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Abstract
The ventral striatum mediates goal-directed behavior through limbic afferents. One well-established
afferent to the ventral striatum is the amygdaloid complex, which projects throughout the shell and
core of the nucleus accumbens, the rostral ventromedial caudate nucleus, and rostral ventromedial
putamen. However, striatal regions caudal to the anterior commissure also receive inputs from the
amygdala. These caudal areas contain histochemical and cytoarchitectural features that resemble the
shell and core, based on our recent studies. Specifically, there is a calcium binding protein (CaBP)-
poor region in the lateral amygdalostriatal area that resembles the “shell.” To examine the idea that
the caudal ventral striatum is part of the “classic” ventral striatum, we placed small injections of
retrograde tracers throughout the caudal ventral striatum/amygdalostriatal area and charted the
distribution of specific amygdaloid inputs. Amygdaloid inputs to the CaBP-poor zone in the lateral
amygdalostriatal area arise from the basal nucleus, the magnocellular subdivision of the accessory
basal nucleus, the periamygdaloid cortex, and the medial subdivision of the central nucleus,
resembling that of the shell of the ventral striatum found in our previous studies. There are also
amygdaloid inputs to CaBP-positive areas outside the shell, which originate mainly in the basal
nucleus. Taken together, the “limbic-related” striatum forms a continuum from the rostral ventral
striatum through the caudal ventral striatum/lateral amygdalostriatal area based on histochemical and
cellular similarities, as well as inputs from the amygdala.
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The concept of the “ventral striatum” originated with Heimer (Heimer and Wilson, 1975;
Heimer, 1978) and has been further elaborated over the last decade. In addition to the “nucleus
accumbens,” the ventromedial caudate nucleus and ventromedial putamen are considered part
of the ventral striatum in primates, based on afferent inputs from brain regions mediating
motivation and reward (Haber et al., 1995; Chikama et al., 1997; Fudge et al., 2002; Kunishio
and Haber, 1994). Consistent with its anatomic connections, the ventral striatum mediates
operant responses to natural and drug rewards (Dickinson, 1994; Kelley and Holahan, 1997;
Corbit et al., 2001). Functional neuroimaging studies confirm that the ventral striatum is
involved in goal-directed behaviors in humans, for example, in tasks involving financial or
other rewards (Koepp et al., 1998; Elliott et al., 2000; Breiter et al., 2001). Across species, the
ventral striatum contains a unique subregion known as the “shell,” which is tightly connected
to the limbic system (Kunishio and Haber, 1994; Haber et al., 1995; McFarland and Haber,
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1995; Chikama et al., 1997; Haber et al., 2000). The shell is best characterized by its relatively
low levels of calbindin-D28k immunoreactivity but is also distinguished by other
cytoarchitectural and histochemical features (Meredith et al., 1996; Heimer et al., 1997; Holt
et al., 1997; Fudge and Haber, 2002).

The amygdala is a defining input of the classic ventral striatum (Russchen et al., 1985b; Price
et al., 1987; Fudge et al., 2002) and is considered a key afferent influencing goal-directed
behaviors (Cador et al., 1989; Burns et al., 1996; Parkinson et al., 1999). However, the
amygdala is a heterogeneous structure with several nuclear subdivisions (Price et al., 1987).
We recently found that the various amygdaloid subdivisions differentially project to the ventral
striatal subterritories in the primate (Fudge et al., 2002). Whereas the ventral striatum outside
the shell mainly receives inputs from the basal and accessory basal amygdaloid nuclei, the shell
is innervated by all major subregions of the amygdala. Thus, the shell receives the strongest
and most diverse influence from the entire amygdaloid complex.

Although the classic ventral striatum has been extensively studied, comparatively little is
known about amygdaloid influences on striatal domains caudal to this region. Several anatomic
studies in primates suggest that brain regions involved in motivation and reward also project
to striatal regions caudal to the anterior commissure (Russchen et al., 1985b; Selemon and
Goldman-Rakic, 1985; Price et al., 1987; Saint-Cyr et al., 1990; Fudge et al., 2002). Based on
these collective studies, this caudal striatal region includes the amygdalostriatal area and
caudoventral putamen and medial tail and genu of the caudate nucleus. This region has
histochemical and cytoarchitectural features characteristic of the “classic ventral
striatum” (Heimer et al., 1999; Fudge et al., 2002). Specifically there is a calcium binding
protein (CaBP)-poor area (the lateral amygdalostriatal region) similar to the “shell” of the
ventral striatum (Fudge and Haber, 2002).

In the present study we sought to determine whether the caudoventral striatum, including the
“shell-like” zone of the lateral amygdalostriatal area, can be considered a part of the classic
ventral striatum based on afferents from the amygdala. We placed multiple small injections of
retrograde tracers throughout the caudal striatum and amygdalostriatal area in Old World
monkeys and analyzed the distribution of retrogradely labeled cells in specific amygdaloid
nuclei. Cases were analyzed with respect to injection site placement within the “shell-like”
lateral amygdalostriatal area or conventional striatum, based on CaBP immunoreactivity. We
subsequently placed anterograde tracers into the amygdala and examined the distribution of
labeled fibers throughout the rostrocaudal extent of the striatum.

