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ABSTRACT 

The organization of axonal projections from the basomedial nucleus of the amygdala 
(BMA) was examined with the Phaseolus vulgaris leucoagglutinin (PHAL) method in adult 
male rats. The anterior and posterior parts of the BMA, recognized on cytoarchitectonic 
grounds, display very different projection patterns. Within the amygdala, the anterior 
basomedial nucleus (BMAa) heavily innervates the central, medial, and anterior cortical nuclei. 
In contrast, the posterior basomedial nucleus (BMAp) sends a dense projection to the lateral 
nucleus, and to restricted parts of the central and medial nuclei. Extra-amygdalar projections 
from the BMA are divided into ascending and descending components. The former end in the 
cerebral cortex, striatum, and septum. The BMAa mainly innervates olfactory (piriform, 
transitional) and insular areas, whereas the BMAp also innervates inferior temporal (perirhi- 
nal, ectorhinal) and medial prefrontal (infralimbic, prelimbic) areas and the hippocampal 
formation. Within the striatum, the BMAa densely innervates the striatal fundus, whereas the 
nucleus accumbens receives a heavy input from the BMAp. Both parts of the BMA send massive 
projections to distinct regions of the bed nuclei of the stria terminalis. Descending projections 
from the BMA end primarily in the hypothalamus. The BMAa sends a major input to the lateral 
hypothalamic area, whereas the BMAp innervates the ventromedial nucleus particularly heavily. 

Injections were also placed in the anterior cortical nucleus (COAa), a cell group superfi- 
cially adjacent to the BMAa. PHAL-labeled axons from this cell group mainly ascend into the 
amygdala and olfactory areas, and descend into the thalamus and lateral hypothalamic area. 
Based on connections, the COAa and BMAa are part of the same functional system. 

The results suggest that cytoarchitectonically distinct anterior and posterior parts of the 
BMA are also hodologically distinct and form parts of distinct anatomical circuits probably 
involved in mediating different behaviors (for example, feeding and social behaviors vs. 
emotion-related learning, respectively). 

Indexing terms: anterograde tracer, emotion, hypothalamus, anterior cortical amygdalar nucleus 
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The amygdala has been implicated in a wide variety of 
functions, from sexual and social behaviors to emotion and 
sensory-associative learning (see Discussion). It is becom- 
ing clear that specific amygdalar nuclei contribute differen- 
tially to the various functions associated with this part of 
the inferior temporal lobe, and an appreciation of these 
contributions and how they are interrelated is essential for 
understanding the organization of the amygdala as a whole. 
In fact, a large body of anatomical evidence has clarified the 
major input-output relationships of most amygdalar nuclei 
in the rat, although the basomedial nucleus (BMA) is an 
exception, in part because it has never been the object of a 
systemic analysis, and in part because of inconsistencies in 
the way its boundaries have been drawn. 

In the rat, two parts of the BMA have been recognized on 
cytoarchitectonic grounds: anterior (BMAa) and posterior 
(BMAp; De Olmos et al., 1985; Swanson, 1992), and they 
occupy a considerable fraction of the amygdala. Unfortu- 
nately, almost nothing is known about the function of the 
BMA based on specific physiological manipulations. Inter- 
estingly, however, recent work demonstrated a heavy projec- 
tion from the ventral subiculum to the BMAp (Canteras 
and Swanson, 19921, which also seems to receive the bulk of 
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projections from the lateral amygdalar nucleus (Krettek 
and Price, 1978b; Pitkanen et al., 1995). The latter in turn 
receives inputs (apparently sensory-related) from the cere- 
bral cortex and thalamus (Ottersen, 1982; McDonald and 
Jackson, 1987; LeDoux et al., 1990; Turner and Herken- 
ham, 1991; Romanski and LeDoux, 1993; Mascagni et al., 
1993). 

Thus, we have examined the overall pattern of projec- 
tions from the BMA and its two very distinct parts by using 
the PHAL anterograde tracing method. The results, consid- 
ered together with other information in the literature, 
suggest possible distinct roles played by the BMAa and 
BMAp in the functional organization of the amygdala as a 
whole. 

MATERIALS AND METHODS 
Thirty-six adult male Harlan Sprague-Dawley rats (300- 

350 g) were used for tracer injections. Each animal was 
anesthetized with a mixture of ketamine and xylazine (viv; 
1 mlikg body weight) and received a single injection of a 
2.5% solution of PHAL (Vector Laboratories, Burlingame, 
CAI, prepared in 0.01 M sodium phosphate-buffered saline 
(NaPBS), into the region of the BMA. Injections were made 
iontophoretically through a stereotaxically positioned glass 
micropipette (tip diameter: 10-15 pm) by applying a posi- 
tive current ( 5  FA, 7 seconds offion intervals) for 10-15 
minutes. 

After a survival time of 14-16 days, the rats were deeply 
anesthetized with pentobarbital and perfused transcardi- 
ally 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 and postfixed overnight at 4°C in the 
same paraformaldehyde solution containing 10% sucrose. 
The brains were then frozen, and serial 30 pm thick 
sections were cut in the frontal plane on a sliding micro- 
tome. Sections were usually collected in four series, and an 
additional series was collected through the region of the 
BMA and stained quickly (immunofluorescence; Simerly 
and Swanson, 1988) for confirmation of injection site 
location. 

PHAL was detected by using the immunohistochemical 
procedure described elsewhere (Gerfen and Sawchenko, 
1984; Canteras et al., 1992). In brief, one complete series of 
sections was processed for immunohistochemistry with an 
antiserum against PHAL (Dako Laboratories; dilution 
1: 1,000) and a solution containing avidin-biotin-horserad- 
ish peroxidase (HRP) complex (ABC Elite Kit, Vector 
Laboratories, Burlingame, CA). Staining was obtained by 
processing the peroxidase histochemistry with a solution 
containing 0.05% diaminobenzidine and 0.01% hydrogen 
peroxide. The sections were then mounted on gelatin- 
coated slides and treated with osmium tetroxide (0.01%) to 
enhance the intensity of the enzymatic reaction product 
(Gerfen and Sawchenko, 1984). Slides were then dehy- 
drated and coverslipped with DPX. An adjacent series was 
always stained with thionin for cytoarchitectonic purposes. 

Sections were examined under the microscope with bright- 
field and darkfield illumination. PHAL-containing cells (in 
the injection sites) and fibers were plotted with the aid of a 
camera lucida onto cytoarchitectonic drawings of an adja- 
cent thionin-stained sections. For illustration purposes, the 
distribution of anterogradely labeled fibers was then trans- 
ferred onto a series of standard drawings of the rat brain 
(Swanson, 1992) with the aid of a computer (Apple, Macin- 

tosh Quadra 700; Adobe Illustrator 5 ) ;  photomicrographs 
were composed with Adobe Photoshop 3 by using the 
standard tools. The parcellation and nomenclature of the 
rat brain adopted here follows Swanson (19921, unless 
otherwise indicated. 

RESULTS 
Parcellation 

Before describing the projections of the BMA, it is 
important to consider the boundaries adopted here for the 
nucleus and its two parts because they have not been 
defined precisely or consistently by earlier workers, and 
different nomenclatures have been used. 

The BMA, as defined here, is present throughout most of 
the rostrocaudal length of the amygdala. The two parts we 
recognize in the rat, the BMAa and BMAp, were originally 
defined on cytoarchitectonic grounds (De Olmos et al., 
1985; Swanson, 1992). 

The BMAp is located in the caudal half of the amygdala. 
It is an oval-shaped region that contains primarily small- to 
medium-sized, medium- to darkly-stained neurons (Fig. 1). 
It first appears as a group of cells located dorsal to the 
lateral posterior cortical nucleus and extends to the caudal 
pole of the amygdala. It is limited by the posterior basolat- 
era1 nucleus laterally, the lateral part of posterior cortical 
nucleus and piriform-amygdaloid area ventrally, and the 
posterior nucleus medially (at caudal levels) (Swanson, 
1992). The BMAp seems to correspond to the basomedial 
nucleus described by Krettek and Price (1978131, the poste- 
rior basomedial nucleus of De Olmos et al. (19851, and the 
accessory basal nucleus of Price et al. (1987). Furthermore, 
it corresponds roughly to the basomedial nucleus described 
originally by Brodal (1947) and only vaguely to the medial 
part of the basal nucleus (“AB4”) of Turner and Zimmer 
(1984). Comparison of work done in different mammals is 
problematic because of differences in nomenclature and a 
lack of adequate connectional information. The term “acces- 
sory basal nucleus,” first applied to monkey (Lauer, 1945), 
was recently applied to the cat and rat basomedial nucleus 
(specifically the BMAp, Price et al., 1987). However, connec- 
tional data reviewed in the Discussion indicate that the 
equivalence of the accessory basal nucleus in the rat and 
monkey remains to be established. 

The BMAa is located in the rostral half of the amygdala 
(De Olmos et al., 1985; Swanson, 1992). It contains small, 
moderately tightly packed neurons that are lightly stained 
in Nissl preparations (Fig. 1). The BMAa is trapezoid 
shaped and begins at  the level of the nucleus of the lateral 
olfactory tract and extends to mid-rostrocaudal levels of the 
amygdala. It is followed by the slightly larger, darker, and 
more loosely arranged neurons of the BMAp. In Nissl- 
stained material it is easily distinguished from the large, 
darkly stained, loosely packed cells of the anterior part of 
the basolateral nucleus, located dorsolaterally, and from 
the small, darkly stained and tightly packed cells of the 
intercalated nuclei dorsomedially. Laterally, the BMAa 
shares a border with the darker, slightly larger, and more 
loosely packed cells of the ventral part of the endopiriform 
nucleus. The rostral border of the BMAa is least clear 
because it gradually fuses with the anterior amygdaloid 
area (containing just slightly larger and darker neurons). 

The BMAa corresponds to the anterior subdivision of the 
basomedial nucleus of De Olmos et al. (1985) and in part to 
the accessory basal nucleus (“ABA”) of Turner and Zimmer 
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Fig. 1. B,D,F: Brightfield photamicrographs illustratingthe appear- 
ance of the Phaseolus uulgaris leucoagglutinin (PHAL) injection site in 
experiments BMAp number 28 (B), BMAa number 60 (D), and COAa 
number 73 (F). A,C,E: Brightfield photomicrographs of caudally 

adjacent thionin stained sections for the BMAp (A), BMAa (C), and 
COAa (E) injection sites. Dark staining in the molecular layer of the 
COAa in D and particularly in F represents dendritic PHAL-labeling. 
Scale bar = 500 (J-m. 
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BMAp #28 

BMAa #60 

COAa #73 

Fig. 2. Camera lucida plots of labeled cells following PHAL injections into the BMAp, BMAa, and COAa. 
Sections are arranged from rostral (left) to caudal (right). The distribution of labeled axons projecting from 
these injection sites is illustrated in Figures 3,4, and 5. 

(1984); it was also recognized as a “loosely structured cell 
mass” dorsal to the anterior cortical amygdalar nucleus 
(COAa), labeled “C?” by Brodal(1947). Furthermore, some 
authors consider the BMAa as a deep part (third layer) of 
the COAa (Scalia and Winans, 1975; Krettek and Price, 
197813; Pitkanen et al., 1995). The BMAa does appear to be 
closely related to the COAa, which accompanies it ventrally. 
According to the interpretation adopted here, the COAa 
(Fig. 1) consists of two layers, molecular (plexiform) and 
neuronal (pyramidal) (De Olmos et al., 1985; Swanson, 
1992). The second layer contains small to medium-sized, 
tightly packed neurons that are moderately stained in Nissl 
material. The cell density decreases dorsally near the 
border with the BMAa. The COAa is limited medially by the 
nucleus of the lateral olfactory tract at rostral levels, and by 
the anteroventral part of the medial nucleus and bed 
nucleus of the accessory olfactory tract at caudal levels. 
Laterally, it is bordered by the piriform area and lateral 
part of the posterior cortical nucleus. Interestingly, some 
neurons are present in the molecular layer, especially near 
layer 2. The COAa corresponds to the anterior cortical 

nucleus described by Brodal (1947) and De Olmos (19851, 
and also to the first and second layer of the COAa described 
by Krettek and Price (1978b). 

Projections from the BMAp 
In seven experiments the PHAL injection labeled many 

neurons within the BMAp and of these, five injection sites 
were confined almost entirely to this part of the BMA. 
Dorsal regions of the nucleus contained the majority of 
PHAL-labeled neurons in two experiments: medial and 
ventral parts of the nucleus were labeled in one experiment, 
one injection was centered in the rostral half and one in the 
caudal half of the nucleus, and two injections labeled 
neurons throughout most of the nucleus. The projections of 
one of the latter experiments, number 28 (Figs. 1 and 2), 
will be described in detail because the injection was re- 
stricted to the BMAp, and because the projection pattern is 
typical of those labeled in other experiments with an 
injection in the BMAp. Other injections labeled projections 
that can be attributed to labeled cells in adjacent nuclei. 
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Intra-amygdalar projections 
Within the amygdala, the BMAp provides dense inputs to 

the central and lateral nuclei, and moderate inputs to the 
medial nucleus and piriform-amygdaloid area. The BMAa, 
anterior amygdaloid area, nucleus of the lateral olfactory 
tract, posterior basolateral nucleus, and lateral and medial 
parts of the posterior cortical nucleus receive a light input, 
while the anterior basolateral nucleus, intercalated nuclei, 
and COAa are only very sparsely innervated. 

From the injection site, many labeled fibers course 
dorsally through the posterior basolateral nucleus (Fig. 
3M,N) to end in the central and lateral nuclei. The BMAp 
appears to innervate mainly the capsular part of the central 
nucleus, whereas the lateral and most of the medial part 
contain only a few labeled terminals (see Risold et al., 1994, 
their Fig. 4, for definition of axonal structures labeled with 
PHAL). Ventral (Fig. 3J-M) and more caudodorsal regions 
(Fig. 3L,M) of the capsular part of the central nucleus 
contain a dense plexus of anterogradely labeled axons with 
numerous branches displaying terminal boutons. Interest- 
ingly, a thin ventral strip (Fig. 3J,K) of the medial part of 
the central nucleus, bordering the capsular part, receives a 
dense input, while the rest of the medial (Fig. 3H-M), and 
the lateral (Fig. 3K-N), parts of the central nucleus receive 
only a sparse input. 

