed ventrally within the caudolateral BS'I', continuing
ventrolaterally through the SI, where they were joined by
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Fig. 4. A Darkfield photomicrograph taken a t a forebrain levcl
approximately 1.2 mm caudal to bregma, illustrating labeled fibers
within the lateral portion of the fimbria-fornix and within the stria
terminalis following a PHA-L injection in the lateral portion of the
ventral subiculum. B: Darkfield photomicrograph taken at a forebrain
level approximately 3.5 mm caudal to bregma, illustrating PHA-Llabeled fibers (arrows) within the amygdaloid portion of the stria
terminalis following a tracer injection in the lateral part of the ventral
subiculum. Scale bars = 0.5 mm.

-

fibers from the postcommissural fornix and medial corticohypothalamic tract, before reaching the anterior and medial nuclei of the amygdala.

It should also be noted that in all of these cases, labeled
axons resembling fibers of passage were seen within the
ventral portion of the striatum beneath the posterior limb
of the anterior commissure. These fibers were continuous
rostrally with the nucleus accumbens and rostra1 BST, and
caudally with the amygdala; however, their direction could
not be determined.
Within the BST, dense networks of PHA-L fibers and
terminals were concentrated in the anterior medial, anterior lateral, ventral medial, posterior intermediate, and
preoptic divisions of this structure (Fig. 2A-C). Fewer
fibersiterminals were detected in the ventral lateral BST
subdivision, and light labeling was seen in the parastrial
nucleus. The dorsal lateral and posterior lateral divisions of
the BST were largely avoided (Fig. 2B), as was the posterior
medial division (Fig. 2 C ) .
Cases 56, 57, and 59. In these cases the PHA-L injections were located centrally within the ventral subiculum,
with case 56 labeling cells immediately lateral to those in
case 57 (Fig. 1).The PHA-L injection site in case 59 was
centered in the same mediolateral location as that in case
57, approximately 0.5 mm anteriorly. The pathways by
which labeled axoiis coursed to the forebrain, as well as the
forebrain distribution patterns of fiberiterminal labeling
from the three cases, were similar to those following
injections placed more laterally in the ventral subiculum,
with several notable exceptions:
1. Labeling within the stria terminalis was somewhat
lighter than from cases involving tracer injections in the
lateral portion of the ventral subiculum; however, some
fibers could be followed to the BST through the adjacent
portions of the caudate putamen.
2 . The labeling pattern of fibersiterminals differed within
the caudal portion of the BST, where it was largely restricted to the posterior intermediate division (Fig. 5C),
with few fibers detected within the preoptic division.
3. Labeling within the medial corticohypothalamic tract
(Fig. 5C) was far more prominent than in cases involving
the lateral portion of the ventral subiculum (Fig. 2 C ) .
Consequently, labeling within some medial hypothalamic
groups was heavier in these cases. This was particularly
apparent within parts of the anterior hypothalamic area
and several caudomedial hypothalamic regions. Similar to
more laterally placed injections, however, many portions of
the medial hypothalamus received innervation from fibers
that detached from both the medial corticohypothalamic
tract and the fornix.
4. Labeling within the anteromedial thalamic nucleus
and rostromedial zona incerta was light or absent (Fig. 5D).
Additional cases. The PHA-L injection site in case 02
(Fig. 1)was located within the caudomedial aspect of the
ventral subiculum, immediately adjacent to case 05. Interestingly, the forebrain labeling pattern was distinct from
that in case 05, in that relatively sparse labeling was
detected in the most hypothalamic areas and only a few
scattered fibers were observed in the EST, although several
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Fig. 5. Series of darkfield photomicrogaphs illustrating the distribution of €'HA-L-labeled fibers and
tci-minals at rostra1 (A),mid- (B),and caudal (C) levels of the BST, as well as the level of the PVN ( D ) ,
followiiiga tracer injection within a mid-portion of the ventral subiculum (case 571. Scale bar = 0.5 mm.
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Fig. 6. Schematic diagram illustrating fiber pathways mediating ventral subicular projections to the BST.