MATERIALS AND METHODS
Injection sites

Injections of the bidirectional tracers horseradish peroxidase conjugated to wheat germ
agglutinin (HRP-WGA; 10%, Sigma, St. Louis, MO), Lucifer Yellow conjugated to dextran
amine (LY; 10%, Molecular Probes, Eugene, OR), fluorescein conjugated to dextran amine
(FS; 10%, Molecular Probes), or Fluoro Ruby conjugated to dextran amine (FR; 4%, Molecular
Probes) were placed throughout the amygdalostriatal area and caudal ventral putamen. Several
injections were also placed in the central amygdaloid nucleus for comparison of afferent inputs.
The location of injection sites within the “shell-like” caudal ventral striatum, or striatum outside
the “shell-like” zone, was determined using double labeling for tracer and calbindin-D28k.
Anterograde injections were then placed in the amygdala. The location of injection sites within
specific nuclei was determined by counterstaining tracer-labeled sections for Nissl or
acetylcholinesterase (AChE).
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Surgery
Five Old World monkeys (Macaca nemestrina and Macaca fascicularis) were used in these
studies. All experiments were carried out in accordance with National Institutes of Health
guidelines. Experimental design and techniques were aimed at minimizing animal use and
suffering and were reviewed and approved by the University of Rochester Committee on
Animal Research. Initial anesthesia was administered by an intramuscular injection of
ketamine (10 mg/kg), and a deep anesthesia was induced by intravenous injection of
pentobarbital (initial dose 20 mg/kg IV) maintained as needed. Electrophysiological mapping
was performed to locate appropriate injection sites (Fudge and Haber, 2000). Small deposits
of tracers (40–50 nL) were pressure-injected into discrete regions of the central nucleus,
amygdalostriatal area, and caudal striatum using a 0.5-mm Hamilton syringe under stereotaxic
guidance. Following each injection, the syringe remained in situ for 20 minutes to prevent
leakage up the needle track. Following analysis of retrograde studies, injections of bidirectional
tracers were placed in the amygdala in separate cases using electrophysiologic mapping and
stereotaxic placement of tracers (50 nL) by pressure injection.

Ten to 13 days after surgery, animals were deeply anesthetized and killed by perfusion through
the heart with saline containing 0.5 mL of heparin sulfate, followed by 4% paraformaldehyde
solution in 0.1 M phosphate buffer (pH 7.4). The brains were then removed and cryoprotected
in increasing gradients of sucrose (10, 20, and 30%). Serial sections of 50 µm were cut on a
freezing microtome into 0.1 M phosphate buffer or cryoprotectant solution.

Tracers
Sections were first thoroughly rinsed in 0.1 M phosphate buffer (pH 7.2) with 0.3% Triton
X-100 (PB-T). Following treatment with endogenous peroxidase inhibitor, and more PB-T
rinses, tissue was preincubated in 10% normal goat serum (NGS) diluted with PB-T (NGS-
PB-T) for 30 minutes. Tissue was then placed in primary antisera to HRP-WGA (1:10,000,
Sigma, anti-rabbit), LY (1:2,000 Molecular Probes, anti-rabbit), FS (1:2,000, Molecular
Probes, anti-rabbit) or FR (1:1,000, Molecular Probes, anti-rabbit) for four nights at 4°C.
Following rinses with PB-T, the tracers were visualized using the avidin-biotin complex
reaction (Vectastain ABC kit, Vector, Burlingame, CA). Staining was enhanced by incubating
sections for 1–3 minutes in 3,3′ diaminobenzidine tetrahydrochloride and 0.03% hydrogen
peroxide intensified with 1% cobalt chloride and 1% nickel ammonium sulfate.

Double labeling
Sections double-labeled for tracer and CaBP immunoreactivity were first labeled for tracer by
using the nickel intensification technique described above. Sections were then rinsed overnight
and placed in antisera to CaBP (1:10,000, Sigma, anti-mouse) in NGS-PB-T for four nights at
4°C. The sections were then developed without intensification to yield a light brown reaction
product. Tracer-labeled sections counterstained for AChE were first processed for tracer using
the nickel intensification technique and then processed for AChE using a modified Geneser
technique (Geneser-Jensen and Blackstad, 1971).

Analysis
Cases with retrograde tracer injections into the central nucleus, amygdalostriatal area, and
caudal ventral striatum were examined for labeled cells in the amygdala, which were charted
under brightfield illumination using a 10× objective. The boundaries of the amygdala on
sections counterstained for AChE were traced under bright- and darkfield illumination. Charts
were entered into the computer using a drawing tablet in conjunction with the program Canvas
5.0. For anterograde cases, the distribution of anterogradely labeled fibers in the striatum and
amygdalostriatal area was charted by hand under bright- and darkfield illumination using a
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25× objective and a drawing tube. Charts of labeled fibers were then scanned into the computer
by using an Epson scanner at 300 dpi and visualized with Adobe Photoshop 6.0.
Photomicrographs were digitally captured with an Olympus CCD camera attached to the
microscope, by using the program Image Pro 5.0. Color images were converted to grayscale
in Adobe Photoshop 6.0.