The ventral region of the lateral nucleus (Fig. 3M-0) 
receives a dense plexus of fibers and terminals from the 
BMAp, while, curiously, more rostral (Fig. 3J-L) and dorsal 
(Fig. 3M-0) parts are almost free of anterograde labeling. 

The BMAp sends fibers rostromedially to provide an 
input to the medial nucleus. The anterodorsal (Fig. 3H-L) 
part of the medial nucleus receives a moderate plexus of 
fibers, while only a small number of fibers coursing ventro- 
medially, and displaying a few terminal boutons, provide a 
light input to the posteroventral part (Fig. 3M). The 
anteroventral (Fig. 3K-L) and posterodorsal (Fig. 3M,N) 
parts of the medial nucleus, except for occasional sparse 
fibers, are avoided by PHAL-labeled axons from the BMAp. 

Labeled fibers from the injection site also could be traced 
rostrally into the BMAa (Fig. 3G-M), where they provide a 
light input that becomes slightly denser at  more caudal 
levels (Fig. 3K,L). Some fibers continue farther rostrally to 
reach the nucleus of the lateral olfactory tract ventrally, 
and the anterior amygdaloid area dorsally. The nucleus of 
the lateral olfactory tract is sparsely innervated except for 
the most medial part of layer 3 (Fig. 3G-I), which receives a 
light input. A dorsomedial and caudal region of the anterior 
amygdaloid area (Fig. 31) receives a light input, whereas 
more sparse fibers could be traced throughout the entire 
nucleus (Fig. 3F-J). 

A group of fibers extending ventrally from the injection 
site provides a moderate input to the piriform-amygdaloid 
area and a light input to lateral and medial parts of the 
posterior cortical nucleus. Layer 3 of the piriform-amygda- 
loid area receives a moderate input (Fig. 3M-0) and some 
fibers enter layers 1 and 2. Interestingly, only layer 3 of the 
lateral (Fig. 30,P), and layer 1 of the medial (Fig. 3Q), part 
of the posterior cortical nucleus receive a moderate to light 
input; the rest of the nucleus is sparsely innervated (Fig. 

Although many fibers course through the posterior part 
of the basolateral nucleus, they do not branch and only 
display occasional boutons-of-passage, thus appearing more 
like fibers-of-passage. At more caudal levels, however, fibers 

3L-Q). 

show occasional branching with boutons, thus clearly pro- 
viding a light input (Fig. 3P,Q). 

Finally, only occasional boutons-of-passage are observed 
on scattered fibers in the COAa (Fig. 3G-M), intercalated 
nuclei (Fig. 3E-M), and anterior part of the basolateral 
nucleus (Fig. 31-MI. 

Ascending projections 
The BMAp provides an extraordinary pattern of extra- 

amygdalar projections that may be divided into an ascend- 
ing pathway that innervates a number of telencephalic 
targets and a descending pathway that provides an input 
primarily to the hypothalamus. 

Ascending projections from the BMAp follow three major 
routes to various telencephalic targets: the longitudinal 
amygdalo-pyriform association bundle of Johnston (19231, 
stria terminalis, and ansa peduncularis. 

Longitudinal association bundle. Most fibers ascend- 
ing from the BMAp to the cerebral cortex appear to travel 
through the longitudinal association bundle, and lateral 
and medial branches of this bundle were recognized in our 
material. 

The lateral part of the longitudinal association bundle is 
a diffuse, fan-shaped group of fibers (Fig. 3N,O), extending 
laterally to innervate cortical areas located both rostral and 
caudal to the injection site. Dorsally, labeled fibers provide 
an input to the agranular insular, perirhinal, and ectorhi- 
nal areas. Immediately after leaving the nucleus, a number 
of labeled fibers course dorsally through the posterior part 
of the basolateral nucleus, and continue through ventral 
then dorsal regions of the endopiriform nucleus and deep 
layers of the piriform area to end mainly in the superficial 
cortical layers (1-3). In addition, some fibers course through 
the external capsule and claustrum to end in the deeper 
cortical layers ( 5  and 6). Although a significant number of 
fibers travel through the claustrum, they do not seem to 
branch or display terminal boutons. Rostrally, these fibers 
provide a light input to the caudal (Fig. 3D-M), dorsal, and 
ventral (Fig. 3A-D) agranular insular areas. Cortical layer 
5 is innervated lightly by some fibers that display occasional 
branching, while other layers of the agranular insular area 
receive an even sparser input. Interestingly, labeled fibers 
could be traced to more dorsal cortical areas, including a 
few in all layers (except 4) of the visceral area (Fig. 3F-M), 
as well as layers 1, 5 ,  and 6 of the somatosensory area (Fig. 
3H-M, not illustrated). 

Caudally, fibers traveling through the longitudinal asso- 
ciation bundle innervate densely the perirhinal and ectorhi- 
nal areas. This is one of the most striking projections of the 
BMAp. A remarkable plexus of anterogradely labeled axons 
could be traced throughout the entire rostrocaudal length 
of the perirhinal area (Fig. 3M-T). The labeling was 
particularly dense in layers 2, 3, and 5 where many fibers 
display moderate branching with boutons. The ectorhinal 
area receives a similar pattern of labeling, although some- 
what lighter, with the densest input going to layer 2 and 
deeper parts of layer 5 (Fig. 3N-T). Curiously, some fibers 
continue farther dorsally to innervate lightly the ventral 
temporal association area and sparse fibers are observed 
even more dorsally in layers 1, 5 ,  and 6 of the primary, 
ventral, and dorsal auditory areas, as well as in the poste- 
rior parietal association area (Fig. 3N-T). 

A group of fibers that extends ventrally through the 
piriform-amygdaloid and piriform areas ends in the olfac- 
tory tubercle rostrally, and in the postpiriform transition 
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contribute to the innervation of more rostral telencephalic 
targets. The magnocellular nucleus of the BST (Fig. 3F) 
receives a dense plexus of fibers with a large number of 
boutons, whereas the anterolateral area and dorsal part of 
the ventral nucleus receive a moderately dense input, and 
the rhomboid and dorsolateral nuclei receive a sparse input. 
The principal nucleus (Fig. 3F-H) is completely avoided by 
PHAL-labeled axons from the BMAp, except for the most 
posterior region that contains an occasional fiber-of- 
passage. In the rostral division of the BST (Fig. 3D,E) the 
anterodorsal area, subcommissural zone, and dorsomedial 
nucleus are filled with a dense plexus of highly branched 
axons displaying many boutons. I t  is important to note 
that, in spite of massive inputs to nearby areas, the oval and 
juxtacapsular nuclei, as well as the anterolateral area, show 
only sparse anterograde labeling, while the fusiform nucleus 
is virtually free of such labeling. 

At the rostral pole of the BST, fibers coursing through 
the stria terminalis split into two components. One group of 
fibers extends dorsally to end in the lateral septal nucleus, 
infralimbic and prelimbic areas, and anterior olfactory 
nucleus. The other group curves ventrally, just rostral to 
the anterior commissure, and continues rostrally to inner- 
vate mainly the nucleus accumbens, although some fibers 
reach the olfactory tubercle and striatal fundus as well. The 
BMAp provides a light input to the ventral part of the 
lateral septal nucleus (Fig. 3B-D), and some fibers-of- 
passage travel through the intermediate and dorsal parts of 
this nucleus to end in the infralimbic and prelimbic areas, 
and farther rostrally, in the anterior olfactory nucleus as 
well. Layers 2, 3, and 5 of the infralimbic area (Fig. 3A) 
receive a moderate input, and layers 1 and 6 a light input. 
The prelimbic area receives only a very light input, mainly 
in layer 5 (Fig. 3A). The anterior olfactory nucleus is also 
lightly innervated. Most fibers are confined to the postero- 
ventral part (Fig. 3A), although some fibers could also be 
traced to the medial part, more rostrally (not shown). 

The BMAp provides a dense plexus of fibers (which 
display a highly branched pattern and generate a fairly 
large number of terminal boutons) to caudal regions of the 
nucleus accumbens (Fig. 3C). Interestingly, the rostral pole 
of the nucleus accumbens (Fig. 3A,B) is only lightly inner- 
vated by a few axons with very little branching. 

Two distinct bundles in the ansa 
peduncularis were labeled: a rostral bundle extending 
through the substantia innominata and providing ascend- 
ing and descending projections, and a caudal bundle descend- 
ing directly to and through the lateral hypothalamic area. 

Many labeled axons could be traced dorsomedially from 
the injection site; they extend through rostral regions of the 
central nucleus and dorsal regions of the anterodorsal 
medial nucleus to enter the ansa peduncularis. These fibers 
could be followed through the substantia innominata (Fig. 
3G-K) to the caudal pole of the BST, where they split into 
two components, one continuing rostrally through ventral 
regions of the substantia innominata (Fig. 3B-G) and the 
other merging with fibers from the stria terminalis (Fig. 
3G,H) and probably contributing to the innervation of 
various telencephalic targets (see above). Because many 
fibers were labeled with PHAL, it is not possible in our 
material to determine whether one axon branches to enter 
both bundles of the pathway, and for that matter whether 
one axon sends branches to different pathways. 

Axons transversing the substantia innominata display 
few branches, although they show numerous boutons-of- 

Ansa peduncularis. 

and entorhinal areas caudally. The olfactory tubercle (Fig. 
3A-F) appears to receive a light input to all three layers. 
Axons coursing through the piriform area tend to display 
few branches and terminal boutons, thus appearing more 
like fibers-of-passage, except ventrally (Fig. 3E-P) where 
some branching with terminal boutons occurs, thus provid- 
ing a light input. From the injection site, fibers traveling 
caudally through the piriform-amygdaloid area innervate 
the postpiriform transition and lateral entorhinal areas. 
The BMAp sends a very light input to all three layers of the 
postpiriform transition area (Fig. 3P-R). Fibers from the 
BMAp reach mainly ventral regions of the lateral entorhi- 
nal area, where they provide a moderately dense input to 
the deep part of layer 3, and layer 5 (Fig. 3S,T). Distinctly 
fewer axons were found in the superficial layers, and 
layer 6. 

The BMAp sends fibers caudally through the medial part 
of the longitudinal association bundle to innervate the 
ventral subiculum, ventral field CA1, and parasubiculum. 
From the injection site, labeled fibers course medially and 
ventrally through the lateral and medial parts of the 
posterior cortical nucleus and posterior nucleus of the 
amygdala (Fig. 3N-Q) to reach the hippocampal formation. 
These fibers appear to enter the hippocampal formation by 
two routes. One group of fibers travels ventrally to enter 
the ventral subiculum (Fig. 3P-R), whereas the other 
extends dorsally through the alveus to reach field CA1 (Fig. 
3P,Q). At the rostral pole of the ventral hippocampus, fibers 
appear to travel through the pyramidal and molecular 
(stratum oriens and stratum lucidum) layers of field CA1, 
and the pyramidal and molecular (stratum oriens and 
stratum radiatum) layers of field CA3 (Fig. 3P,Q). Although 
these fibers have numerous varicosities, they branch little if 
at all and only very occasional boutons-of-passage were seen 
in the stratum radiatum at these levels. However, these 
fibers provide a significant input to ventral and caudal 
regions of field CA1 (Fig. 3R,S). The stratum lacunosum- 
moleculare and stratum radiatum receive a moderate input 
from a large number of fibers that show moderate branch- 
ing with boutons, while the stratum oriens and the entire 
pyramidal layer show lighter labeling. 

Farther caudally, fibers from the BMAp provide a moder- 
ate input to the ventral subiculum (Fig. 3S,T). The pyrami- 
dal layer receives the densest input, the stratum radiatum 
receives a lighter input, and the molecular layer is only 
lightly innervated (Fig. 3S,T). The labeling becomes lighter 
at the caudal pole of the ventral subiculum, where fibers 
remain mainly in the pyramidal layer with only an occa- 
sional fiber in the stratum radiatum. Finally, some fibers 
traveling medially and ventrally through the medial entorhi- 
nal area (Fig. 3S,T) provide a discrete, moderate input to 
the molecular layer and superficial cells in layer 2 of the 
parasubiculum (Fig. 3T). 

Many axons from the BMAp course 
rostrally and dorsally through the stria terminalis (Fig. 
3F-0) to end in various parts of telencephalon, including 
the septum, striatum, medial prefrontal cortex, and ante- 
rior olfactory nucleus. Within the most caudal pole of the 
bed nuclei of the stria terminalis (BST) (Fig. 3G,H), the 
transverse nucleus contains a moderately dense plexus of 
fibers displaying branches with terminal boutons, whereas 
only occasional branching was observed in fibers traveling 
through the interfascicular and ventral nuclei. At this level 
(Fig. 3G,H), axons arriving through the ansa peduncularis 
merge with fibers from the stria terminalis, and most likely 
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Fig. 3.  A-T The projections of the BMAp. The distribution of 
PHAL-labeled axons in experiment number 28 was plotted onto a series 
of standard drawings of the rat brain derived from an atlas (Swanson, 
19921, arranged from rostra1 (A) to caudal (T). The dark gray area in N 

and 0 indicates the injection site (see Figs. 1 and 2). The number in the 
lower left corner of each drawing refers to the corresponding rostrocau- 
dal level of the atlas (as in Figs. 4 and 5). 
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passage along the pathway, thus providing a significant 
input. 