thalamic nuclei were prominently labeled (reuniens, anteroventral). No evidence of labeling in the stria terminalis was
seen in this case.
The PHA-L injection in case 42 labeled neurons located
rostromedially within the posteromedial division of the
amygdalohippocampal transition area (AHiPM).Fibers emanating from the injection site coursed anteriorly through
the amygdala, where a dense plexus of fibers and terminals
was noted within the BSTIA, and to a lesser extent, within
the medial part of the central nucleus. Labeled axons could
be followed through the stria terminalis to the BST, where
fiberiterminal networks were seen. No labeled axons were
detected within the fimbria-fornix from this case; thus,
there was no evidence of labeling within forebrain regions
innervated from this pathway. The PHA-L injection site in
case 49 involved the mid-portion AHiPM, as well as few
cells in the overlying ventral subiculum. Consequently,
fiber labeling was prominent in the stria terminalis, but
was light within the fimbria-fornix. Labeled fibers and
terminals were most abundant within medial portions of
the BST, but were present in all subnuclei with the
exception of the posterior medial subdivision, which was
avoided. In general, however, labeling within the BST
following PHA-L injections involving in the AHiPM was
less dense than that seen following subicular injections.
The injection site in case 58 (Fig. 1) involved the ventral
subiculum and underlying AHiPM equally. The mixed
nature of the injection site in this case was evident in that
labeled fibers were equally prominent in the fimbria-fornix
and stria terminalis. Within the BST, all regions received
input except the posterior medial subdivision, although this
innervation was densest in the anterior medial, ventral
medial, anterior lateral, and posterior intermediate subdivisions. The labeling pattern throughout other portions of
the forebrain mirrored that of case 57. The innervation
patterns within the BST from these cases suggest that
lateral parts of the BST avoided by projections from the
ventral subiculum receive some input from mid-portions of
the AHiPM, and that AHiPM projections reach the BST
through the stria terminalis.
Time course studies. To examine the trajectories of
labeled fibers within the stria terminalis following PHA-L
injections in the ventral subiculum, animals were sacrificed
at various time points after tracer injections confined to the
lateral portion of the ventral subiculum (similar to case 05).

At 24 hours post-injection (case 461, although no labeling
was detected within the BST or hypothalamus, a network of
labeled fibers and terminals was seen within the amygdala,
and labeled axons were seen collected within the amygdaloid portion of the stria terminalis; no labeled fibers were
detected in the more anterior portions of this tract, however, indicating that transport of the lectin had not yet
reached the BST. Labeled axons from this case were also
prominent laterally within the fimbria, but PHA-L transport was arrested at a mid-portion of this structure; there
was no evidence of labeled axons within the fimbria beyond
a point approximately 2.3 mm caudal to bregma. At 48
hours post-injection (case 45), labeled fibers were detected
throughout the stria terminalis and the BST, as well as
within the fornix as far as mid-hypothalamic levels, although none were seen caudal to the level of the dorsomedial hypothalamic nucleus (approx. 2.8 mm caudal to
bregma). At 72 hours post-injection (case 441, the pattern of
labeling in the basal forebrain was identical to case 05,
suggesting that transport of the lectin was essentially
complete. These findings are consistent with the approximated rate of PHA-L transport (4-6 mm/day) reported by
Gerfen and Sawchenko ('84). The results suggest that
following PHA-L injections in the ventral subiculum, at
least a proportion, and possibly all, of the labeled axons
detected in the stria terminalis course toward the BST, and
not in the opposite direction, i.e., en route to the amygdala
after detaching from the fornix a t the level of the BST. The
findings therefore suggest that subicular efferents to the
BST arrive via at least two distinct pathways: 1)the fornix,
including a small contingent of fibers that detached from
the early (most proximal) medial corticohypothalamic tract;
and 2) the stria terminalis, including some axons that
follow its course in the adjacent parts of the caudate
putamen. These relationships are summarized in the diagram of Figure 6.

Retrograde tracing experiments
Discrete iontophoretic injections of the retrograde neuronal tracer Fluoro-gold were aimed at the PVN; the injection
sites were confined mainly within the nucleus in five cases,
four of which are depicted in the composite diagram of
Figure 7. In case 35 the Fluoro-gold injection was located
primarily within the dorsal parvicellular and medial parvi-
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retrogradely labeled neurons were detected in the dorsal
part of the lateral septa1 nucleus, and in most cases,
relatively few labeled cells were seen in the rostromedial
part of the zona incerta.
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Fig, 7. Summary diagram of Fluoro-gold injections directed at the
PVN, adapted from the atlas of Paxinos and Watson ('86).