RESULTS
Defining the caudal ventral striatum

We define the caudal ventral striatum based on cytoarchitectural and histochemical features
found in the “classic ventral striatum,” as previously reported (Fudge and Haber, 2002). The
lateral amygdalostriatal area and contiguous caudal ventral putamen and tail of the caudate
nucleus are considered part of the striatum, based on the presence of the striatal markers
acetylcholinesterase (AChE) and tyrosine hydroxylase (TH) (Sarnat and Netsky, 1981). Within
this region, the lateral amygdalostriatal area resembles the ventral striatal “shell” based on its
low CaBP immunoreactivity compared with the rest of the caudoventral striatum (Fig. 1A,B).
The irregularly shaped, CaBP-poor (“shell-like”) region is bordered medially by the medial
amygdalostriatal area, ventrally by the lateral ventricle, and dorsolaterally by the CaBP-
positive ventromedial putamen and tail of the caudate nucleus (Fig. 1B). The medial
amygdalostriatal area is not considered part of the striatum due to its lack of AChE and TH
staining, as well as the presence of cellular and histochemical features more related to those in
the central nucleus (Heimer et al., 1999; Fudge and Haber, 2002).

Amygdaloid subregions
The amygdaloid nuclei are best identified by cytoarchitectural criteria on Nissl stained sections
and by AChE activity (Fig. 1C,D). With the exception of the central nucleus, we use the
nomenclature of Amaral and Price to describe the primate amygdala (Price et al., 1987; Amaral
and Bassett, 1989). The basolateral nuclear group includes the basal nucleus, the lateral
nucleus, and the accessory basal nucleus. The basal nucleus is divided into magnocellular
(Bmc), intermediate (Bi), and parvicellular (Bpc) subdivisions, identified by high,
intermediate, and low levels of AChE activity, respectively. The lateral nucleus forms the
lateral aspect of the amygdala. The accessory basal nucleus includes a ventral, parvicellular
subdivision (very low AChE) and magnocellular (ABmc) and sulcal (ABs) subdivisions (which
contain moderate AChE levels). The corticomedial amygdala includes the anterior cortical
nucleus, the medial nucleus, the posterior cortical nucleus, and the periamygdaloid cortex. The
sulcal region of the periamygdaloid cortex (PACs) merges with the ventromedial tip of the
Bpc. Further caudal, the amygdalohippocampal area (AHA) bridges the ventral, caudomedial
amygdala and the hippocampus (Fig. 1D). The paralaminar nucleus is a group of tightly packed
cells that surround the basal nucleus. The intercalated cell islands are islands of small cells,
embedded in the fiber tracts surrounding the major nuclei. Both the paralaminar nucleus and
intercalated islands are best appreciated with Nissl preparations (not shown).

The central nucleus is located in the caudal half of the dorsomedial amygdala and is composed
of medial and lateral subdivisions. The medial subdivision of the central nucleus (CeM)
contains a heterogeneous cell population and intermediate levels of AChE. The lateral central
nucleus contains a central core subdivision (CeLcn), which is surrounded by a fibrous capsule
(DeOlmos, 1990; Martin et al., 1991). The region immediately lateral to the lateral core has
been referred to as the “lateral capsular” subdivision and in primates contains “paracapsular”
islands of medium-sized cells resembling those in the CeLcn (DeOlmos, 1990). The
paracapsular islands contain moderate CaBP staining, similar to the CeLcn. We refer to this
heterogeneous area as the “medial amygdalostriatal area” (mAstr) and consider it more closely
related to the central nucleus than the striatum, based on histochemical and cellular criteria
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(Fudge and Haber, 2002). The lateral amygdalostriatal area (lAstr) contains intermediate levels
of AChE and TH staining and low CaBP immunoreactivity and is considered more striatal, as
described above (Fig. 1D).

Location of injection sites
Eight retrograde injections were placed in the central amygdaloid nucleus, the medial and
lateral amygdalostriatal area, and the caudal ventral striatum (Fig. 2A–C). Injection sites were
classified as being mainly in the central nucleus if they were centered on the central nucleus
or medial amygdalostriatal area. Injection sites were classified as being in the “shell-like”
lateral amygdalostriatal area if they were centered in the CaBP-poor lateral amygdalostriatal
area. Injections in the CaBP-positive ventromedial putamen and tail of the caudate nucleus
were considered to be in the conventional striatum.