Fibers ascending through the rostral bundle of the ansa 
peduncularis innervate the fundus of the striatum and 
caudoputamen. One group of fibers transversing the rostral 
central nucleus of the amygdala continues dorsally to 
innervate ventral regions of the striatal fundus (Fig. 3C- 
G). These fibers occasionally branch to provide a very light 
input that becomes somewhat more dense rostrally (Fig. 
3C). Within the caudoputamen, a significant plexus of fibers 
could be traced in a distinct, thin, most medial band (Fig. 
3C-0) throughout its entire rostrocaudal length, as well as 
in a ventral region bordering the central nucleus of the 
amygdala more caudally (Fig. 3M-0). Most fibers appear to 
reach the caudoputamen by extending laterally through the 
lateral nucleus of the amygdala, external capsule, and 
dorsal region of the capsular part of the central nucleus 
(Fig. 3N,O). It is also possible that some fibers reach the 
caudoputamen (particularly rostrally) through the stria 
terminalis. Although some fibers appear to continue dor- 
sally from the stria terminalis (Fig. 3F), their direction is 
difficult to confirm with certainty. 

Descending projections 
The BMAp sends descending projections through both 

the stria terminalis and ansa peduncularis to innervate the 
hypothalamus and, to a much lesser extent, the thalamus. 

Two descending components of the 
stria terminalis were labeled: the rostral-precommisural 
and caudal-postcommisural bundles (Heimer and Nauta, 
1969). These correspond to the supracommissural and 
hypothalamic bundles, respectively, of Johnston (19231, 
and the supracommissural and preoptic bundles, respec- 
tively, of Gurdjian (1928). The precommissural bundle 
curves just rostral to the anterior commissure (Fig. 3D) and 
descends through the hypothalamic medial zone to inner- 
vate specifically the hypothalamic ventromedial nucleus. 
After leaving the stria terminalis, the postcommisural 
bundle continues ventrally through the caudal pole of the 
BST (Fig. 3G,H) to end in various hypothalamic nuclei. 

Stria terminalis. 

Fibers in the precommisural bundle travel caudally 
through the lateral (Fig. 3E) and medial (Fig. 3F-H) 
preoptic areas, following an essentially sagittal orientation, 
that is, appearing short in the transverse plane of section, 
without branching or displaying boutons. Extending cau- 
dally, these fibers show occasional branching with boutons, 
providing a very light input to the anterior, central, and 
posterior parts of the anterior hypothalamic nucleus (Fig. 
31-K). Finally, these fibers reach the hypothalamic ventro- 
medial nucleus where they generate an exceptionally dense 
input. The cellular core of the ventromedial nucleus (Fig. 
3K-N), particularly centrally, is filled with an extraordi- 
nary dense plexus of highly branched axons displaying 
numerous boutons. Interestingly, labeling density is lower 
in the anterior (Fig. 3K) and ventrolateral parts of the 
nucleus (Fig. 3L-N), and some patches that are almost free 
of labeling were seen in the dorsomedial part (Fig. 3L,M). 
Ventral and lateral regions of the cell-sparse capsule of the 
ventromedial nucleus, and the adjacent tuberal nucleus, 
receive a light input. 

The postcommissural bundle enters the hypothalamus 
by way of the caudal pole of the BST and the anterior 
hypothalamic area (Fig. 3G,H), where it merges with axons 
from the ansa peduncularis (see below), and more caudally 
axons from these two pathways could not be distinguished. 
The BMAp provides a light input to various parts of the 
lateral hypothalamic area (Fig. 3I-P), tuberal nucleus (Fig. 
3K-N), and retrochiasmatic area (Fig. 3H-K), and it sends 
a few axons to the subparaventricular zone (Fig. 31-K). 
Some scattered fibers-of-passage were also traced into the 
dorsomedial (Fig. 3M) and paraventricular (Fig. 35) nuclei. 

Two labeled descending bundles 
course through the ansa peduncularis. One extends rostro- 
medially through the substantia innominata to end in the 
thalamus and hypothalamus (Fig. 3H-K), while the other 
extends caudoventrally through the lateral hypothalamic 
area t o  innervate mainly the caudal hypothalamus (Fig. 
3L-PI. 

A very few fibers traveling rostrally eventually curve 
medially through a dorsal region of the lateral hypotha- 

Ansa peduncularis. 



398 G.D. PETROVICH ET AL. 

lamic (Fig. 31,J) and medial preoptic (Fig. 3H) areas to 
reach midline thalamic nuclei. These fibers travel through 
the nucleus reuniens and parataenial nucleus, where only 
apparent fibers-of-passage were observed, to provide a very 
light input to the thalamic paraventricular nucleus and 
medial part of the mediodorsal nucleus (Fig. 3G-MI. 

Within the caudal hypothalamus, some fibers were seen 
in caudal regions of the lateral hypothalamic area and in the 
posterior nucleus (Fig. 30,P), and sparse fibers were also 
noted in the lateral part of the supramammillary nucleus 
(Fig. 3Q). Interestingly, a few fibers could also be traced 
into the capsule of the medial mammillary nucleus (Fig. 
3Q,R). No anterograde labeling was found caudal to the 
hypothalamus, except for an occasional smooth fiber in the 
ventral tegmental area (Fig. 3Q,R). 

Finally, it is important to note that BMAp projections, 
like those from other amygdalar nuclei, are mainly ipsilat- 
eral, and only a very small number of axons cross the 
midline through the anterior commissure (Fig. 3E,F) and 
supraoptic commisures (Fig. 35). These fibers appear to 
innervate very lightly only those regions that receive a 
dense ipsilateral input, including the BST, nucleus accum- 
bens, and hypothalamic ventromedial nucleus. Sparse fi- 
bers were also noted in the lateral hypothalamic area, the 
lateral, central, and medial amygdalar nuclei, and the 
BMAp itself. 

Projections from the BMAa 
In 15 experiments the PHAL injection labeled many 

neurons within the BMAa, and of these 10 were confined 
almost entirely to this nucleus. Two injections labeled cells 
mainly dorsally, one injection was medial, two were lateral, 
and two were ventral. In addition, one injection was 
centered rostrally and two were centered in the caudal half 
of the nucleus. The projections labeled in experiment 
number 60 (Figs. 1,2), with a large injection confined 
almost entirely to the BMAa, were typical of those labeled 
in other experiments and are described in detail because no 
obvious topographic organization of projections from differ- 
ent parts of the cell group was found. 

Intra-amygdalar projections 
Within the amygdala, the BMAa provides dense terminal 

fields to the central, medial, and anterior cortical nuclei, 
and moderate terminal fields to the anterior amygdaloid 
area, piriform-amygdaloid area, and lateral and medial 
parts of the posterior cortical nucleus. The bed nucleus of 
the accessory olfactory tract, lateral nucleus, anterior and 
posterior parts of the basolateral nucleus, and BMAp show 
light anterograde labeling, while the nucleus of the lateral 
olfactory tract and intercalated nuclei are very sparsely 
innervated. 

The central nucleus of the amygdala contains by far the 
densest labeled terminal field after PHAL injections in the 
BMAa. The medial part, and ventral and anterior regions of 
the capsular part, of the central nucleus are filled with an 
overwhelming number of axons that display spectacular 
branching with terminal boutons (Fig. 4G-N). The density 
of terminals is clearly less in the lateral part of the central 
nucleus (Fig. 4K-N), and the dorsal region of the capsular 
part receives only sparse fibers (Fig. 41-M). 

Many labeled axons were observed throughout all parts 
of the medial nucleus, including both neuronal and molecu- 
lar layers. Unlike the BMAp, axons from the BMAa inner- 
vate heavily the anteroventral part (Fig. 4K,L) of the 

medial nucleus. The anterodorsal (Fig. 4H-L) and postero- 
ventral (Fig. 4M) parts of the medial nucleus receive a 
moderate number of fibers with boutons, while the pos- 
terodorsal part (Fig. 4M,N) is lightly innervated. 

Anterogradely-labeled axons from the injection site ex- 
tend ventrally to provide a dense input to the anterior 
cortical nucleus (Fig. 4H-M), particularly layer 2, and more 
medially to innervate lightly the bed nucleus of the acces- 
sory olfactory tract. Anteriorly and dorsally, the BMAa 
provides a moderate plexus of fibers to the anterior amygda- 
loid area (Fig. 4F-I). 

Many fibers-of-passage course through the anterior and 
posterior parts of the basolateral nucleus. These fibers 
provide a very light input to the most ventrolateral region 
of the anterior part of the basolateral nucleus (Fig. 4K,L). 
The posterior part of the basolateral nucleus receives a 
moderate input to its ventrolateral region (Fig. 4M,N), and 
a dense input to its most caudal part (Fig. 40,P). Numerous 
fibers also travel through the BMAp, and provide a moder- 
ate input to its caudal region (Fig. 4N-PI. 

Labeled fibers were observed throughout the entire length 
of the lateral nucleus (Fig. 4J-O), providing a very light 
input, although ventrocaudally (Fig. 4N) this input ap- 
peared somewhat more dense. 

Caudal to the injection site, many fibers traveling ventro- 
laterally provide a moderate input to layer 3 and a very light 
input to layers 1 and 2 of the piriform-amygdaloid area (Fig. 
4M-0). A group of fibers coursing medially innervates very 
lightly lateral (Fig. 4L-P) and medial (Fig. 4N-Q) parts of 
the posterior cortical nucleus. Interestingly, dorsal regions 
of layer 3 and the molecular layer of the lateral (Fig. 40-P) 
part (and a very small caudal region of the medial part, Fig. 
40)  of the posterior cortical nucleus receive a notably 
denser input. 

Many fibers travel through the intercalated nuclei (Fig. 
4F-M), particularly caudally (Fig. 4J-M), although they 
apparently provide only a sparse input by way of scattered 
boutons-of-passage. The nucleus of the lateral olfactory 
tract (Fig. 4 G J )  receives a sparse input that becomes 
somewhat denser caudally in ventral region of layer 3 (Fig. 
41). Finally, occasional smooth fibers could be traced through 
the posterior nucleus of the amygdala (Fig. 4N-P), and they 
never show branching or boutons. 

Ascending projections 
As with the BMAp, fibers from the BMAa ascend through 

the longitudinal association bundle, stria terminalis, and 
ansa peduncularis. 

Numerous fibers from 
the BMAa traverse the lateral part of the longitudinal 
association bundle, whereas only a few fibers could be 
traced through the medial part. 

Labeled fibers from the BMAa travel through the lateral 
part of the longitudinal association bundle (Fig. 4 G P )  to 
reach the agranular insular and perirhinal areas dorsally, 
as well as the olfactory tubercle, piriform, postpiriform 
transition, and entorhinal areas, ventrally. They follow the 
same route (Fig. 4L-P) described for axons from the BMAp, 
extending through the anterior and posterior basolateral 
nucleus, ventral and dorsal endopiriform nucleus, deep 
layer 3 of the piriform area, and external capsule to reach 
these cortical areas. Although a particularly large number 
of fibers travel through the endopiriform nucleus, espe- 
cially ventrally, they seem to provide only a sparse input by 
way of occasional boutons-of-passage. In contrast to what 
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was described for the BMAp, axons from the BMAa mainly 
innervate the superficial cortical layers, and accordingly 
more fibers travel through the piriform area than through 
the external capsule. The posterior agranular insular area 
(Fig. 4C-M) receives a moderate to light input to layers 1-3, 
and scattered fibers could be traced to layers 5 and 6, as well 
as more anteriorly to the dorsal and ventral (Fig. 4A,B) 
agranular insular areas. Unlike the BMAp, fibers from the 
BMAa provide a very light input to the perirhinal area (Fig. 
4M-S), and only rare fibers could be traced to more dorsal 
cortical areas, the visceral area (Fig. 4F-M) rostrally, and 
the ectorhinal (Fig. 4N-T) caudally. 

Anterogradely-labeled fibers traveling through the ven- 
tral component of the longitudinal association bundle pro- 
vide a light input to the olfactory tubercle, piriform area 
(rostrally), and postpiriform transition and entorhinal ar- 
eas (caudally). Although these fibers provide a very light 
input through the entire rostrocaudal length of the piri- 
form area (Fig. 4A-0), they tend to be more concentrated 
caudally. From this pathway, fibers could be followed into 
the olfactory tubercle, where they appear t o  innervate 
mainly layer 3 (Fig. 4E,F), although some fibers could be 
seen in all three layers (Fig. 4A-F). 

Many fibers extending ventrally and caudally through the 
piriform and piriform-amygdaloid areas, end in the postpiri- 
form transition (Fig. 40-R) and entorhinal (Fig. 4S,T) 
areas. Interestingly, the BMAa provides a rather dense 
input to a deep region of the molecular layer and a moderate 
to light input to layers 2 and 3 of the postpiriform transition 
area (Fig. 4Q,R). Ventral and rostral regions of the lateral 
entorhinal area (Fig. 4P-R) receive a significant number of 
fibers that occasionally branch, while dorsal (Fig. 4M-T) 
and caudal (Fig. 4s-T) regions receive only sparse fibers. 
The medial entorhinal area (Fig. 4Q-T) is, however, com- 
pletely avoided, except for an occasional fiber-of-passage. 

Few axons from the BMAa extend through medial parts 
of the longitudinal association bundle to reach the hippocam- 
pal formation. As with the BMAp, axons from the BMAa 
could be followed medially through the posteroventral part 
of the medial nucleus, lateral and medial parts of the 
posterior cortical nucleus, and posterior nucleus of the 
amygdala (Fig. 4M-P) to  end in field CA1 and the ventral 
subiculum. Nevertheless, unlike inputs from the BMAp, 
the BMAa only very sparsely innervates the most caudal 
region of ventral field CA1 and the ventral subiculum. 
Scattered fibers were detected in the molecular and pyrami- 
dal layers of field CA1 (Fig. 4P-S) and the ventral subicu- 
lum (Fig. 4Q-T). 