cellular divisions of the PVN, whereas in case 07 the
injection site was apparently confined mainly to the ventral
portion of the medial parvicellular PVN. The tracer injections in cases 30 and 05 both involved much of the medial
parvicellular PVN, although the injection site in case 05
also clearly extended to the posterior magnocellular PVN.
The injection parameters used in this study were minimized in an effort, to limit the extent of diffusion of the
tracer to the PVN. Consequently, only weak fluorescence
was detectable within retrogradely labeled neurons in most
forebrain regions. To facilitate detection of retrogradely
labeled cells, immunocytochemistry was performed using a
recently developed Fluoro-gold antisera that has been
previously characterized (Chang et al., '90). Fluoro-goldlabeled neurons were found to be differentially distributed
across subdivisions of the BST. The majority of labeled cells
were found within the anterior medial, ventral medial,
ventral lateral, and posterior intermediate subdivisions of
the BST, as well as in the parastrial nucleus (Fig. 8 ) . Fewer
labeled cells were seen within the posterior medial and
preoptic divisions, and very few or none could be detected in
the lateral portions of the BST (i.e., dorsal lateral, posterior
lateral divisions). The distribution patterns of retrogradely
labeled neurons within the BST were similar among the
cases, with the exceptions that in case 05 somewhat more
cells were detected dorsally within the caudal portions of
the BST, particularly in the posterior intermediate division,
and in case 07 fewer total retrogradely labeled cells were
seen. In other rostral forebrain regions the patterns of
retrograde labeling were generally consistent with previously published data (Sawchenko and Swanson, '83a);
however, some differences were noted. For example, few

In 15 animals receiving PHA-L injections in the ventral
subiculum, Fluoro-gold was delivered to the ipsilateral
PVN. In two of these cases analysis of the injection sites
indicated that both tracers were appropriately placed within
target areas, and a series of sections was processed for
detection of PHA-L and Fluoro-gold using the NiDAB/DAB
immunocytochemical double-labeling method. Within the
BST, PHA-L-labeled terminal boutons were seen at high
magnification (100 X ) in direct apposition to Fluoro-goldlabeled neuronal cell bodies or proximal dendritic segments
(Figs. 8, 9D-F). These associations were common in the
anterior medial, ventral medial, and posterior intermediate
divisions of the BST, regions most heavily innervated by
the ventral subiculum and in which the majority of retrogradely labeled cells were seen. PHA-L-labeled terminals
abutting Fluoro-gold labeled cells were also observed, although infrequently, within the ventral lateral and preoptic
divisions of the BST, and in the parastrial nucleus. In some
cases Fluoro-gold-labeled neurons were seen surrounded by
labeled terminals in "pericellular basket" arrangements
highly suggestive of synaptic input, although typically cells
were directly approximated by two to four labeled terminals. Close appositions between PHA-L-labeled fibers and
Fluoro-gold-labeled cells were noted in a number of other
rostral forebrain regions, including the anterior hypothalamic area, particularly in the region immediately ventral to
the PVN, as well as the dorsomedial hypothalamic nucleus.

GAD67 mRNA expression in the BST
Forebrain sections were processed using in situ hybridization histochemistry for detection of mRNA transcripts
encoding GAD, using a cRNA probe specific for the GADG,?
isoform (courtesy Dr. A. Tobin, UCLA). The forebrain
distribution pattern of cells expressing GADS7 mRNA was
consistent with several recent reports (Ferraguti et al., '91;
Erlander et al., '91), and is shown in the darkfield photomi.crographs of Figure 10 at rostral, mid-, and caudal levels of
the BST, as well as at the level of the PVN. Counts from
Nissl counterstained sections revealed that a consistently
high proportion of BST neurons expressed GADsi message,
ranging from 75% in the ventral lateral division, to as high
as 91% in the posterior medial division (Table I). These
findings are consistent with the immunocytochemical data
of Mugnani and Oertel, ('85). The levels of expression of
transcripts encoding GADGiwithin individual BST neurons
were generally much lower compared with those observed
in cells within other forebrain areas, such as in the medial

Fig. 8. Camera lucida drawings on the left sidc show the distribution of neurons retrogradely labeled with Fluoro-gold at rostral (A),
mid- (B),and caudal (C) levels of the BST in case 05. The camera lucida
drawings were made from PHA-LiFluoro-gold double-labeled scctions.
Fluoro-gold-labeled neurons outside of the BST were omitted for
simplicity. The boxed regions in the left drawings are shown in the
corresponding drawings on the right, which illustrate the relationship
between PHA-L-labeled fibers and terminals and Fluoro-gold-immunolabeled neurons. Scale bars := 50 km.
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septa1 nucleus, diagonal band nuclei, caudate putamen,
globus pallidus, and reticular thalamic nucleus. An exception to this was in the posterior medial subnucleus of the
BST, where high levels of expression were noted. Also, a
small number of scattered neurons within other BST
subdivisions expressed high levels (arrow in Fig. llA), and
were most frequently encountered in the anterior medial
and ventral medial BST subdivisions. Within the parastrial
nucleus, approximately 71% of neurons were found to
express GADe7mRNA transcripts, and the levels of expression within these neurons were similar he., relatively low)
to most portions of the BST.

in this projection. Moreover, these experiments provide
light microscopic evidence to suggest that the BST may
mediate hippocampal influences on the PVN, and that such
interactions are likely to occur predominantly within specific BST subregions. Finally, the present study provides a
partial characterization of the chemical nature of the BST
projection to the PVN, in that a proportion of this projection utilizes GABA as a neurotransmitter. These findings
are likely to have important implications for studies exploring the regulation of the HPA axis. Before discussing these
results, however, several technical aspects of the present
study will be considered.