Two injection sites were centered in the central amygdaloid nucleus (J1LY and J1FR). Case
J1FR encroached slightly on the adjacent medial amygdalostriatal area (Fig. 2C). Two injection
sites were centered mainly in the CaBP-poor (“shell-like”) lateral amygdalostriatal area
(J4WGA and J9FR). The injection site in J9FR was caudal to the injection site in case J4WGA
and encroached slightly on the medial amygdalostriatal area. Four injections were placed in
the CaBP-positive ventromedial putamen: two injections were in the ventromedial putamen at
the level of the crossing of the anterior commissure (J6WGA and J8WGA) (Fig. 2A,B), and
two injection sites were centered mainly in the CaBP-rich area of the ventral, caudal putamen
(J4FR and J4FS; Fig. 2C). The injection site in J4FR encroached slightly on the CaBP-poor
zone, whereas the injection site in J4FS was confined to the CaBP-positive striatum. There
were two anterograde injection sites in the amygdala (Fig. 2D). The injection site in J8FR was
centered in the magnocellular subdivision of the basal nucleus (J8FR). The injection site in
J8LY was medial and ventral to this and centered in the magnocellular subdivision of the
accessory basal nucleus (J8LY).

Retrograde injections into the caudal ventral striatum
CaBP-poor lateral amygdalostriatal area
Case J9FR (Fig. 3A–C): This injection site was located in the CaBP-poor lateral
amygdalostriatal area at its ventral boundary with the horn of the lateral ventricle. The injection
site encroached slightly into the medial amygdalostriatal area. Labeled cells were mainly
concentrated in the caudal half of the amygdala. The basal nucleus contained the majority of
labeled cells, which were found in all subdivisions (Fig. 3A–E). Clusters of labeled cells were
also distributed in fiber tracts surrounding the basal nucleus, and in the basal nucleus at its
boundary with the paralaminar nucleus, particularly at caudal levels (Fig. 3C). The lateral
nucleus contained a moderate number of labeled cells. As in the basal nucleus, clusters of FR-
immunoreactive cells were concentrated caudally near the lateral nucleus’ boundary with the
paralaminar nucleus. There was a moderate concentration of labeled cells in the PAC, mainly
in the PACs. The accessory basal nucleus contained a high density of labeled cells in the
magnocellular subdivision. There were few to no labeled cells in the parvicellular subdivision
of the accessory basal nucleus. FR-positive cells also were relatively highly concentrated in
the anterior amygdaloid area and medial subdivision of the central nucleus. There were few
labeled cells in the medial nucleus, posterior cortical nucleus, or anterior cortical nucleus.

Case J4WGA (Fig. 4A–C): The injection site in this case was centered in the CaBP-poor zone,
rostral and dorsal to the injection site in J9FR (above). The highest density of labeled cells was
in the basal nucleus at central to caudal levels. All basal nucleus subdivisions contained many
labeled cells. The accessory basal nucleus contained a moderate to dense distribution of HRP-
labeled cells in the magnocellular subdivision, mainly at caudal levels. In contrast, the
parvicellular subdivision of the accessory basal nucleus was relatively devoid of labeled cells.
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The PAC also contained a moderate concentration of labeled cells along its rostrocaudal extent.
The PACs in the caudal amygdala contained prominent clusters of labeled cells at the transition
with the Bpc (Fig. 4C,D). The anterior amygdaloid area and the central nucleus contained a
moderate distribution of labeled cells. Within the central nucleus, the medial subdivision
contained the majority of labeled cells, with the central core (CeLcn) containing a relatively
light distribution. There were scattered labeled cells in the lateral nucleus and anterior cortical
nucleus, and few to no labeled cells in the medial nucleus and the posterior cortical nucleus.

CaBP-positive ventral striatum
Cases J6WGA (Fig. 5) and J8WGA (not shown): The injection sites in these cases were
located in the ventromedial putamen at the level of the crossing of the anterior commissure,
with the injection site in J6 slightly rostral to that in J8. The distribution of labeled cells was
similar in each case, and they are described together. Labeled cells were concentrated
throughout the rostrocaudal extent of the amygdala; however, they were most concentrated at
central levels. The basal nucleus contained the majority of labeled cells, mainly in the
parvicellular and intermediate subdivisions. The accessory basal nucleus contained moderate
to heavy concentrations of HRP-labeled cells in its magnocellular subdivision. There were few
to no labeled cells in the parvicellular subdivision of the accessory basal nucleus. Labeled cells
were found in the PAC, and, as with the cases involving injections in the CaBP-poor zone
(cases J4WGA and J9FR), they were especially concentrated in the PACs, traversing the
boundary into the Bpc. The lateral nucleus contained a light distribution of labeled cells. The
anterior amygdaloid area and medial subdivision of the central nucleus contained a moderate
number of labeled cells, which extended dorsally into the basal forebrain. In contrast, there
were relatively few labeled cells in the CeLcn. There were scattered labeled cells in the medial
nucleus, anterior cortical nucleus, and posterior cortical nucleus.