From the injection site, a large group 
of fibers extends dorsally and then caudally to enter the 
stria terminalis (Fig. 4M,N) and then caudal levels of the 
BST (Fig. 4G,H) where they provide a heavy input to the 
transverse nucleus, a light input to the interfascicular 
nucleus, and a sparse input to the ventral and principal 
nuclei. More rostrally (Fig. 4F), labeled fibers from the 
BMAa provide a dense plexus of terminals to the rhomboid 
nucleus, anterolateral area, and dorsal regions of the 
ventral and dorsolateral nuclei. Interestingly, the magnocel- 
lular nucleus of the BST, which is densely innervated by 
axons from the BMAp, receives only a light input from the 
BMAa. Within the anterior division of the BST (Fig. 4D,E), 
the BMAa provides a remarkable plexus of PHAL-labeled 
axons to the anterodorsal and anteroventral areas, as well 
as to the subcommissural zone and dorsomedial nucleus. 
The oval nucleus is very lightly innervated, while the 
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anterolateral area and fusiform nucleus are almost free of 
anterograde labeling. Similar to what was described for the 
BMAp, two groups of fibers could be traced rostrally. Some 
of these fibers curve dorsally through the ventral and 
intermediate parts of the lateral septa1 nucleus, where they 
provide a very light input, and continue rostrally to inner- 
vate very lightly layers 2-3 (and even less layer 1) of the 
infralimbic area (not shown), and few axons were also noted 
in the posteroventral part of the anterior olfactory nucleus 
(not shown). Another group of fibers continues ventrally to 
innervate the nucleus accumbens. Dorsocaudal regions of 
the nucleus accumbens (Fig. 4C) receive a dense plexus of 
fibers, whereas ventrally only the most medial cells, border- 
ing the substantia innominata, receive a moderate input 
(Fig. 4A,B). 

Many fibers extend dorsally and 
medially from the injection site to enter the ansa peduncu- 
laris. As described for the BMAp such fibers extend through 
the substantia innominata (Fig. 4G-K) to the caudal pole of 
the BST, where one group of fibers merges with axons from 
the stria terminalis (Fig. 4G,H), and the other group 
continues rostrally, extending ventrally through the rostral 
substantia innominata (Fig. 4A-G). Numerous boutons-of- 
passage were detected in all parts of the substania innomi- 
nata along the pathway, providing a moderate input. 

As described for the BMAp, a group of fibers branches 
from the ansa peduncularis to  innervate the fundus of the 
striatum. The BMAa provides a dense input to caudal 
regions of the fundus (Fig. 4A-G), whereas the BMAp 
provides a dense input to rostral regions of the fundus. 

Ansa peduncularis. 

Descending projections 
Labeled axons from the BMAa reach the thalamus, 

hypothalamus, and brainstem via the stria terminalis and 
ansa peduncularis. 

As described for the BMAp, the thalamus 
appears to be innervated by fibers that arrive almost 
exclusively by way of the ansa peduncularis, traveling 
through the substantia innominata and dorsal regions of 
the lateral hypothalamic area (Fig. 4G-K). Very light 
anterograde labeling could be traced into the nucleus 
reuniens and medial part of the mediodorsal nucleus, and 
sparse fibers were also noted in the paraventricular, paratae- 
nial, parvicellular part of the subparafascicular, and central 
medial nuclei (Fig. 4G-0). A very few axons may reach the 
thalamus through the stria medullaris (Fig. 4H-I) as well. 

Hypothalamus. Fibers descending to the hypothalamus 
traverse the ansa peduncularis and stria terminalis. 

As described for the BMAp, two fiber bundles (pre- and 
post-commisural) descend from the stria terminalis. Unlike 
the BMAp, only a few axons could be traced through the 
precommisural bundle to innervate the cellular core of the 
hypothalamic ventromedial nucleus. Most of the fibers 
travel through the lateral and medial preoptic areas and 
some fibers were also detected in the median preoptic 
nucleus (Fig. 4D,E). Within more caudal regions of the 
medial preoptic area (Fig. 4G,H) labeled fibers display some 
branching, and generate a very light terminal field. Farther 
caudally, these fibers provide a sparse input to the anterior 
(Fig. 4H-J), preoptic (Fig. 4F,G), and intermediate (Fig. 
4K-N) parts of the periventricular nucleus, as well as the 
medial preoptic nucleus (Fig. 4F-H) and subparaventricu- 
lar zone of the hypothalamus (Fig. 41-K). While sparse 
fibers could be seen throughout the hypothalamic ventrome- 
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Fig. 4. A-T: The projections of the BMAa. The distribution of PHAL-labeled s o n s  in experiment #60 
was plotted onto a series of standard drawings of the rat brain, arranged from rostra1 (A) to caudal (T). The 
dark gray area in K and L indicates the injection site (see Figs. 1 and 2). 
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dial nucleus (Fig. 4K-N), its ventrolateral part shows 
somewhat denser, although still very light, labeling. 

The postcommissural bundle descends ventrally through 
the caudal pole of the BST. Fibers from a descending 
branch of the ansa peduncularis merge at  this level and 
contribute to the hypothalamic innervation. Labeled axons 
extending caudally branch occasionally in the anterior 
hypothalamic area and central part of the anterior hypotha- 
lamic nucleus, providing a very light input (Fig. 4F-L). 
Sparse fibers could also be detected in the anterior and 
posterior parts of the anterior hypothalamic nucleus. Al- 
though sparse fibers occur in all parts of the paraventricu- 
lar nucleus (Fig. 4G-L), only fibers in the anterior parvicel- 
lular part (Fig. 4G-I) display occasional terminal boutons, 
providing a very light input. The BMAa sends a moderate to 
dense input to the lateral hypothalamic area (Fig. 4G-K), a 
light input to the retrochiasmatic area (Fig. 4H-K) and 
tuberal nucleus (Fig. 4L-N), and a few sparse fibers to the 
dorsomedial (Fig. 4M,N) and arcuate (Fig. 4K-N) nuclei. 

Unlike the BMAp, a significant number of axons from the 
BMAa descend to and through the caudal lateral hypotha- 
lamic area. These fibers travel through a very distinct 
caudolateral region of the lateral hypothalamic area (Fig. 
4L-P), where they generate collaterals with boutons, thus 
providing a moderate to dense input. Within the caudal 
hypothalamus, these fibers innervate lightly the lateral 
supramammillary nucleus and sparsely the posterior 
nucleus, posterior periventricular nucleus, ventral and 
dorsal premammillary nuclei, and medial supramammil- 
lary nucleus (Fig. 40-Q). In addition, a few axons extend 
caudally through the ventral tegmental area (Fig. 4P-S) 
and central linear nucleus of the raphe (Fig. 4T) to inner- 
vate sparsely rostral regions of the periaqueductal gray. A 
very few axons could be traced laterally through the 
mesencephalic reticular nucleus (Fig. 4S,T) to innervate 
sparsely the caudal periaqueductal gray, and scattered 
fibers were also detected in a medial and “waist” region of 
the parabrachial nucleus (not shown). 

As with the BMAp, some axons from the BMAa cross the 
midline in the anterior commissure (Fig. 4E,F) and supraop- 
tic commissures (Fig. 45). On the contralateral side, the 
BMAa sends a moderate input to the BST, and lightly 

innervates the fundus of the striatum and nucleus accum- 
bens. Sparse fibers were also observed in the agranular 
insular area, central amygdalar nucleus, and BMAa itself. 

Analysis of control injections 
A number of injections were placed in regions surround- 

ing the BMA, including the anterior amygdaloid area, the 
basolateral and central amygdalar nuclei, and the endopiri- 
form nucleus. Projections from the posterior, posterior 
cortical, and medial amygdalar nuclei have been previously 
described on the basis of PHAL experiments (Canteras et 
al., 1992). Projections from neighboring regions were com- 
pared with those from the BMA, for control purposes, and 
will not be analyzed here because the results were character- 
istically different. However, projections from the COA will 
be described in some detail because this cell group appears 
to be closely related to the BMAa, and as mentioned earlier 
the latter is sometimes included within the former. 

Projections of the COAa 
In eight experiments the PHAL injection labeled many 

neurons within the COAa, and of these, two injections were 
confined almost entirely to this nucleus. The projections in 
experiment number 73 will be described in detail because 
the injection site was confined almost entirely to the COAa 
(Fig. 2), and the projections were typical of other injections 
including the COAa. 

Labeled axons from the COAa follow the same pathways 
described above for the BMA. 

Intra-amygdalar projections 
Before describing intra-amygdalar projections, it is impor- 

tant to note that many labeled fibers were observed in both 
layers of the COAa itself, extending rostral (Fig. 5B-F) and 
caudal to the injection site (Fig. 5F,G). 

Within the amygdala, the COAa provides a heavy input to 
the anterior basomedial and medial nuclei. The central 
nucleus and anterior amygdaloid area receive a moderately 
dense input, whereas the medial and lateral parts of the 
posterior cortical nucleus and the piriform-amygdaloid area 
are lightly innervated by the COAa. 
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Fig. 5. A-L: The projections of the COAa. The distribution of PHAL-labeled axons in experiment 
number 73 was plotted onto a series of standard drawings of the rat brain, arranged from rostra1 (A) to 
caudal (L). The dark gray area in F indicates the injection site (see Figs. 1 and 2). 
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Figure 5 (Continued.) 
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Labeled fibers also extend dorsally from the COAa to end 
in the BMAa, central nucleus, and anterior amygdaloid 
area. The BMAa appears to be the main target for axons 
from the COAa. Thus, numerous axons with terminal 
boutons could be traced throughout all regions of the BMAa 
(Fig. 5D-G). Ventral (Fig. 5F,G) and most rostral (Fig. 5D) 
regions of the capsular part of the central nucleus receive a 
moderate to light input from the COAa, while the rest of the 
central nucleus is only sparsely innervated (Fig. 5D-H). A 
number of fibers continue rostrally to innervate moderately 
the anterior amygdaloid area (Fig. 5C-E). 

Within the medial nucleus, COAa projections end densely 
in the cellular and molecular layers of the anterodorsal (Fig. 
5E-G) and posteroventral (Fig. 5H) parts. The cellular part 
of the anteroventral medial nucleus (Fig. 5F,G) appears to 
be avoided by projections from the COAa, whereas its 
molecular layer receives a dense input. Both the molecular 
and cellular layers of the posterodorsal part (Fig. 5H) 
receive a light input. Interestingly, although a number of 
fibers from the COAa run through the molecular layer of 
the bed nucleus of the accessory tract to provide a terminal 
field in surrounding areas, the bed nucleus itself appears to 
be avoided (Fig. 5F). 

Labeled axons from the COAa densely innervate the 
molecular layer, and lightly innervate the neuronal layer, of 
the piriform-amygdaloid area (Fig. 5H,I) and lateral part of 
the posterior cortical nucleus (Fig. 5G-J). The medial part 
of the posterior cortical nucleus (Fig. 51-K) receives a very 
light input, mainly to its molecular layer. It is important to 
note that fibers from the COAa innervate the entire depth 
of the molecular layer (both superficial and deep parts). 

Labeled fibers extending caudally from the injection site 
occasionally branch, and provide a very light input to the 
BMAp (Fig. 5H,I), and a sparse input to the posterior 
basolateral nucleus (Fig. 5H-K). Apparent fibers-of- 
passage were traced through the molecular layer of the 
nucleus of the lateral olfactory tract (Fig. 5D,E), where 
some fibers with occasional branching were seen in layer 3. 

Finally, an occasional fiber-of-passage could be traced 
through the intercalated nuclei (Fig. 5C-G), and the lateral 
(Fig. 5F-I) and anterior basolateral (Fig. 5E-H) nuclei 
seem to be almost completely avoided by axons from the 
COAa. 

Ascending projections 
Longitudinal association bundle. Anterogradely-la- 

beled fibers from the COAa course through the lateral 
branch of the longitudinal association bundle to end in the 
piriform area, olfactory tubercle, and nucleus of the diago- 
nal band rostrally, and the post-piriform transition and 
entorhinal areas caudally. The molecular layer of the 
piriform area (Fig. 5A-J) receives a moderate input, and 
layer 3 receives a very light input. Some fibers in this 
pathway extend ventrally to innervate sparsely layers 1 and 
3 of the olfactory tubercle (Fig. 5A-C). Interestingly, a 
distinct group of fibers traveling rostroventrally near the 
ventromedial surface of the brain generate many boutons 
in the molecular layer of the nucleus of the diagonal band 
(Fig. 5A-D), just superficial to neuronal cell bodies. 

Unlike the BMAp and B U a ,  axons from the COAa do 
not seem to innervate cortical areas dorsal to the piriform 
area, except for very sparse fibers in the molecular layer of 
the posterior agranular insular (Fig. 5A,F) and perirhinal 
(Fig. 5H,I) areas. 

The postpiriform transition area (Fig. 5K,L) receives a 
moderate plexus of fibers from the COAa, with a vast 
majority ending in the molecular layer. Sparse fibers could 
be traced through all layers of the lateral entorhinal area 
(Fig. 5K,L). I t  is important to note that the COAa, unlike 
the BMAa, innervates the entire depth of the molecular 
layer in olfactory cortical areas. 

Although no axons could be traced through medial 
regions of the longitudinal association bundle, a few scat- 
tered fibers were detected in the molecular layer (stratum 
lacunosum-moleculare and stratum radiatum) of the caudo- 
ventral field CA1 (Fig. 5L) and ventral subiculum (not 
shown). 

Stria terminalis. A significant number of fibers from 
the COAa extend through the stria terminalis (Fig. 5C-I) to 
reach the BST. In the posterior division of the BST the 
transverse nucleus receives a moderately dense plexus of 
fibers, and the interfascicular nucleus is lightly innervated 
(Fig. 5D). Very few axons could be traced into the principal 
nucleus (Fig. 5C,D), and occasional scattered fibers were 
seen in the anterolateral area, and the dorsolateral, magno- 
cellular, and ventral nuclei (Fig. 5C). Within the anterior 
division of the BST, occasional scattered fibers were noted 
in the subcommissural zone, anterodorsal area, and dorso- 
medial nucleus (Fig. 5A,B). Finally, only a few sparse fibers 
could be traced to the ventral part of the lateral septa1 
nucleus (Fig. 5B) and nucleus accumbens (not shown), 
whereas layers 1, 2, and 3 of the infralimbic area (not 
shown) receive a light input from the COAa and a few 
smooth fibers were also noted in the posteroventral part of 
the anterior olfactory nucleus (not shown). 