Combined Fluoro-gold immunocytochemistry/
GAD in situ hybridization

Technical considerations

Forebrain sections containing the BST from cases 30 and
35 were processed for Fluoro-gold immunocytochemistry in
combination with detection of GADG7mRNA by in situ
hybridization. Examples of cells labeled for Fluoro-gold/
GAD mRNA within the ventral medial and ventral lateral
subdivisions of the BST are shown in Figures 9G and 12B,
respectively. Although no systematic quantitative analysis
was attempted due to technical limitations of this method
(see Discussion), examination of series of emulsion-dipped
sections from these cases revealed that expression of GADs7
mRNA could be detected in slightly more than half of the
Fluoro-gold-labeled cells within the anterior medial, ventral medial, ventral lateral, and posterior intermediate
divisions of the BST. These proportions were consistent
across BST subdivisions examined in both cases. Other BST
subregions were not evaluated due to the paucity of retrogradely labeled cells found. Expression of GAD67 transcripts
could be detected in approximately 40% of the Fluoro-goldlabeled neurons in the parastrial nucleus. The data indicate
that the PVN receives a portion of its GABAergic input
from neurons located within the BST and parastrial nucleus.

DISCUSSION
A number of recent studies using the PHA-L tracing
method have examined the projections from the ventral
subiculum, underscoring the complexity of the forebrain
projections of this region (Groenewegen et al., '87; Kohler,
'90; Witter and Groenewegen, '90). The present results
extend previous data concerning the ventral subicular
projections to the BST, revealing a subregion-specific pattern of innervation, and confirm previous suggestions
(Krettek and Price, '78) that the stria terminalis is involved

Fig. 9. A: Fluoro-gold injection site centered in the medial parvicellular PVN in case 30. The PVN borders were drawn from an adjacent
counterstained section. B: PHA-L injection site located in the lateralmost portion of the ventral subiculum, adjacent to CA1 (case 051, is
shown from a section that has been Nissl counterstained. C: Low
magnification view of PHA-L-labeled fibers and terminals in relation to
Fluoro-gold-immunolabeled cells within the BST following a PHA-L
injection in the ventral subiculum, and Fluoro-gold delivery to the PVN
(case 05). D-F: High magnification illustrations of PHA-L-labeled
terminals abutting Fluoro-gold-labeled elements (arrows) within the
ventral medial (D), anterior medial (E), and posterior intermediate (F)
divisions of the BST from case 05. G: Fluoro-gold-immunolabeled
neurons (case 30) in the ventral medial division of the BST from a
section that was processed for GAD67 in situ hybridization. Doublelabeled cells are depicted by arrows. Arrowhead denotes cell labeled for
GADRionly. Scale bars: C = 0.25 mm, F (for D-F) and G = 50 pm.