Case J4FR (Fig. 6A,B): The injection site in case J4FR was lateral to the injection site in
J4WGA, at the same rostrocaudal level. It was centered in the CaBP-positive striatal zone with
slight encroachment on the CaBP-poor lateral amygdalostriatal area. In general there was a
narrower distribution of labeled cells compared with the more medially placed injection sites
(J9FR, J4WGA, J6WGA, and J8WGA). Labeled cells were concentrated in the caudal
amygdala. The magnocellular and intermediate subdivisions of the basal nucleus contained the
majority of cells, and there were few to no labeled cells in the parvicellular subdivision of the
basal nucleus. The accessory basal nucleus also had relatively fewer labeled cells that were
confined to the magnocellular subdivision. The PAC contained no labeled cells. Within the
central nucleus, there were scattered labeled cells in the medial subdivision, with no labeled
cells in the lateral core subdivision. There were also few to no labeled cells in the medial
nucleus, anterior cortical nucleus, or posterior cortical nucleus.

Case J4FS (Fig. 6C,D): The injection site in this case was situated lateral to the injection site
in J4FR (above) at the same anterior-posterior level, with no encroachment on the CaBP-poor
lateral amygdalostriatal area. Labeled cells were confined mainly to the intermediate
subdivision of the basal nucleus as in case J4FR. The accessory basal nucleus contained only
scattered labeled cells in the magnocellular subdivision and none in the parvicellular
subdivision. There were few to no labeled cells in the PAC, medial nucleus, central nucleus,
anterior or posterior cortical nuclei, or lateral nucleus.

Retrograde injections into the central nucleus/medial amygdalostriatal area
Cases J1LY (Fig. 7A,B) and J1FR (Fig. 7E,F)—For comparison with injection sites in
the lateral amygdalostriatal area and caudal ventral striatum, we analyzed the distribution of
labeled cells following two injection sites in the central nucleus, which were centered in the
lateral core subdivision at caudal levels. In case J1LY, the injection site was confined to the
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lateral core of the central nucleus. In case J1FR, the injection was placed slightly rostral to that
in J1LY and included small areas of the medial central nucleus and medial amygdalostriatal
area.

There was little to no encroachment on the lateral amygdalostriatal area in either case. The
resulting pattern of labeled cells was similar in each case, although there was a relatively higher
number of labeled cells in case J1 FR compared with J1LY. Compared with cases with
injections into lateral amygdalostriatal area and caudal ventral striatum, labeled cells were more
diffusely distributed throughout the amygdala. The basal nucleus contained many labeled cells,
which were relative evenly dispersed through all basal nucleus subdivisions. The accessory
basal nucleus also contained a moderate number of labeled cells, which were also relatively
evenly distributed throughout all subdivisions (Fig. 7D,E). There was a light distribution of
labeled cells in the lateral nucleus and the periamygdaloid cortex. There were scattered labeled
cells in the medial nucleus, the anterior and posterior cortical nuclei, and the
amygdalohippocampal area.

Anterograde injections into the amygdala
Case J8FR (Fig. 8A–H, Fig. 9A–D)—The injection site was located at the medial edge of
the magnocellular subdivision of the basal nucleus, with no encroachment on adjacent
structures. Anterogradely labeled fibers were distributed along a large rostrocaudal extent of
the striatum, from the ventral striatum through the genu of the caudate nucleus. Rostrally, fine
varicose fibers were mainly distributed in patches in the ventral and lateral shell region, with
few labeled fibers in the dorsomedial shell. Patches of labeled fibers also extended into the
ventral putamen outside the shell (Fig. 8A,B). There were few labeled fibers in the core of the
nucleus accumbens or caudate nucleus. At the level of the crossing of the anterior commissure,
a light distribution of labeled fibers terminated along the ventromedial edge of the caudate
nucleus, after passing through the bed nucleus of the stria terminalis (Fig. 8C). At this level,
patches of labeled fibers were most densely concentrated in the ventrolateral putamen beneath
the commissure. There were few FR-labeled fibers in the central or dorsolateral caudate nucleus
and putamen at this level.

At the level of the posterior limb of the anterior commissure, the majority of fine, labeled fibers
were concentrated along the ventromedial body of the caudate nucleus and along the
ventromedial edge of the caudal putamen (Fig. 8D). Caudally, the highest concentrations of
labeled fibers extended laterally from the central nucleus into the lateral (CaBP-negative)
amygdalostriatal area (Fig. 8E, Fig 9A–D). From the CaBP-poor lateral amygdalostriatal area,
fine FR-labeled fibers extended dorsolaterally into the ventromedial and ventral, central
(CaBP-positive) putamen, where they were more moderately concentrated. Small patches of
relatively dense FR-immunoreactive fibers were concentrated at the lateral edge of the caudal
ventral striatum; however, the dorsolateral putamen was devoid of labeling. Moderate
concentrations of labeled fibers were also seen in the ventromedial third of the body of the
caudate nucleus. Further caudal, labeled fibers terminated in the ventromedial half of the body,
and throughout the tail, of the caudate nucleus and throughout the ventral half of the putamen
(Fig. 8F,G). The dorsolateral putamen and dorsolateral body of the caudate nucleus contained
few labeled fibers. At the genu of the caudate nucleus, there was a moderate concentration of
labeled fibers, oriented in dorsal-ventral strips.