As described for the BMAp and 
BMAa, one group of fibers from the ansa peduncularis joins 
axons arriving by way of the stria terminalis, near the 
caudal pole of the BST (Fig. 5D). The other, smaller, bundle 
continues rostrally through the rostral substantia innomi- 
nata (Fig. 5A-D), where they provide a light although clear 
input by way of boutons-of-passage. 

Ansa peduncularis. 

Descending projections 
The COAa sends descending projections through the 

stria terminalis and ansa peduncularis along routes already 
described for the BMAp and BMAa. 

The COAa provides a very light input to the 
nucleus reuniens, medial part of the mediodorsal nucleus, 
and central medial nucleus, and an even more sparse input 
to the parataenial and paraventricular nuclei, and the 
lateral habenula. 

The COAa appears mainly to innervate 
the lateral hypothalamic area (Fig. 5 D J ) ,  where it provides 
a moderately dense input. Nevertheless, some PHAL- 
labeled fibers could be traced throughout the entire hypo- 
thalamus, including a very light input to the anterior (Fig. 
5D-F), medial preoptic (Fig. 5C,D), and ventromedial (Fig. 
5F-H) hypothalamic nuclei; and an even lighter input to 
the lateral (Fig. 5A,B) and medial (Fig. 5A-C) preoptic, 
anterior hypothalamic (Fig. 5D), and retrochiasmatic (Fig. 
5E,F) areas. 

Interestingly, some axons from the COAa descend through 
the caudal hypothalamus to provide a moderate input to a 
distinct far lateral and caudal region of the lateral hypotha- 
lamic area (Fig. 5G-J), and a sparse input to the posterior 
hypothalamic nucleus (Fig. 51-J). A very few axons con- 
tinue farther caudally through the ventral tegmental area 

Thalamus. 

Hypothalamus. 
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to reach the periaqueductal gray (Fig. 5K-L), where they 
provide a rather sparse input. 

Finally, only very few sparse fibers were observed to cross 
the midline through the anterior commissure from the 
COAa (Fig. 5C). On the contralateral side, sparse labeled 
fibers were observed in the caudal BST, thalamic nucleus 
reuniens, and lateral hypothalamic area. 

407 

DISCUSSION 
The main conclusion to be drawn from the experimental 

results presented here is that the two cell groups previously 
recognized on cytoarchitectonic grounds in the BMA (the 
BMAa and BMAp) differ significantly in both the topogra- 
phy and extent of their axonal projections, and also differ 
from the adjacent COAa. 

Projections from the BMA 
In general, the BMAa and BMAp give rise to different sets 

of projections although their axons appear to follow the 
same general pathways. Ascending fibers take three basic 
routes-the longitudinal association bundle, stria termina- 
lis, and ansa peduncularis-to reach various telencephalic 
regions, and descending fibers travel through the stria 
terminalis and ansa peduncularis to reach the thalamus, 
hypothalamus, and brainstem (for summary, see Fig. 7). 

Intra-amygdalar projections 
Both the BMAa and BMAp innervate other amygdalar 

nuclei. The BMAa most heavily projects to the central, 
medial, and cortical nuclei, whereas the BMAp sends much 
more restricted projections to the lateral nucleus and to 
parts of the central and medial nuclei. 

Based on the results of HRP retrograde transport experi- 
ments in the rat, Ottersen (1982) suggested a projection 
from the basomedial nucleus (corresponding to our BMAp) 
to the central nucleus. We demonstrated an extraordinarily 
heavy input from the BMAa to almost all parts of the 
central nucleus, whereas in contrast the BMAp specifically 
innervates only restricted quite ventral and caudodorsal 
regions of the central nucleus (see Fig. 7). The central 
nucleus is a complex cell group that contains at least three 
(medial, lateral, and capsular) morphologically, immunohis- 
tochemically, and hodologicallly distinct parts (McDonald, 
1982; Cassell et al., 1986). Although the exact contribution 
of these different parts to the overall function of the central 
nucleus is not presently clear, the striking difference in 
innervation patterns from the BMAa and BMAp implies 
that they differentially influence central nucleus function. 

In their classic study of amygdalar efferents, Krettek and 
Price (197813) described autoradiographically a projection 
from the basomedial nucleus (corresponding to our BMAp) 
to the medial nucleus in the cat. Previous retrograde tracer 
studies in the rat also suggested a projection from the 
posterior part of the BMAp to the anterodorsal part of the 
medial nucleus (Ottersen, 1982). Here, PHAL-labeled axons 
from the BMAp were found mainly in the anterodorsal and 
posteroventral parts of the medial nucleus, while axons 
from the BMAa innervate all parts of the medial nucleus, 
but especially the anteroventral part. Unlike the BMAp, the 
BMAa sends fibers to the molecular layer of the medial 
nucleus, and innervates the adjacent bed nucleus of the 
accessory olfactory tract. 

The COAa and BMAa are linked by very dense bidirec- 
tional connections, whereas the COAa receives only scat- 

tered fibers from the BMAp. The lateral amygdalar nucleus, 
which provides an especially dense input to the BMAp 
(Krettek and Price, 1978b; Aggleton, 1985; Smith and Pare, 
1994; Pitkanen et al., 19951, also receives a dense input 
from the BMAp. The dorsolateral part of the lateral nucleus 
is thought to receive input from early sensory association 
areas (Mascagni et al., 1993; Romanski and LeDoux, 1993) 
and its neurons respond to sensory stimuli with short 
latencies (Bordi and LeDoux, 1992), while the ventromedial 
part receives inputs from higher order association areas 
and no responses to sensory stimuli have yet been identi- 
fied. Interestingly, the BMAp receives input from both 
parts of the lateral nucleus (Pitkanen et al., 19951, but in 
return only innervates its ventromedial region. The BMAa 
also sends fibers to caudoventral regions of the lateral 
nucleus. 

Both the BMAa and BMAp project to the anterior amyg- 
daloid area, to different parts of the lateral and medial 
posterior cortical nucleus, to the posterior basolateral 
nucleus, and to the piriform-amygdaloid area. Finally, the 
BMAp sends a few axons to the BMAa, which in turn sends 
an even lighter input to caudal regions of the BMAp. 

Interestingly, a projection from the BMA (corresponding 
to our BMAp) to the amygdalo-hippocampal area (corre- 
sponding to our posterior nucleus) was suggested in the cat 
by Krettek and Price (1978b). However, we did not observe 
such a projection in any of our experiments, confirming a 
recent retrograde tracer study (Canteras et al., 1992). 
Nevertheless, some labeled fibers do travel through the 
posterior nucleus to reach the hippocampal formation. 
While these fibers do not branch and appear not to generate 
boutons (and are thus presumably fibers-of-passage), they 
could explain the autoradiographic labeling reported by 
Krettek and Price. Species differences are also possible. 

Pare et al. (1995) reported PHAL-labeled intra-amygda- 
lar projections from the cat basomedial nucleus (correspond- 
ing to the rat BMAp) to the lateral nucleus, parts of the 
central nucleus, periamygdalar areas, and nucleus of the 
lateral olfactory tract, similar to our results. However, they 
also found projections to the COAa but not to the medial 
nucleus. In the rat, both the BMAa and BMAp project to the 
medial nucleus, whereas only the BMAa projects heavily to 
the COAa. 

Ascending projections 
Longitudinal association bundle. Fibers from the BMA 

ascend to the cerebral cortex mainly through the longitudi- 
nal association bundle and stria terminalis (for the infralim- 
bic and prelimbic areas) (see Results for details). 

The BMAa innervates the agranular insular area and 
olfactory areas including the olfactory tubercle, piriform, 
postpiriform transition, and entorhinal areas. More wide- 
spread cortical projections originate in the BMAp, which 
sends fibers to all regions innervated by the BMAa, and to 
the perirhinal, ectorhinal, infralimbic, and prelimbic areas, 
and hippocampal formation. 

Innervation of the agranular insular area by the BMA 
has been observed with retrograde tracer methods (McDon- 
ald and Jackson, 1987). Our results suggest that the BMAa 
projects mainly to superficial layers, while the BMAp 
projects to deep (mainly 5) layers of the agranular insular 
area. 

A projection to the olfactory tubercle has been shown on 
the basis of anterograde (Krettek and Price 1978a) and 
retrograde (Haberly and Price, 1978; McDonald, 1991b) 
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tracer studies in the rat, cat, and monkey (Aggleton et al., 
1987). Our results demonstrate that all three layers of the 
olfactory tubercle receive a light input from the BMA. 
Axons from the BMAp tend to be more concentrated in 
medial and caudal regions, while axons from the BMAa are 
concentrated caudally in layer 3 of the olfactory tubercle. 
Furthermore, the BMAp, but not the BMAa, sends a light 
input to the anterior olfactory nucleus. 

The piriform area is traversed by fibers en route to other 
cortical areas, although some of them display branches with 
terminal boutons. After injections into the BMAp, PHAL- 
labeled fibers seem to innervate lightly only ventral regions 
of the piriform area, whereas the BMAa sends a light input 
to the entire piriform area, although it is somewhat more 
dense caudally. 

The heaviest cortical projection field of the BMAa was 
found in the postpiriform transition area, especially in the 
deep half of the molecular layer (Fig. 6G). This area (area 
TR) lies between the piriform area rostrally and the entorhi- 
nal area caudally, and was originally defined by Haug 
(1976). Like the piriform and entorhinal areas, it receives a 
direct input from the main olfactory bulb (Kosel et. al., 
1981), and it substantially projects to the BMAa (our 
unpublished observations using PHAL). The BMAp also 
projects lightly to all three layers of the postpiriform 
transition area. 

The heaviest cortical projections from the BMAp are to 
the perirhinal and ectorhinal areas (Fig. 6H), which have 
been described for the rat (McDonald and Jackson, 19871, 
cat (Room and Groenewegen, 1986), and monkey (Saunders 
and Rosene, 1988). 

Within the rat hippocampal formation, the BMAp projects 
significantly to the ventral subiculum, ventral field CA1, 
and parasubiculum (Fig. 6H); in contrast, axons from the 
BMAa only sparsely innervate the ventral subiculum and 
ventral field CA1. The monkey accessory basal nucleus 
reportedly innervates fields CA1, CA2, and CA3, and the 
adjacent subiculum (Aggleton, 1986; Saunders et al., 19881, 
and the medial basal nucleus (homologues with the parvicel- 
lular part of the basal nucleus, Amaral et al., 1992) was 
found by Saunders et al. (1988) to project only to the 
subiculum, although Aggleton (1986) also noted projections 
to fields CA1-3. Previous evidence suggested that the BMAp 
in the rat corresponds to the accessory basal (Price, 1981; 
Price et al., 1987) and parvicellular basal (Canteras and 
Swanson, 1992) nuclei of the monkey. As in the rat BMAp, 
the accessory basal nucleus in monkey receives a heavy 
input from the lateral amygdalar nucleus, and projects to 
the hypothalamic ventromedial nucleus and perirhinal area 
(see Price et al., 1987). On the other hand, monkey 
parvicellular basal nucleus connections with the hippocam- 
pal formation are similar to those of the BMAp (Canteras 
and Swanson, 1992). More work is needed to clarify which 
part(s) of the monkey amygdala is homologous to the rat 
BMAp, and because the basolateral nuclear group (includ- 
ing lateral, basolateral, and basomedial nuclei) is signifi- 
cantly more differentiated in primates (Crosby and Hum- 
phrey, 1941), it is possible that the rat BMAp corresponds 
to more than one nuclear group in the monkey. 

Projections from the BMAp to the parasubiculum (to the 
deep part of layer 1 and to layer 2) observed here are 
strikingly similar to a projection from the basolateral 
nucleus reported by Krettek and Price in the rat and cat 
(1977b). However, their injection sites may have spread to 
include some neurons in the BMAp because we found few 
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labeled axons in the parasubiculum after PHAL injections 
in the basolateral nucleus (unpublished observations). Our 
results also indicate that both the BMAa and BMAp project 
selectively to the lateral rather than medial part of the 
entorhinal area, and that the BMAa sends fibers rostroven- 
trally, whereas the BMAp sends many fibers to deep layers 
caudally. Krettek and Price (1977a) did not report cortical 
projections from the BMA in the rat or cat. However, more 
recent work in the cat (Room and Groenewegen, 1986) and 
monkey (Insausti et al., 1987; Saunders and Rosene 1988) 
also suggest projections to the entorhinal area. 

Finally, some axons from the BMAp provide a moderate 
input to the infralimbic and prelimbic areas, whereas the 
BMAa only sparsely innervates these areas. Projections 
from the BMA to prefrontal cortical areas have been 
previously detected in the rat (McDonald, 1991a) and 
monkey (Barbas and De Olmos, 1990). 

In summary, the cerebral cortex appears to be the major 
target of ascending projections from the BMA. The BMAa 
innervates primarily olfactory and agranular insular areas, 
while the BMAp also sends fibers to the infralimbic, prelim- 
bic, perirhinal, and ectorhinal areas, and to the hippocam- 
pal formation. 

Fibers travel- 
ing through the stria terminalis generate major terminal 
fields in the septal region and striatum, and lighter inputs 
to the medial prefrontal region and anterior olfactory 
nucleus. 

Within the septum, the BST is the region most heavily 
innervated by axons from the BMA. In addition, the BMAp 
projects to the ventral, while the BMAa projects to the 
intermediate, part of the lateral septal nucleus. Krettek and 
Price (1978a) observed a projection from the basomedial 
nucleus to the “central zone” of the BST, and retrograde 
labeling was observed in the BMA after HRP injections in 
the BST (Weller and Smith, 1981). Recently, a number of 
cyto- (Ju and Swanson, 1989; Moga et al., 1989) and 
chemo-architectonic (Ju et al., 1989; Moga et al., 1989) 
divisions of the BST have been recognized. Our study 
reveals an extensive, topographically organized projection 
to the BST from the BMAa and BMAp (Fig. 6C,D). The 
anterior division of the BST, including the anterodorsal, 
anteroventral, subcommisural, and dorsomedial nuclei, and 
the posterior division of the BST including the transitional, 
intrafasicular, and ventral nuclei, receive massive inputs 
from both the BMAa and BMAp. In addition, the BMAp 
sends a dense input specifically to the magnocellular nucleus, 
whereas the BMAa projects lightly to the magnocellular, 
rhomboid, and oval nuclei. 