The major advantages of the PHA-L and Fluoro-gold
neuronal tracing methods have now been firmly established
(Gerfen et al., '89; Schrnued, '90) and will not be considered
in detail; however, several technical aspects of the present
experiments merit attention.
1. An important consideration in these studies concerns
the localization of the tracer injection sites. While a principal advantage of the PHA-L method is the ability to define
precisely the cells of origin of a given projection, analysis of
the terminal regions incorporating retrograde tracers is
considerably more difficult. This limitation is of particular
concern when the target area of the retrograde injection is
notably small, as in the case of the PVN. That the Fluorogold injections were confined primarily to the PVN itself is
suggested by the fact that very few retrogradely labeled
neurons were detected in the present cases within the
ventral subiculum, which has been shown to innervate the
region surrounding the PVN, but to contribute few fibers to
the nucleus itself (Swanson and Cowan, '77; Meibach and
Siegel, '77; Kohler, '90; Witter and Groenewegen, '90;
present study). Indeed, in cases in which Fluoro-gold
injections were centered in proximity, but clearly outside
the borders of the PVN, numerous retrogradely labeled
neurons were detected within the ventral subiculum. Nevertheless, it remains possible that some of the present
retrograde labeling could have resulted from tracer uptake
that occurred at the periphery of the nucleus. It is important to note, however, that anterograde tracing studies
utilizing the PHA-L method have confirmed projections to
the mpPVN from the same major BST subdivisions (anterior medial, ventral medial, posterior intermediate, as well as
the parastrial nucleus) that were retrogradely labeled following Fluoro-gold injection in the present study (Grove, '88;
Simerly and Swanson, '88; Cullinan, Herman and Watson,
unpublished data).
2. The recently developed antisera to Fluoro-gold adds a
new dimension in terms of sensitivity to retrograde tracing
studies using this compound (Chang et al., '901, including
enhanced morphological detail, and often extensive visualization of dendrites. This advantage in sensitivity was of
critical importance in the present experiments, since the
injection parameters for Fluoro-gold delivery were greatly
minimized in an effort to contain the tracer to the PVN,
which results in a significantly diminished fluorescence
signal in retrogradely labeled cells. It is also worth noting
that even when relatively large Fluoro-gold injections were
delivered to the PVN region, retrogradely labeled neurons
in the BST were among the dimmest observable in the
forebrain. Following application of the Fluoro-gold immunolabeling protocol in the present experiment, many more
neurons were seen in the BST than could be observed in an
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Fig. 10. Series of darkfield photomicrographs from emulsion-dipped sections at rostra1 (A),mid- (B),
and caudal (C) levels of the EST, as well as the level of the PVN (D), following in situ hybridization with a
probe for GAD6, mRNA. Scale bar = 0.5 mm.

adjacent series of non-immunolabeled sections. However,
despite this increase in sensitivity, dendritic labeling remained very limited, even when survival times exceeded 14
days. In view of Golgi evidence indicating that many BST
neurons have dendrites that extend for distances of 300400 km (McDonald, '83),it is likely that in the present dual

tracing experiments, many putative contacts between PHAL-labeled terminals and Fluoro-gold-labeled elements would
have been missed.
3. Application of the Fluoro-gold immunolabeling method
also presents an important advantage for experiments in
which detection of the tracer is combined with in sztu
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TABLE 1. GAD,, mRNA Expression in the BST'
Subdivision

No.iTota1

%

~~

am
a1

vm
vl

dl
PI

;:
PO

PS

477,584
450/576
352,460
2041272
3721457
2641341
4421486
433/561
2601352
160/223

-

81.7
78.1
76.5
75.0
81.4
77.4
90.9
77.2
73 9
71 7

'Cell counts ofneurons within BST subdivisions that express GADsi mRNA, derived from
beections within given subnuclei taken from normal male Sprague-Dawley rats.
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hybridization histochemistry. The high temperature washes
involved in the use of cRNA probes are known to cause a
diminution of fluorescence, which is avoided with the
present approach. However, the immunolabeling technique
does present some limitations. For example, the method
requires perfusion-fixed tissue, which is generally less
optimal for in situ hybridization histochemistry than fresh
frozen tissue that is subsequently fixed after sectioning.
Also, the prolonged incubations involved in the immunocytochemical sequence can result in loss of cellular mRNA,
presumably due to exposure to RNase activity. In addition,
in the present double-labeling experiments, exposure of
emulsion was not seen over neurons that were very densely
immunoreactive for Fluoro-gold (Fig. 1lB), even when
hybridization times exceeded 24 hours. It remains unclear
whether excessive DAB reaction product in these cells
might inhibit access of the riboprobe, or, alternatively,
present a barrier to emission, resulting in fewer detectable
grains. In any case, these factors would likely have produced an underestimation of double-labeled cells and precluded a true quantitative analysis of the present material.

Ventral subicular projections to the bed
nucleus of the stria terminalis

Fig. 11. High magnification photomicrographs illustrating the expression of GADs7mRNA within neurons in the anterior medial (A)and
ventral medial (B) divisions of the BST. Arrow in A denotes neuron
expressing relatively high levels of GADs7 message. Scale bar = 25 pm.