Case J8 LY (Fig. 10)—The injection site in this case was rostral and medial to that in J8FR
and was confined to the accessory basal nucleus (magnocellular subdivision). Overall, the
projection was more confined rostrocaudally compared with the projection resulting from the
injection into the magnocellular subdivision of the basal nucleus (case J8FR, above). Fine,
varicose labeled fibers were mainly distributed along the border between the shell and core of
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the rostral ventral striatum (Fig. 10A). At slightly more caudal levels, labeled fibers were
densely concentrated in the ventral and lateral shell. Labeled fibers extended into the rostral
ventromedial putamen and ventromedial caudate nucleus, similar to the projection from the
magnocellular subdivision of the basal nucleus (case J8FR, above; Fig. 10B). There were few
to no labeled fibers in the central or dorsolateral striatum. At the level of the crossing of the
anterior commissure, beaded labeled fibers were very densely concentrated in the ventromedial
putamen, just beneath the commissure. There was also a light distribution of labeled fibers in
the ventromedial caudate nucleus (Fig. 10C). Few to no labeled fibers were seen in the central
or dorsolateral striatum.

At the level of the posterior limb of the anterior commissure, labeled fibers were concentrated
in the ventral putamen. A small patch of densely concentrated labeled fibers was found just
beneath the commissure (Fig. 10D). There was a relatively lighter concentration of labeled
fibers at the ventromedial edge of the caudate nucleus. Further caudal, labeled fibers overlaid
the medial amygdalostriatal area and lateral (CaBP-poor) amygdalostriatal area, where they
were very densely concentrated (Fig. 10E). Small dense patches of labeled fibers were scattered
through the CaBP-positive caudal ventral striatum, particularly along lateral edge of the ventral
putamen. Fine, labeled fibers were mainly confined to the ventromedial edge of the putamen
and tail of the caudate nucleus at the caudal end of the projection field (Fig. 10F,G).

DISCUSSION
Amygdaloid afferents define a caudal “limbic-related” striatum

The amygdala has a robust projection to the caudal ventral striatum, including the CaBP-poor
lateral amygdalostriatal area, in the primate. The basal nucleus and magnocellular subdivision
of the accessory basal nucleus form the main projection to this entire caudal ventral striatal
region, consistent with previous primate studies. In contrast, there are few inputs from the
parvicellular subdivision of the accessory basal nucleus. This overall projection pattern is
similar to the organization of amygdaloid afferents to the “classic” rostral ventral striatum, in
which the amygdala also projects across both the CaBP-poor and CaBP-positive zones (Fudge
et al., 2002). Taken together, the basal nucleus and magnocellular subdivision of the accessory
basal nucleus project in a continuum from the “classic” ventral striatum, to the ventromedial
putamen at central levels, and to the lateral amygdalostriatal area, ventromedial putamen, and
caudate nucleus at caudal levels. Although the function of these caudal striatal regions is
undetermined, they can be considered continuations of the “limbic-related” striatum based on
modulation by emotionally relevant stimuli channeled from the amygdala.

Previous studies of the amygdalostriatal projection have focused mainly on inputs to the
nucleus accumbens. However, inputs to the central, ventral, and caudoventral striatum are
reported in several previous studies (Russchen et al., 1985b; Saint-Cyr et al., 1990; McDonald,
1991; Alheid et al., 1999; McDonald et al., 1999). In rodents, several studies report retrograde
labeling in the basal nucleus after injections into the caudal, ventral striatum (McDonald,
1991; McDonald et al., 1999). Furthermore, the striatal region known as the “interstitial nucleus
of the posterior limb of the anterior commissure (IPAC)” in rodents (deOlmos and Ingram,
1972) receives robust amygdaloid inputs (Shammah-Lagnado et al., 1999). This striatal area
is closely associated with the posterior limb of the commissure, and has been referred to as the
“ventral striatal pocket” in older anatomic literature (Crosby and Humphrey, 1941; Nauta et
al., 1978). Although a homologous region has not been defined in the primate, the central,
ventromedial striatal area targeted by the amygdala lies in this vicinity (Fig. 5, Fig. 8D, Fig.
10D). In the monkey, Russchen et al. (1985b) concluded that the entire basal nucleus projects
to the caudoventral putamen and tail of the caudate in the primate, based on multiple injections
of anterograde tracers into the amygdala. Saint-Cyr et al. (1990) also found inputs from the
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basal nucleus after a series of retrograde tracer injections into the caudal ventral striatum in
the monkey.