The BMA also innervates the ventral striatum, including 
the nucleus accumbens, striatal fundus, and a specific 
region of the caudoputamen. The most striking projection 
within the striatum is to the nucleus accumbens via s o n s  
from the BMAp (Fig. 6B). Although these projections have 
been demonstrated previously in the rat, cat, and monkey 
(Krettek and Price, 1978a; Kelley et al., 1982; Russchen 
and Price, 1984; Russchen et al., 1985; McDonald, 1991a,b), 
it was generally concluded that the BMA sends only a light 
projection to the nucleus accumbens. Recently, Johnson et 
al. (1995) showed, in agreement with our results, extensive 
labeling in the rat nucleus accumbens after a biocytin 
injection centered in the BMA. Our results suggest that the 
BMAp specifically innervates the caudomedial nucleus ac- 
cumbens, whereas the BMAa sends fibers to the most 
dorsocaudal (septal) nucleus accumbens, and to the most 

Stria terminalis and ansa peduncularis. 



Fig. 6. Darkfield photomicrographs showing the distribution of 
PHAL-labeled mans in the nucleus accumbens (A,B), BST (C,D), 
hypothalamus (E,F), postpiriform transition area (G), and perirhinal 
and ectorhinal areas (H) after injections centered in the BMAa (A,C,E, 

and G) and BMAp (B,D,F, and HI. All scale bars = 500 km. For 
identification of major structures in B, D, F, and H see approximately 
corresponding levels in Figure 3C,F,M, and S; and for A, C, E, and G see 
Figure 4B,F,M, and Q, respectively. 
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medial edge of the nucleus accumbens bordering the rostral 
substantia innominata (Fig. 6A). This general topography 
was also suggested by fluorogold injections in the “medial 
shell” and “septal pole” of the nucleus accumbens that 
retrogradely labeled cells in the BMAp and BMAa, respec- 
tively (Brog et al., 1993). 

At least some projections to the nucleus accumbens from 
the BMA are thought on anatomical (Fuller et al., 1987) 
and electrophysiological (Yim and Mogenson, 1982 in the 
rat; DeFrance et al., 1980 in the rabbit) grounds to be 
excitatory. Furthermore, recent anatomical evidence 
(Johnson et al., 1995) demonstrates that at least some 
axons from the BMAp converge with dopaminergic inputs 
on individual neurons in the nucleus accumbens. Excita- 
tory responses in nucleus accumbens neurons (produced by 
BMA stimulation) were significantly attenuated by dopa- 
mine, either applied iontophoreticaly, or released by stimu- 
lation of the ventral tegmental area (Yim and Mogenson, 
1982). Electrophysiological work in the rat (Callaway et al., 
1991) and rabbit (DeFrance et al., 1980) also suggests that 
amygdalar inputs (presumably including projections from 
the BMAp) converge with hippocampal inputs on projection 
neurons in the nucleus accumbens. Thus, the BMAp, 
together with at  least dopaminergic and hippocampus 
inputs, may influence locomotor behavior mediated by the 
nucleus accumbens. 

The striatal fundus receives a major input from the BMA. 
Although labeled axons from the BMA were detected 
throughout most of the fundus, its rostral pole appears to 
receive a denser input from the BMAp, whereas more 
caudal regions are preferentially innervated by the BMAa. 
Anterograde tracer studies in the rat, cat, and monkey 
(Krettek and Price, 1978a; Aggleton et al., 19871, and 
retrograde tracer studies in the rat (McDonald, 1991a,b), 
have previously demonstrated these projections. Anatomi- 
cal results suggest that at least a part of these projections 
are excitatory (Fuller et al., 1987). 

The BMAp, but not the BMAa, clearly innervates the 
caudoputamen. In agreement with the topography of amyg- 
dalar projections suggested by Kelley et al. (19821, the 
BMAp sends fibers specifically to the most medial and 
caudoventral region (bordering the amygdala), and avoids 
dorsolateral parts of the caudoputamen, which receive 
inputs from sensorimotor cortical areas. Earlier retrograde 
(Kelly et al., 1982) and anterograde (Russchen and Price, 
1984) tracer studies suggested this projection pattern, 
although observed projections were considerably lighter 
than those noted here. 

Axons from the BMAa and BMAp ascend through the 
ansa peduncularis to innervate the substantia innominata, 
as observed earlier with both anterograde (Krettek and 
Price, 1978a; Grove, 1988) and retrograde (Fuller et al., 
1987; Grove, 1988) tracer methods. Importantly, some 
PHAL-labeled axons in the ansa peduncularis join those 
arriving through the stria terminalis at  caudal levels of the 
BST, and most likely contribute to the innervation of 
endbrain targets. Lehman and Winans (1983) found that 
stria terminalis interruption with electrolytic lesions or 
knife cuts decreases but does not eliminate retrograde 
labeling of cells in the amygdala after HRP injections in the 
BST in the golden hamster, suggesting a “ventral non- 
strial pathway” (presumably corresponding to the rostral 
ansa peduncularis pathway labeled here). 

In summary, projections from both the BMAa and BMAp 
ascend to the septum and striatum, mainly through the 

stria terminalis, and to the substantia innominata, by way 
of the ansa peduncularis. The BMAa innervates the BST, 
striatal fundus, and limited regions of the nucleus accum- 
bens. The BMAp also projects to the BST, striatal fundus, 
and substantia innominata, but also sends a major input to 
the nucleus accumbens and caudoputamen. Finally, our 
results strongly imply that in addition to known projections 
from the basolateral amygdalar nucleus, projections from 
the BMA (and especially from the BMAp) contribute greatly 
to amygdalostriatal projections. 

Descending projections 
Axons from the BMA descend mainly to the hypothala- 

mus, with a much lighter input to the thalamus. 
Thalamus. The BMA sends a weak input to the thala- 

mus. The medial part of the mediodorsal nucleus receives a 
very light input from both parts of the BMA, as reported 
earlier (McDonald, 1987). The nucleus reuniens and para- 
ventricular nucleus are also very lightly innervated by the 
BMAa and BMAp, respectively. The thalamic paraventricu- 
lar nucleus projects back to the BMAp (Moga et al., 1995). 

Hypothalamus. Axons from the BMAp and BMAa pro- 
vide topographically organized inputs to the hypothalamus. 
The heaviest projection from the BMAp ends in the cellular 
core of the hypothalamic ventromedial nucleus (Fig. 6F), 
whereas the BMAa most heavily innervates the lateral 
hypothalamic area (Fig. 6E), confirming in general previous 
anterograde (Krettek and Price, 1978a) and retrograde 
(Berk and Finkelstein, 1981) tracer studies. Electrophysi- 
ological evidence suggests that stimulation of the “basolat- 
era1 amygdalar nucleus,” corresponding at least in part to 
our BMAp, produces responses (excitatory, inhibitory, and 
disinhibitory) in the hypothalamic ventromedial nucleus 
(Ono and Oomura, 1975). In contrast, the BMAa sends a 
light input to the ventrolateral ventromedial nucleus, inner- 
vating instead the ventral capsular region of the nucleus, 
and the adjacent tuberal nucleus. After selective injections 
of HRP into different parts of the ventromedial nucleus, 
Luiten et al. (1983) suggested that the most medial part of 
the “basolateral nucleus” (containing at  least a part of our 
BMAp) projects to all parts of the ventromedial nucleus, 
while the BMAa only projects to restricted parts of it. 

The BMAa projects substantially to the lateral hypotha- 
lamic area, specifically to a far lateral, caudal part, and 
injections of HRP into this region retrogradely label neu- 
rons in the BMAa (Ono et al., 1985). 

The BMAp also lightly innervates the anterior hypotha- 
lamic nucleus and retrochiasmatic and lateral hypotha- 
lamic areas. In contrast, the BMAa sends a light input to 
the anterior hypothalamic and medial preoptic nuclei, and 
to the medial preoptic and retrochiasmatic areas. Further- 
more, within the caudal hypothalamus, the posterior and 
supramammillary nuclei are lightly innervated by both the 
BMAa and BMAp; and some fibers were also noted in the 
capsule of the medial mammillary nucleus and premammil- 
lary nuclei from the BMAp and the BMAa, respectively. 

Only a few axons from the BMAa could be followed to the 
periaqueductal gray and parabrachial nucleus. 

Krettek and Price (1978a) described a projection to the 
ventral premammillary nucleus from the basomedial nucleus 
(corresponding to our BMAp). Here, only the BMAa was 
observed to send a few sparse axons to the ventral premam- 
millary nucleus. Because the posterior amygdalar nucleus 
and lateral posterior cortical nucleus (just medial and 
ventral to the BMAp, respectively) send heavy inputs to the 
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that only a few cells in the COAa were retrogradely labeled 
after injections of WGA-HRP into the olfactory tubercle. 
Correspondingly, the olfactory tubercle, anterior olfactory 
nucleus, and taenia tecta appear to be the only olfactory 
areas that do not project to the COAa (Luskin and Price, 
1983a). 

Axons from the COAa, unlike other olfactory association 
fibers that end specifically in the deep zone of the plexiform 
layer, layer l b  (Luskin and Price, 1983a), innervate both 
the superficial (la) and deep zones of the plexiform layer. 
This unique feature of the COAa, which distinguishes it 
from other olfactory cortical areas, had been noted previ- 
ously (Luskin and Price, 1983b). Thus, COAa projections 
may converge with information arriving directly from the 
main olfactory bulb (innervating zone la ;  Price, 1973) and 
with information arriving indirectly from association fibers 
generated in olfactory areas receiving main olfactory bulb 
input (innervating zone lb ;  Price, 1973; Luskin and Price, 
1983a). Information received by the COAa may well un- 
dergo further processing within the nucleus itself before 
relay, because extensive intranuclear connections were 
observed after our PHAL injections. 

No projections from the COAa back to the olfactory bulb 
were labeled in our material, in agreement with previous 
anterograde (Luskin and Price, 1983a) and retrograde (De 
Olmos et al., 1978) tracer studies in the rat, and work in the 
hamster (Kevetter and Winans, 1981). 

Previous retrograde (Haberly and Price, 1978) and antero- 
grade tracer studies (Krettek and Price, 1977a; Luskin and 
Price, 1983a) have suggested a projection to the infralimbic 
and agranular insular areas, and to the taenia tecta, from 
the COAa. Furthermore, Krettek and Price (1977a) also 
found a projection to the perirhinal area. We observed a 
light input to the infralimbic area, only very sparse fibers in 
the posterior agranular insular and rostra1 perirhinal areas, 
and no labeled fibers in the taenia tecta. However, the 
BMAa does project to the agranular insular area (this 
study), and the medial amygdalar nucleus projects to the 
taenia tecta (Canteras et al., 1995). Thus, injections in 
previous studies may have spread to involve the medial 
nucleus and/or BMAa. 

A projection from the COAa to the molecular layer of the 
subiculum has been reported in the golden hamster (Kevet- 
ter and Winans, 1981). Only very sparse fibers were de- 
tected in the molecular layer of the ventral subiculum and 
adjacent field CA1 in our material. The discrepancy may be 
due to species differences or to major differences in injection 
site size. 

Krettek and Price (1978a) did not report subcortical 
projections from the COAa in the rat or the cat. In our 
material, clear projections from the COAa to the septum 
and striatum were labeled. The main septa1 input is to the 
transverse, interfascicular, and ventral nuclei of the poste- 
rior division of the BST, although some scattered fibers 
were detected in the anterior division of the BST. Interest- 
ingly, the COAa projects lightly to the principal nucleus of 
the BST, which receives a direct, though small, input from 
the accessory olfactory bulb (Scalia and Winans, 1975). 
Thus, with the exception of the bed nucleus of the accessory 
olfactory tract, the COAa sends fibers to all olfactory 
cortical areas in receipt of olfactory bulb projections, a 
feature previously noted in the golden hamster (Kevetter 
and Winans, 1981). Finally, within the basal ganglia, axons 
from the COAa provide an input to the substantia innomi- 
nata and striatal fundus. 

ventral premammillary nucleus, injection sites analyzed by 
Krettek and Price may have spread slightly to include these 
regions. 

Projections from the COAa 
Injections of the COAa yielded a unique projection pat- 

tern that is considerably more restricted than that gener- 
ated by the adjacent BMAa (Fig. 7). The COAa mainly 
generates ascending fibers to the amygdala and olfactory 
cortical areas, and descending fibers to the thalamus and 
hypothalamus. Its overall projection pattern is distinct 
from that of the BMAa, although part of its projection field 
is similar, and the two cell groups are massively intercon- 
nected. 

Intra-amygdalar projections 
Within the amygdala, the COAa innervates the corticome- 

dial group and adjacent ventral regions of the central 
nucleus, but completely avoids the basolateral group (includ- 
ing the basolateral and lateral nuclei). Luskin and Price 
(1983a) described a moderate projection to the lateral 
nucleus from the COAa, although their injection sites 
undoubtedly included neurons in the BMAa, which they 
included in the COAa. Within the corticomedial group, the 
COAa projects to all groups related to the main and 
accessory olfactory systems, and to the BMAa; the latter 
appears to be the densest projection from the COAa. 

The COAa receives a direct input from the main olfactory 
bulb, in mammals (Powell et al., 1965; Price, 1973; 
Broadwell, 1975; Scalia and Winans, 19751, and sends a 
projection to amygdalar nuclei receiving direct (the piriform- 
amygdaloid area and lateral part of the posterior cortical 
nucleus: Price, 1973; Scalia and Winans, 1975) and indirect 
(the anterior amygdaloid area: Luskin and Price, 1983a) 
olfactory inputs. However, the nucleus of the lateral olfac- 
tory tract is only sparsely innervated by the COAa. 

The COAa also sends a major input to the “accessory 
olfactory amygdala.” Projections to the medial amygdalar 
nucleus have been reported in the rat (Ottersen, 1982) and 
golden hamster (Kevetter and Winans, 1981), and our 
results confirm their existence. We also showed that the 
COAa innervates the medial posterior cortical nucleus, 
which, like the medial nucleus, receives a direct input from 
the accessory olfactory bulb (Scalia and Winans, 1975). 
Thus, the main and vomeronasal olfactory systems con- 
verge at  early stages of information processing. 