Axons of subicular origin arrive at the BST via at least
two routes: 1) the fimbria-fornix pathway, including some
fibers that detach from the most proximal part of the
medial corticohypothalamic tract; and 2) the stria terminalis, including adjacent portions of the caudate putamen.
The stria terminalis component of the subicular projection
to the BST apparently arises as part of the ventral pathway
described by Kohler ('901, which initially courses through
the amygdala.
In general, fibers arriving at the BST via the fornix were
concentrated within the rostra1 two-thirds of this structure,
while those arriving through the stria terminalis were
primarily directed to the caudal two-thirds. However, the
systems could not be clearly separated, as fibers from both
major pathways could be traced throughout the entire
rostrocaudal extent of the BST. Perhaps the best example
of convergence among these pathways was observed ventrally within the caudal portion of the BST (corresponding
to the ventral part of the posterior intermediate division),
where following PHA-L injections in the lateral portion of
the ventral subiculum, axons continuous with the postcommissural fornix, the proximal portion of the medial corticohypothalamic tract, and the stria terminalis were intermingled, and elaborated a dense terminal plexus. It remains
unclear whether fibers coursing within these systems arise
from separate populations of subicular cells, or represent
collaterals of individual neurons. Interestingly, experiments utilizing dual retrograde tracers have shown that
some subicular neurons project to both the mammillary
body and entorhinal cortex (Donovan and Wyss, '83). These
structures represent targets of the fornix system (mammillary body), as well as the ventrolateral pathway leading to
the stria terminalis (entorhinal cortex), indirectly suggesting the possibility of collateralization regarding projections
to the BST, although this will need to be tested.
The present findings indicate that the ventral subiculum
selectively innervates subnuclei of the BST. Thus, following
PHA-L deposits within the ventral subiculum, densest
labeling of fibersiterminals was consistently seen within
the anterior medial, anterior lateral, ventral medial, and
posterior intermediate subdivisions of the BST; in cases of
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Fig. 12. A Camera lucida drawing depicting the distribution 'of
neurons immunolabeled for Fluoro-gold following delivery of the tracer
to the medial parvicellular PVN (case 30). 'This section was a h
processed for GADs7 in situ hybridization, and the boxed region
(corresponding to the ventral lateral division) within the BST is shown
in B. B: Fluoro-gold-immunolabeled neurons in the BST are shown
following in situ hybridization for GADf;; mRNA. Some double-labeled
cells are depicted by black arrows. Arrowheads denote cells that are
labeled for GAD mRNA nnly. Open arrow indicates a heavily immunostained cell over which grains could not be detected. Scale bar = 50 bin.

division, were largely avoided. In contrast to the cases
involving the ventral subiculum, injections placed in midportions of the amygdalohippocampal transition area also
labeled the lateral BST subdivisions to some extent. Conststent with previous reports (Krettek and Price, '78; Swanson
et al., '87), these projections apparently reached the BST
exclusively through the stria terminalis.
The present data regarding the subicular projections to
the BST are also of relevance to current concepts of basal
forebrain organization. Many authors have noted siniilarities between the BST and the central and medial nuclei of
the amygdala in terms of morphology, neurochemistry, and
connectivity (de Olmos, '72; Hopkins and Holstege, 'i8;
Krettek and Price, '78; Loewy and McKellar, '80; Saper and
Loewy, '80; Roberts et al., '82; McDonald, '83; Woodharns
et al., '83; Holstege et al., '85: Gray and Magnuson, '87;
Alheid and Heimer, '88; Grove, '88) and indeed, the BST
and centromedial amygdala have long been proposed to
form an anatomic continuum (Johnston, '23). These and
other recent observations have led to the re-emergence of
this concept, termed the "extended amygdala" (de Olmos et
al., '85; Alheid and Heimer, '88; de Olmos, '901, which
defines: 1) a central division or group consisting of the
lateral BST, central amygdaloid nucleus, and intervening
anterodorsal portion of the SI; and 2 ) a medial component
comprised of the medial segments of the BST, medial
amygdaloid nucleus, and interposed posteroventral part of
the SI. The central division or group has been most closely
associated with autonomic functions in view of its prominent projections to brainstem autonomic centers such as
the nucleus ofthe solitary tract and parabrachial nuclei; the
medial division has been implicated in neuroendocr ine
functions, based primarily on its extensive interconnections
with mediobasal hypothalamic regions. In the present
PHA-L tracing studies, dense ventral subicular inputs to
medial portions of the BST (with the exception of the
posterior medial division of Moga et al., '89) and amygdala
were revealed, as well as an innervation of the intervening
portion of the SI. Interestingly, these projections avoided
portions of the lateral group, particularly the dorsal lateral
and posterior lateral BST subdivisions, as well as the lateral
division of central nucleus of the amygdala. The present
data reinforce the extended amygdala concept on connectional grounds, and suggest that the ventral subiculuni is
preferentially affiliated with its medial division. Consideration of the hippocampal connections with respect to this
continuum, particularly its medial division, may ultimately
be important to understanding hippocampal influences on
the HPA axis.
injections involving the lateral part of the ventral subiculum, labeling was also prominent within the preoptic
division. Relatively light labeling was noted within the
ventral lateral division and in the parastrial nucleus, and in
all of the cases the dorsal lateral and posterior lateral
divisions of the BST, as well as the posterior medial
I