Comparison of amygdaloid afferents to the central nucleus (extended amygdala) versus the
ventral striatum

The central nucleus has traditionally been considered part of the amygdala but has more
recently been conceptualized as part of a separate macrostructure known as the “central
extended amygdala.” In this concept, the extended amygdala is a unified continuum that
includes the central nucleus, the bed nucleus of the stria terminalis, and the cell columns that
bridge them in the basal forebrain (deOlmos and Ingram, 1972; Alheid and Heimer, 1988;
Heimer et al., 1997). Distinguishing the extended amygdala from the adjacent ventral striatum
based on connectional criteria has been problematic because, in general, their inputs are similar
(McDonald, 1991a; Zahm et al., 1999). Our studies are generally consistent with previous work
showing a similar afferent input to the two structures (Krettek and Price, 1978; Aggleton,
1985; Russchen et al., 1985a, b; Bonda, 2000). Amygdaloid inputs to the central nucleus
originate in the basal nucleus, the magnocellular accessory basal nucleus, the PAC, and, to a
lesser extent, the lateral nucleus, similar to afferents to the ventral striatum. However, the
parvicellular subdivision of the accessory basal nucleus projects to the central nucleus but has
few inputs to the striatum. These findings are consistent with previous studies detailing intrinsic
amygdaloid connections in the primate (Aggleton, 1985; Price et al., 1987; Bonda, 2000), and
our previous study showing that the parvicellular accessory basal nucleus has few inputs to the
“classic” ventral striatum (Fudge et al., 2002).

Functional implications
The striatum has been divided into functional domains, based on classic anatomic and
physiologic studies (for review, see Haber and Fudge, 1997). The ventromedial striatum is
considered “limbic-related,” the central striatum is considered “association-related,” and the
dorsolateral striatum is considered “sensorimotor-related” (Fig. 11A). Selemon and Goldman-
Rakic (1985) first proposed that the ventromedial (limbic) to dorsolateral (sensorimotor)
functional gradient of the striatum is maintained along the rostrocaudal axis based on the
topography of corticostriatal afferents. This organizational schema is supported and extended
by the present results. The amygdala, a key structure for determining the emotional valence of
environmental stimuli, projects robustly throughout the rostrocaudal extent of the ventromedial
striatum (Fig. 11B), indicating that the “limbic” striatum is not confined to rostral striatal levels.
Furthermore, the lateral amygdalostriatal area is a caudal ventral striatal subterritory with
histochemical and cellular features of the “shell,” which also has strong amygdaloid inputs.