To summarize, the COAa, unlike the BMAa, specifically 
innervates the corticomedial group, and a restricted part of 
the central nucleus, within the amygdala. 

Ascending projections 
Ascending PHAL-labeled axons from the COAa travel 

through essentially the same pathways as those from the 
BMA. 

The COAa, like other olfactory cortical areas, sends 
association fibers to most olfactory areas, including the 
olfactory tubercle, and the piriform, postpiriform transi- 
tion, and entorhinal areas. Most of these projections have 
already been shown with anterograde (Luskin and Price, 
1983a,b; Krettek and Price, 1977a) and retrograde (Haberly 
and Price, 1978) tracer methods. The anterior olfactory 
nucleus and taenia tecta appear to be the only olfactory 
areas (outside the olfactory bulb itself) not innervated by 
the COAa. The olfactory tubercle receives a light input from 
the COAa, and accordingly, Fuller et al. (1987) indicated 
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Fig. 7. Summary diagrams to indicate the general organization of projections from the BMAa, COAa, 
and BMAp. The relative size of each pathway is roughly proportional to the thickness of the line 
representing it. 
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In summary, the COAa mainly projects to olfactory 
cortical areas. However, it also sends a major input to 
subcortical regions including the BST, striatal fundus, and 
substantia innominata. 

Descending projections 
Although the COAa sends only a light input to the 

thalamus, it appears to be somewhat more dense than that 
from the BMA. In agreement with previous work (McDon- 
ald, 1987; Price et al., 19911, we observed light inputs to the 
medial mediodorsal nucleus, nucleus reuniens, and central 
medial nucleus. 

Within the hypothalamus, the COAa projects mainly to 
caudolateral regions of the lateral hypothalamic area. This 
projection has been suggested previously, based on selective 
retrograde tracer injections into the lateral hypothalamic 
area (Ono et al., 1985). Furthermore, this part of the lateral 
hypothalamic area has been shown to receive a major 
olfactory input from most olfactory cortical areas, including 
the COAa (Price et al., 1991). HRP injections into this 
region of the lateral hypothalamic area retrogradely label 
more neurons in the COAa than in any other olfactory 
cortical area, and most if not all cells from the COAa 
contribute to this projection (Price, 1985). 

After PHAL injections in the COAa we observed some 
labeled fibers in other parts of the hypothalamus including 
the medial preoptic nucleus (previously shown with retro- 
grade methods; Simerly and Swanson, 1986) and the 
anterior, ventromedial, tuberal, and posterior hypotha- 
lamic nuclei. 

Kevetter and Winans (1981) described autoradiographi- 
cally in the golden hamster a projection from the COAa to 
the hypothalamic ventromedial nucleus but not to the 
lateral hypothalamic area. Because all of their injections 
included cells in the BMAa, and the larger injections 
included some of the medial nucleus as well, it is not 
surprising that a dense projection to the ventromedial 
nucleus was labeled. However, their failure to label a 
projection to the lateral hypothalamic area is not easy to 
explain but could reflect species differences. 

Finally, a few sparse axons from the COAa were traced to 
the periaqueductal gray. 

In summary, the COAa, like the BMA, sends a descending 
projection that in the diencephalon is restricted mainly to 
the hypothalamus, where it provides a substantial input to 
a specific, olfactory-related, region of the lateral hypotha- 
lamic area that also receives an input from the BMAa. The 
COAa also sends more fibers to the thalamus than does the 
BMAa or BMAp. 

Functional considerations 
The amygdala as a whole has been linked to a wide 

variety of functions ranging from sexual and other social 
behaviors to emotion and associative learning. The struc- 
tural organization of the amygdala appears to mimic its 
functional complexity. Broadly speaking, this part of the 
medial temporal lobe has been divided into a number of 
distinct nuclear groups that seem to play different roles. In 
the following discussion, an attempt is made to clarify the 
basic input-output relationships of the BMA and associated 
COAa and thus to clarify basic organizing principles of 
amygdalar circuitry. 

Almost 75 years ago, Johnston divided the amygdala into 
corticomedial (cortical, medial, and central nuclei) and 
basolateral (basolateral and lateral nuclei) groups, based on 

phylogenetic and ontogenetic considerations (Johnston, 
1923). Relatively minor variations on this scheme have 
been used in most later descriptions of the amygdala and 
have been adopted by physiologists. Thus, a large body of 
evidence suggesting major functional differences between 
these two groups has accrued. For example, the corticome- 
dial group (without the central nucleus) can be further 
subdivided into “main olfactory” (rostrolateral) and “acces- 
sory olfactory” (caudomedial) components that receive 
direct olfactory and pheromonal inputs from the main and 
accessory olfactory bulbs, respectively (Scalia and Winans, 
1975). Neurons in this component send descending projec- 
tions to the hypothalamic medial zone nuclei (Krettek and 
Price, 1978a; Canteras et al., 1992, 1995) and are thought 
to be involved in feeding and various aspects of sexual and 
agonistic behaviors (e.g., Kaada, 1972; Lehman et al., 1980; 
Luiten et al., 1985; Schulkin et al., 1989). 

In contrast, the basolateral group, which receives most 
other classes of sensory information, and has widespread 
striatal, isocortical, and hippocampal connections, is gener- 
ally thought to be important for emotional responses and 
amygdalar influences on mnemonic processes (Krettek and 
Price, 1977a,b; Ottersen 1982; LeDoux et al., 1990; Cam- 
peau and Davis, 1995). 

Finally, the central nucleus, originally included in the 
corticomedial group, has emerged as a separate group 
involved in visceral functions (e.g., Applegate et al., 1983; 
Iwata et al., 1987; LeDoux et al., 1988). It receives major 
viscerosensory inputs including a direct projection from the 
nucleus of the solitary tract (e.g., Ricardo and Koh, 1978; 
Ottersen, 19811, an indirect input from the parabrachial 
nucleus (Fulwiler and Saper, 1984; Bernard et al., 19931, 
and an input from the insular region (Ottersen, 1982; 
McDonald and Jackson, 1987); it also receives intrinsic 
projections from most parts of the amygdala. Furthermore, 
its descending projections end in visceromotor areas includ- 
ing the BST, hypothalamus, and dorsal vagal complex (e.g., 
Hopkins and Holstege, 1978; Krettek and Price, 1978a; 
Veening et al., 1984; Danielsen et al., 1989). 

Where does the BMA fit in this scheme? What little has 
been done in the past is inconclusive. It was included in the 
corticomedial group by Kaada (1972) and considered part of 
the basolateral and medial groups by De Olmos et al. 
(1985). Our results suggest that the BMAa shares certain 
features with the corticomedial group whereas the BMAp 
shares certain features with the basolateral group. How- 
ever, the situation is more complex because they also share 
certain features with the central and accessory corticome- 
dial groups, respectively. 

A strong input from olfactory cortical areas, including a 
very heavy input from the COAa, suggests that the BMAa is 
part of the main olfactory corticomedial group. However, 
the BMAa also shares connections with the central group. 
Its major output is to the central nucleus, and like the 
central group, it receives inputs from the parabrachial 
nucleus and insular cortex and projects to the hypothalamic 
lateral zone. Thus, at  the very least, the BMAa shares 
features with both the corticomedial and central groups of 
the amygdala. 

In contrast, the BMAp is heavily innervated by the lateral 
amygdalar nucleus, and like the basolateral group has 
widespread striatal, isocortical, and hippocampal connec- 
tions. However, it also shares bidirectional connections 
with the accessory olfactory corticomedial group (the me- 
dial nucleus and medial part of‘ the posterior cortical 
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nucleus), and like the corticomedial group, projects to the 
hypothalamic medial zone (the ventromedial nucleus). Thus, 
the BMAp shares features with the basolateral and acces- 
sory olfactory corticomedial groups. 

These considerations suggest that earlier schemes for 
grouping amygdalar nuclei are incomplete. To help clarify 
this problem, we shall now briefly consider the organization 
of inputs to the BMAa, BMAp, and COAa, along with 
unique input-output relationships of these three cell groups 
(see Fig. 8). 

Organization of BMAa circuitry 
Unfortunately, very little is known in detail about neural 

inputs to the BMAa. Nevertheless, it does receive associa- 
tion fibers from several main olfactory areas, including the 
COAa (this study), piriform area (Ottersen, 1982; Luskin 
and Price, 1983a), and postpiriform transition area (our 
unpublished observations using PHAL); Luskin and Price 
(1983a) also found an input from the entorhinal area, 
which receives a direct input from the olfactory bulb. The 
BMAa most likely does not receive a direct input from the 
olfactory bulb, although it is possible that some of its 
neurons extend dendrites into the deep molecular layer 
(McDonald, 1992) where olfactory association fibers are 
abundant (Price, 1973; Price and Luskin, 1983a). 

Recently, Bernard et al. (1993) used PHAL to demon- 
strate a massive input to the BMAa from regions of the 
parabrachial nucleus (medial and “waist”) involved at  least 
partly in the relay of gustatory sensory information. These 
regions of the parabrachial nucleus receive inputs from the 
rostral zone of the medial nucleus of the solitary tract 
(Herbert et al., 19901, which receives gustatory inputs 
(Hamilton and Norgren, 1984; Travers and Norgren, 1995) 
and contains neurons responding to gustatory stimuli 
(Ogawa et al., 1987). The insular cortex also projects 
heavily to the BMAa and the part involved (rostral half of 
the posterior agranular and ventral dysgranular areas) has 
visceromotor functions (Yasui et al., 1991). 

Fig. 8. A summary of the major connections of the BMAa (A), COAa 
(B), and BMAp (0. A Major inputs to the BMAa are associated with 
the relay of olfactory (by inputs from the COAa, piriform, postpiriform 
transition, and entorhinal areas) and gustatory (by inputs from the 
parabrachial nucleus and insular area) information. The BMAa mas- 
sively innervates areas projecting to neuroendocrine, autonomic, and 
somatomotor (behavioral) effector systems, probably involved in the 
expression of some aspects of feeding behavior. B: The COAa receives a 
major olfactory input (including direct input from the main olfactory 
bulb) as well as inputs from areas relaying gustatory information 
(parabrachial nucleus and insular region). In addition to neuronal 
inputs, the COAa also receives major hormonal inputs: high levels of 
gonadal steroid and mineralocorticoid receptors are expressed in the 
COAa. Outputs from the COAa suggest its participation in two separate 
circuits. The COAa sends massive projections to the BMAa and most 
parts of the “BMAa circuit” (Fig. 8A) (e.g., the amygdalar central 
nucleus, BST, striatal fundus, substantia innominata, and lateral 
hypothalamic area), and also innervates parts of the sexually dimorphic 
circuit (amygdalar medial nucleus, and medial part of the posterior 
cortical amygdalar nucleus), most likely mediating behaviors related to 
reproduction and agonistic behavior. C: The BMAp receives inputs 
from most sensory modalities by way of unimodal and polymodal 
sensory relays (e.g., lateral amygdalar nucleus, perirhinal area) and 
information associated with the hippocampal trisynaptic circuit (by way 
of the ventral subiculum). Widespread BMAp outputs strongly suggest 
that it may influence neuroendocrine, autonomic, and somatomotor 
(behavioral) systems and also information processing within the hippo- 
campal formation (by outputs to the entorhinal area and ventral 
suhiculum). 
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The BMAa in turn projects back to all of the olfactory 
cortical areas that it receives input from, and it also projects 
to the agranular insular area (Cechetto and Saper, 19871, a 
region that may receive convergent olfactory, gustatory, 
and visceral sensory information (Shipley and Geinsman, 
1984 in mouse; Krushel and van der Kooy, 1988 in rat). 
Furthermore, the BMAa innervates the striatal fundus, a 
region of the ventral striatum that receives olfactory inputs 
from the piriform, piriform-amygdaloid, and entorhinal 
areas (Fuller et al., 1987; Luskin and Price, 1983a), and an 
input from the same regions of the parabrachial nucleus 
(Bernard et al., 1993) and insular cortex (Yasui et al., 1991) 
that also project to the BMAa. Within the hypothalamus, 
the BMAa innervates a distinct region of the lateral hypotha- 
lamic area that also receives a major olfactory input (Price 
et al., 1991). Finally, the most dense BMAa projection 
observed here is to the central amygdalar nucleus and 
adjacent substantia innominata. This terminal field also 
receives an input from the same regions of the insular 
cortex (Yasui et al., 1991) and parabrachial nucleus (Ber- 
nard et al., 1993) that project to the BMAa. The only other 
amygdalar nuclei that are innervated by the same regions of 
the parabrachial nucleus are the COAa and a distinct part 
of the posterior basolateral nucleus (Bernard et al., 19931, 
which also receive inputs from the insular cortex (Yasui et 
al., 1991) and BMAa. Based on its anatomical connections, 
the BMAa thus appears to form part of a circuit involved in 
processing olfactory, gustatory, and visceral information. 

Functional studies involving the BMAa specifically have 
not yet been performed, although Kaada (1972) included 
the BMAa in the corticomedial amygdala, suggesting its 
involvement in feeding and sexual behaviors. As just men- 
tioned, the anatomical evidence strongly suggests conver- 
gence of olfactory and gustatory information within the 
BMAa, and taste-responsive neurons have been recorded in 
the BMAa (Azuma et al., 1984). Taste and olfaction to- 
gether make flavor, and convergence of the two is impor- 
tant for conditioned taste aversion (Lasiter, 1985). Olfac- 
tion seems to be important as an alternative conditioned 
stimulus in conditioned taste aversion paradigms, when 
taste information is not available (Lasiter, 1985). Further- 
more, the amygdala plays a role in taste-potentiated odor 
aversion learning (e.g., Bermudez-Rattoni et al., 1983; 
Hatfield et al., 19921, where convergence of gustatory and 
olfactory modalities is important. 