-

The BST ;Lsa relay for hippocampal influences
on the PVN

I

The present PHA-L/Fluoro-gold double-labeling experiments suggest that subicular fibers may contact PVNprojecting neurons in the BST, and that these inputs are
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likely to occur predominantly within specific BST subregions. Following PHA-L injections in the ventral subiculum
and Fluoro-gold deposits in the ipsilateral PVN, PHA-Llabeled terminals were seen at high magnification in direct
apposition to Fluoro-gold-labeled cells or proximal dendritic
segments within the anterior medial, ventral medial, and
posterior intermediate divisions of the BST, i.e., the BST
subnuclei containing the densest terminal networks as well
as the majority of retrogradely labeled neurons. Such
appositions were occasionally detected within the anterior
lateral and ventral lateral BST divisions, and the parastrial
nucleus. In some cases, PHA-L-labeled terminals abutting
Fluoro-gold labeled neurons were seen in the form of
pericellular basket arrangements highly suggestive of synaptic input, although these were noted relatively infrequently. In any case, the synaptic nature of appositions
between subicular fibers and PVN-projecting neurons in
the BST will require confirmation at the electron microscopic level. Also, the extent to which subicular terminals
approximate dendrites of BST neurons will need to be
addressed, and could not be examined using the present
method. In view of the fact that the dendrites of BST
neurons may extend for considerable distances, particularly
those of neurons within the medial BST (McDonald, '831, it
is possible that subicular fibers might contact dendrites of
cells residing in neighboring subdivisions. This would appear to be less likely for neurons within the lateral portions
of the BST, whose dendrites extend for more limited
distances (McDonald, '83).
The present in situ hybridization data suggest that a high
percentage of neurons in the BST utilize the neurotransmitter GABA. In addition, the combined Fluoro-gold/GADB7in
situ hybridization studies indicate that a proportion of the
BST projection to the PVN is GABAergic.Using the present
protocol, transcripts encoding GAD mRNA could be detected in approximately half of Fluoro-gold-immunolabeled
neurons within the BST. However, due to a number of
technical limitations noted above, the GABAergic nature of
the BST projection to the PVN is likely to have been
underestimated using the present approach. Clearly, resolution of this question will require development and application of a more sensitive double-labeling protocol. In addition, it has recently been demonstrated that GAD exists in
two isoforms (Erlander et al., '911, and that both are
apparently present in GABA neuronal populations examined to date, although their respective levels of expression
may vary (Esclapez et al., '91; Mercugliano et al., '92).
While the present experiments utilized a probe directed at
the M, 67,000 form of GAD, it is possible that future
investigations may benefit from the use of probes specific
for both the M, 67,000 and M, 65,000 isoforms.