The classic ventral striatum mediates appropriate response selection based on inputs from the
amygdala and other “limbic” related structures (Cador et al., 1989; Burns et al., 1996). The
classic shell, which has specific connections with the limbic system (Zahm and Brog, 1992;
Haber et al., 1995, 2000; Fudge et al., 2002), mediates distinct aspects of goal-directed behavior
(Berridge and Robinson, 1998; Sokolowski et al., 1998; Ahn and Phillips, 1999; Corbit et al.,
2001; Bassareo et al., 2002). For example, exposure to novel stimuli preferentially evokes
dopamine release in the shell, compared with the rest of the ventral striatum (Rebec et al.,
1997; Sokolowski et al., 1998; Bassareo and Di Chiara, 1999; Parkinson et al., 1999). Although
the function of the caudal ventral striatum is not known, recent studies show that subjective
emotional responses to an amphetamine challenge in humans are correlated with changes in
DA binding in the caudal ventral putamen, as well as in the rostral ventral striatum (Drevets
et al., 2001; Martinez et al., 2003). These data may be best interpreted by taking into account
the entire continuum of the “limbic-related” striatum. The present results provide a plausible
interpretation for such functional data because they indicate that the caudal ventral striatal
region is in a position—like the classic ventral striatum—to mediate responses to drug or
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natural rewards via afferents from the amygdala. Future behavioral, physiologic, and imaging
studies should include the caudal ventral striatum as a region of interest to determine its
functional similarities to, and differences from, the “classic” ventral striatum.
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Abbreviations
AAA, anterior amygdaloid area
AB, accessory basal nucleus
ABmc, accessory basal nucleus, magnocellular subdivision
ABpc, accessory basal nucleus, parvicellular subdivision
ABs, accessory basal nucleus, sulcal subdivision
AC, anterior commissure
ACA, amygdalo-claustral area
AHA, amygdalohippocampal area
Bi, basal nucleus, intermediate subdivision
Bmc, basal nucleus, magnocellular subdivision
Bpc, basal nucleus, parvicellular subdivision
C, caudate nucleus
CeLcn, central nucleus, lateral core subdivision
CeM, central nucleus, medial subdivision
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CoA, anterior cortical nucleus
CoP, posterior cortical nucleus
GPe, globus pallidus, external segment
H, hippocampus
IC, internal capsule
L, lateral nucleus
lAstr, lateral amygdalostriatal area
M, medial nucleus
mAstr, medial amygdalostriatal area
P, putamen
PAC, periamygdaloid cortex
PACs, periamygdaloid cortex, sulcal subdivision
S, shell
Str, striatum
V, ventricle
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Fig. 1.
A,B: Coronal sections through the rostral ventral striatum (A) and caudal ventral striatum (B)
of the macaque, immunoreacted for CaBP. The CaBP-poor shell in (A) and the CaBP-poor
“shell-like” lateral amygdalostriatal area in (B) are outlined. Note that the medial
amygdalostriatal area is CaBP-positive, similar to the lateral core of the central nucleus
(CeLcn). C,D: Coronal sections through the central (C) and caudal (D) amygdala stained for
acetylcholinesterase (AChE), and labeled for various nuclei. For other abbreviations, see list.
Scale bars = 1 mm in A–D.
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Fig. 2.
A–C: Schematic of retrograde injection sites in the central (A,B) and caudal (C) ventral
striatum and central nucleus, with photomicrographs of representative injection sites. DAB
staining of electrode tracks is a nonspecific response to gliosis and is not due to leakage of
tracer. The dotted line in C represents the CaBP-poor zone. D: Schematic of anterograde tracer
injection site placement in the amygdala, with photomicrographs of each. Scale bars = 1 mm
in B–D.
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Fig. 3.
Case J9FR. A–C: Schematic of the distribution of retrogradely labeled cells at three
rostrocaudal levels of the amygdala following an injection in the ventral CaBP-poor zone. Each
dot = 1 cell. D–E: Photomicrograph of retrogradely labeled cells in the Bpc (D) and Bi (E).
For abbreviations, see list. Scale bar = 25 µm in D,E.
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Fig. 4.
Case J4WGA. A–C: Schematic of the distribution of retrogradely labeled cells at three
rostrocaudal levels of the amygdala following an injection in the CaBP-poor zone. Each dot =
1 cell. D: Photomicrograph of labeled cells in the PACs transition with the Bpc. For
abbreviations, see list. Scale bar = 25 µm in D.
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Fig. 5.
Case J6WGA. A–C: Schematic of the distribution of retrogradely labeled cells at three
rostrocaudal levels of the amygdala. Each dot = 1 cell. For abbreviations, see list.
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Fig. 6.
Case J4FR. A,B: Schematic of the distribution of retrogradely labeled cells at two rostrocaudal
levels of the amygdala following an injection in the CaBP-positive ventral striatum. Case J4FS.
C,D: Schematic of the distribution of retrogradely labeled cells at two rostrocaudal levels of
the amygdala following an injection in the CaBP-positive ventral striatum, slightly lateral to
the injection in case J4FR above. Each dot = 1 cell. For abbreviations, see list.
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Fig. 7.
Case J1LY. A,B: Schematic of the distribution of retrogradely labeled cells at two rostrocaudal
levels of the amygdala following an injection into the central nucleus (A,B). Each dot = 1 cell.
C,D: Photomicrographs of labeled cells in the ABmc (C) and ABpc (D). Case J1FR. E,F:
Schematic of the distribution of retrogradely labeled cells at two rostrocaudal levels of the
amygdala after a slightly larger injection into the central nucleus. Each dot = 1 cell. For
abbreviations, see list. Scale bar = 25 µm in C,D.

Fudge et al. Page 20

J Comp Neurol. Author manuscript; available in PMC 2008 June 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 8.
Case J8FR. A–H: Distribution of anterogradely labeled fibers in the striatum following an
injection into the basal nucleus, magnocellular subdivision. In D, labeled fibers in the
ventromedial putamen are in the region of the putative IPAC. For abbreviations, see list.
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Fig. 9.
Case J8FR. A,B: Macroscopic photomicrographs of adjacent sections through the caudal
ventral striatum in Case J8FR immunoreacted for CaBP (A) and anterograde tracer (B).
Asterisk indicates same blood vessel. Dense patches of anterogradely labeled in the CaBP-
poor zone compared with the CaBP-positive striatum is apparent even at low magnification.
C: Higher power image of labeled fibers in the CaBP-poor zone (boxed area in B). D:
Photomicroscopic image at 100× of labeled fibers (boxed area in C) showing numerous
boutons. For abbreviations, see list. Scale bar = 1 mm in A,B; 25 µm in C; 10 µm in D.
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Fig. 10.
Case J8LY. A–G: Distribution of anterogradely labeled fibers in the striatum following an
injection into the accessory basal nucleus, magnocellular subdivision. Dense patches of labeled
fibers near the posterior limb of the anterior commissure (D) are in the vicinity corresponding
to the IPAC in the rodent. For abbreviations, see list.
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Fig. 11.
The functional gradient formed in the rostral ventral striatum (A) is reflected in the caudal
ventral striatum (B), based on amygdaloid inputs. The “shell” (dotted line) is in close proximity
to the ventricle both rostrally and caudally, suggesting another rostrocaudal symmetry.
Schematic of the ventral striatum adapted from Haber and Fudge (1997).

Fudge et al. Page 24

J Comp Neurol. Author manuscript; available in PMC 2008 June 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