It is thus tempting to suggest that the BMAa is involved 
in taste and olfactory convergence related to feeding behav- 
ior. After processing in the BMAa such information would 
be relayed to viscerosensory (in the insular region), viscero- 
motor (in the insular region, central amygdalar nucleus, 
BST, and lateral hypothalamic area), and somatomotor (in 
the striatal fundus and substantia innominata) parts of the 
circuitry (Fig. 8A). Interestingly, the infralimbic area (Brit- 
tain 1988; Hurley et al., 1991) projection to the BMAa and 
its efferent targets (the central amygdalar nucleus and 
lateral hypothalamic area) could be viewed as feedback 
from “motor” to “sensory” parts of the circuitry, because 
the infralimbic area is at least in part visceromotor cortex. 

Organization of COAa circuitry 
The COAa lies immediately superficial to the BMAa and 

its major sensory input is undoubtedly olfactory. It receives 
a direct input from the main olfactory bulb (Price, 1973; 
Scalia and Winans, 1975; Broadwell, 19751, as well as 
inputs from most other pars of the olfactory cortex (Luskin 

and Price, 1983a). Accordingly, olfactory-responsive cells 
have been recorded in the COAa (Cain and Bindra, 1972). 
However, it also receives other sensory information, includ- 
ing inputs from the parabrachial nucleus (Bernard et al., 
1993) and insular region (Ottersen, 1982; Yasui et al., 
1991), which most likely relay gustatory and visceral 
sensory information (see above). Furthermore, the COAa is 
innervated by the medial amygdalar nucleus (Canteras et 
al., 1995) and medial part of the posterior cortical nucleus 
of the amygdala (Canteras et al., 19921, which receive direct 
inputs from the accessory bulb (Scalia and Winans, 1975) 
and thus relay pheromonal information. 

The COAa (see summary diagram in Fig. 7) in turn 
projects to all of the olfactory areas it receives input from 
(except the olfactory bulb) and to parts of the amygdala 
receiving accessory olfactory inputs. However, it appears to 
innervate only sparsely the agranular insular area and does 
not seem to innervate the parabrachial nucleus. 

The exact function of the COAa is not known at this time, 
although its connections suggest participation in at least 
two distinct anatomical circuits (Fig. 8B). 

First, the COAa, together with the BMAa, seems to 
participate in a circuit involved in feeding behavior (see 
above). The COAa and BMAa share dense bidirectional 
connections, and both send ascending projections to the 
same olfactory cortical areas and descending projections to 
the same part of the lateral hypothalamic area (see Re- 
sults). The COAa most likely provides olfactory information 
to the BMAa, where it converges with at least gustatory 
sensory information. However, regions of the insular area 
and parabrachial nucleus that project to the BMAa also 
send a light input to the COAa. Thus, at least some 
convergence of these different sensory modalities probably 
occurs even at  the level of the COAa, especially in light of 
the fact that taste-responsive neurons have been detected 
there (Azuma et al., 1984). Nevertheless, neurons in the 
COAa are distinct from those in the rest of the amygdala in 
their inhibitory response to NaCl stimulation (Azuma et al., 
1984). Thus, information is processed differently within the 
BMAa and COAa. Finally, high levels of mineralocorticoid 
receptors are expressed in the COAa (Arriza et al., 19881, 
suggesting that the COAa, in addition to neuronal inputs, 
may be under the influence of this steroid hormone. 

Second, the COAa like the medial amygdalar nucleus, 
appears to be a site of convergence for the main and 
accessory olfactory systems (see above). Such convergence 
may be important for the expression of sexual (Winans and 
Powers, 1977; Powers et al., 1979; Johnston and Rasmus- 
sen, 1984; Williams et al., 1992) and social (e.g., agonistic) 
(Edwards et al., 1993) behaviors. 

Both main and vomeronasal systems appear to be impor- 
tant for the expression of reproductive behaviors (e.g., 
Winans and Powers, 1977; Powers et al., 1979). Mating 
behavior of inexperienced, but not experienced, male ham- 
sters is abolished by removal of the vomeronasal organ 
(Meredith, 1986), and lesions of the vomeronasal amygdala 
produce serious deficits in both inexperienced and experi- 
enced male hamsters (Lehman and Winans, 1982). Thus, as 
previously suggested (Canteras et al., 19921, main olfactory 
input through the “accessory olfactory amygdala” might be 
sufficient for mating behavior, when pheromonal inputs are 
not available. The COAa constitutes one pathway for main 
olfactory information to reach the accessory olfactory amyg- 
dala. Accordingly, the COAa expresses high levels of both 
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androgen and estrogen receptor mRNAs (Simerly et al., 
1990). 

Olfactory bulb removal eliminates intermale aggression 
in rodents (Rowe and Edwards, 19711, and it has been 
suggested that multisynaptic pathways link chemosensory 
systems of the olfactory bulbs with the hypothalamus 
(Edwards et al., 1993). The COAa projection to the medial 
amygdalar nucleus, which in turn projects to the hypotha- 
lamic medial zone nuclei (Canteras et al., 19951, may 
provide olfactory information required for the expression of 
agonistic behavior. 

Organization of BMAp circuitry 
Based on neural inputs, the BMAp appears to receive a 

wide variety of sensory information at various stages of 
processing. It may thus receive unimodal and polymodal 
sensory information from the lateral nucleus of the amyg- 
dala (Krettek and Price, 197813; Aggleton, 1985; Smith and 
Pare, 1994; Pitkanen et al., 19951, polymodal sensory 
information from the perirhinal area (McDonald and Jack- 
son, 1987; Romanski and LeDoux, 19931, and polymodal 
sensory information from the hippocampal formation (Can- 
teras and Swanson, 1992). The lateral amygdalar nucleus 
has limited intra-amygdalar projections, but it does inner- 
vate significantly the BMAp (Krettek and Price, 197813; 
Aggleton, 1985; Smith and Pare, 1994; Pitkanen et al., 
1995). Recently, a dense projection to the BMAp from the 
ventral subiculum has also been identified (Canteras and 
Swanson, 1992). Interestingly, the ventral subiculum sends 
heavy inputs that are remarkably confined within the 
morphological borders of the BMAp and sends only light 
projections to other parts of the amygdala. Thus, these two 
inputs alone distinguish the BMAp from the rest of the 
amygdala and imply a unique role in the function of the 
amygdala. 

The BMAp has widespread extra-amygdalar projections 
and relatively few and restricted intra-amygdalar projec- 
tions. In general it sends projections back to the sensory 
areas that it receives input from, and it sends heavy 
projections to visceromotor (the central amygdalar nucleus 
and BST) and somatomotor (the nucleus accumbens, caudo- 
putamen, and substantia innominata) brain areas, and to 
the hippocampal formation (Fig. 8C). 

Unfortunately, the BMAp has never been subjected to 
functional analysis in the rat. Work in the monkey suggests 
that the accessory basal nucleus (which corresponds at  least 
in part to the rat BMAp) contains highly selective neurons 
that respond to complex sensory stimulation (Nishijo et al., 
1988) and also neurons that respond specifically to faces, 
particularly those with emotional expressions (Leonard et 
al., 1985). This is particularly interesting in view of recent 
evidence suggesting involvement of the human amygdala in 
the recognition of emotion in facial expression (Adolphs et 
al., 1994, 1995). 

Thus, the primate accessory basal nucleus (most likely 
the rat BMAp) is involved in the complex processing of 
highly convergent sensory information that may involve 
associative sensory learning. The BMAp may thus be part of 
amygdalar circuitry involved in “assigning emotional signifi- 
cance to sensory input,” a proposed function of the amyg- 
dala (e.g., Weiskrantz, 1956; Aggleton and Mishkin, 1986) 
and more generally the inferior temporal lobe, since the 
classical work of Brown and Schafer (1888) and Kluver and 
Bucy (1937). It may also be important for amygdalar 
involvement in emotion-related learning and memory (e.g., 

for reviews, see Davis, 1992; Kapp et al., 1992; LeDoux, 
1992), and emotional influence on memory (for review, see 
McGaugh et al., 1992). While the mechanisms for these 
possible functions are not known, the anatomical connec- 
tions of the BMAp support a general notion that the 
amygdala, after processing information, generates re- 
sponses by projecting to other brain areas more directly 
involved in one aspect of behavior or another. For example, 
extensive and diverse projections enable the BMAp to 
influence somatomotor and autonomic brain areas, as well 
as information processing in the hippocampal formation. 
Based on the topography of its projections to medial regions 
of the nucleus accumbens and medial prefrontal cortex, and 
its inputs from the thalamic anterior paraventricular 
nucleus (Ottersen and Ben-Ari, 1979; Moga et al., 1995) 
and ventral subiculum (Canteras and Swanson, 1992), the 
BMAp would be a part of the circuit (the “prelimbic 
circuit”) suggested by Groenewegen et al. (1990) to play a 
role in the integration of locomotor activity and visceral 
functions associated with motivated behavior and the expres- 
sion of affect. 

Through its massive projections to the hypothalamic 
ventromedial nucleus, the BMAp is in a unique position to 
influence a wide range of hypothalamic mechanisms includ- 
ing reproductive and agonistic behaviors (Canteras et al., 
1994). Furthermore, its projections to specific parts of the 
BST and central amygdalar nucleus suggest an influence on 
visceral mechanisms. Direct innervation of the nucleus 
accumbens and substantia innominata by the BMAp may 
represent an important pathway for amygdalar influences 
on somatomotor behavior (Swanson et al., 1984). Thus, 
neurons in the BMA have the lowest reported thresholds in 
the amygdala for eliciting a response in the nucleus accum- 
bens (Yim and Mogenson, 1982). 

Although other amygdalar nuclei share connections with 
the hippocampal formation (e.g., Krettek and Price, 197813; 
Ottersen, 1982; Canteras et  al., 1992, 19951, the BMAp 
appears to be in a unique position to influence both the 
input and the output of the trisynaptic circuit by way of 
projections to the entorhinal area and ventral subiculum, 
respectively. Furthermore, the BMAp, unlike the rest of the 
amygdala, receives a particularly dense input from the 
ventral subiculum, and the parvicellular basal nucleus in 
the monkey (which may be homologous with the rat BMAp) 
displays the highest percentage of responses, and shortest 
mean latencies, after hippocampal stimulation (Morrison 
and Poletti, 1980). 

A large body of evidence suggests a modulatory role for 
the amygdala on memory formation (for review, see Mc- 
Gaugh et al., 1992). For example, it has been reported that 
the amygdala may modulate both striatal- and hippocampal- 
dependent memory processes (Packard et al., 1995). Be- 
cause the BMAp sends major projections to the striatum 
(including the caudoputamen, nucleus accumbens, and 
fundus) and hippocampal formation, it is probably involved 
in such modulations. 

The BMAp may also be an important link in circuitry 
mediating conditioned fear. The amygdalar lateral nucleus 
is a sensory interface in the conditioned fear circuitry, at 
least when auditory or visual stimuli are used as condi- 
tioned stimuli (LeDoux et al., 1990; Campeau and Davis, 
1995). A large body of evidence has demonstrated that the 
central nucleus is the amygdalar output of the conditioned 
fear circuitry (e.g., LeDoux et al., 1988; Rosen et al., 1991; 
Campeau and Davis, 1995). The lateral nucleus, however, 
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investigation. J. Neural Transm. 83:215-225. 

Campeau, S., and M. Davis (1995) Involvement of the central nucleus and 
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fear-potentiated startle in rats trained concurrently with auditory and 
visual conditioned stimuli. J. Neurosci. 15:2301-2311. 
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tract-tracing study in the rat. J. Comp. Neurol. 324:180-194. 
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Canteras, N.S., R.B. Simerly, and L.W. Swanson (1995) Organization of 
projections from the medial nucleus of the amygdala: A PHAL study in 
the rat. J. Comp. Neurol. 360:213-245. 

Cassell, M.D., T.S. Gray, and J.Z. Kiss (1986) Neuronal architecture in the 
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262:27-45. 
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Danielsen, E.H., D.J. Magnuson, and T.S. Gray (1989) The central amygda- 
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has very limited direct projections to the central nucleus 
(Krettek and Price, 1978b; Smith and Pare, 1994; our 
unpublished observation with PHAL) and seems not to 
innervate neurons in the medial central nucleus projecting 
to hypothalamic and brainstem autonomic areas (Hopkins 
and Holstege, 1978; Kapp et al., 1982; Veening et al., 1984). 
Alternative pathways appear to involve relays in the basolat- 
eral nucleus and BMAp, which receive inputs from the 
lateral nucleus (Pitkanen et al., 1995) and in turn project to 
the medial part of the central nucleus (Krettek and Price, 
1978b; this study; our unpublished observation with PHAL). 
Interestingly, the BMAp receives the heaviest intra- 
amygdalar output of the lateral nucleus (Pitkanen et al., 
19951, suggesting that it may be a stronger link with the 
central nucleus. Finally, the dense projection from the 
ventral subiculum specifically to the BMAp may be the 
critical link for hippocampal contributions to conditioned 
fear circuitry. The hippocampus appears to be essential in 
fear conditioning when a Contextual cue is used as a 
conditioned stimulus (Selden et al., 1991; Kim and Fanselow, 
1992; Phillips and LeDoux, 19921, whereas the amygdala 
may be necessary for the expression of conditioned fear 
when either a simple sensory or a contextual cue is used as a 
conditioned stimulus. 

The overall conclusion to be drawn from this work is that 
cytoarchitectonically distinct parts of the BMA, the BMAa 
and BMAp, have distinct projection patterns and also form 
parts of different anatomical circuits. The BMAa appears to 
be a part of a circuit involved in feeding and social behav- 
iors, whereas the BMAp may be part of circuitry involved in 
emotion-related learning and memory. The COAa, like the 
BMAa, also seems to participate in feeding behavior, and in 
addition may contribute to circuitry mediating reproduc- 
tive and other social behaviors. 

Clearly, these three cell groups contribute differentially 
to the functional organization of the amygdala. More work 
is needed to clarify mechanisms whereby they, together 
with their parent circuitry, generate or modulate goal- 
oriented behavior. 
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