Functional implications
Numerous studies have implicated the hippocampus in
the inhibitory control of the HPA axis (see opening paragraphs). Although evidence for some direct hippocampal
innervation of the PVN has been reported (Kiss et al., '83),
anterograde tracing experiments have suggested that hippocampal projections to this region are directed primarily to
the periphery of the nucleus. Prior evidence has also
indicated that the dendrites of PVN neurons remain largely
confined to the nucleus itself (Van Den Pol, '82; Swanson
and Sawchenko, '83; Rho and Swanson, '891, suggesting a
limited potential for direct interaction between hippocampal and PVN neurons. Moreover, the output of the hippocampus is thought to be excitatory, primarily utilizing
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glutamate as a neurotransmitter (Walaas and Fonnum, '80;
Finch et al., '86). These findings suggest that inhibitory
hippocampal influences on the mpPVN are likely to occur
through one or more intervening synapses. In accordance
with the view of the subiculum as a principal hippocampal
output structure, the present results suggest that hippocampal influences on the mpPVN neurons may be mediated, at
least in part, through a relay in the BST.
The present studies also suggest that a significant proportion of the BST projection to the mpPVN is likely to involve
the neurotransmitter GABA, and, taken together with the
anterograde tracing data, are consistent with an excitatory
subicular projection to BST cells, which in turn could
inhibit activity of PVN neurons. These findings are interesting in view of studies that have implicated GABAergic
mechanisms in the negative control of HPA function. For
example, intracerebroventricular infusion of GABA has
been shown to inhibit CRH release into the portal circulation (Plotsky et al., '87b), as well as to inhibit ACTH
secretion (Makara and Stark, '741, and similar delivery of a
selective GAD inhibitor was reported to reduce the effect of
dexamethasone on basal and stress-induced ACTH secretion (Acs and Stark, '78). In addition, in vitro studies have
demonstrated GABA inhibition of basal CRH secretion
(Jones et al., '761, as well as the ability of GABA to
antagonize serotonin and acetylcholine-induced CRH release (Calogero et al., '88; Hillhouse and Milton, '89). Also,
immunocytochemical studies support a very prominent
GABAergic innervation of the PVN, including ultrastructural evidence of GABAergic innervation of CRH-containing neurons (Tappaz et al., '83; Mugnani and Oertel, '85;
Olschowka, '87; Decavel and Van Den Pol, '90, '92).
While the inhibitory influences of the hippocampus on
HPA function may be explained in part by the subiculumBST-PVN pathway described here, the possibility exists for
alternative regulation pathways. For example, a number of
other forebrain regions appear to be in a position to mediate
a monosynaptic relay between the subiculum and PVN.
These include the anterior hypothalamic area, medial preoptic area, dorsomedial hypothalamic nucleus, ventromedial
hypothalamic nucleus, ventral premammillary nucleus,
supramammillary nucleus, rostromedial zona incerta, and
medial amygdaloid nucleus, all of which are known to
receive subicular afferents, and have been reported to
project to the PVN (Conrad and Pfaff, '76; Meibach and
Siegel, '77; Swanson and Cowan, '77; Palkovits and Zaborszky, '79; Silverman et al., '81; Berk and Finkelstein,
'81; Tribollet and Dreifuss, '81; Sawchenko and Swanson,
'83a; Ter Horst and Luiten, '86; Luiten et al., '87; Kohler,
'90; Witter and Groenewegen, '90). Although not the focus
of the present investigation, many of these regions were
found to contain at least some retrogradely labeled cells
that were approximated by terminals of subicular origin;
interestingly, the majority of these regions are also known
to contain prominent populations of GABAergicneurons. It
should be noted, however, that data from lesion studies
have argued against such a role for a number of these areas,
at least in the tonic regulation of CRH/AVP neurons
(Herman et al., '90, '92). In addition to alternative monsynaptic pathways, hippocampal influences on HPA activity
may involve multisynaptic circuits, of which numerous
possibilities exist, including connections in medial hypothalamic regions, the lateral septum, and amygdala, as well as
the BST. There have also been suggestions from the
literature that different portions of the hippocampal formation and BST may have differential effects on HPA activity

W.E. CULLINAN ET AL,.

18
(Dunn and Orr, '84; Dunn, '87). Clearly, further precise
anatomical and physiological data are needed in order to
disclose the extent and functional impact of neuronal
circuits mediating hippocampal influences on the HPA axis.
In view of the present anatomical data, it has become
increasingly evident that the multiple pathways utilized by
subicular efferents en route to the basal forebrain will need
to be considered in the design of such experiments.

CONCLUSIONS
The significance of a BST relay for hippocampal influences on the PVN is presently unclear, and may be related
to any of several aspects of HPA function. Lesion experiments have pointed toward a role for the hippocampus in
the tonic regulation of CRHiAVP neurons within the
mpPVN (Herman et al., '89b, '92). Other studies have
implicated this structure in the well-described circadian
fluctuations in HE'A activity (Slusher, '66; Moberg et al.,
'71; Fischette et al., '80, '81; Reul et al., '87; Ratka et al.,
'89), as well as in steroid-mediated negative feedback
(Feldman and Conforti, '80; Sapolsky et al., '84, '90;
Margarinos et al., '87; Plotsky et al., '87a). It is also possible
that BST neurons receiving subicular input might encode
aspects of learning in the context of stress responsiveness.
Moreover, these possibilities may not be mutually exclusive, and distinguishing among possible effects poses a
formidable challenge for future experiments, particularly
in view of the fact that the BST has been increasingly
recognized as a site of convergence of stress-related information (Henke, '84; Feldman et al., '90; Casada and Dafny,
'92). Future multidisciplinary experiments may provide
further insight into the role of the BST in the regulation of
the HPA axis.
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Note added in proof: Since the submission ofthis manuscript, a detailed
account of t h e projections of a portion of the ventral subiculum has been
published (Canteras and Swanson, '92, J. Comp. Neurol. 324:180-194). This
study, which also involved the use of the PHA-L method, focused on the
projections of ventral subicular neurons located predominantly medial
(toward the temporal pole) to those cases described here. While numerous
similarities a r e evident in the projection patterns of the cases describcd in
the two studies, some interesting differences are evident and generally point
toward a differential topography t h a t is organized according to the mediolateral (or tempnroseptal) position of ventral subicular neurons.

