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Abstract
The ventral striatum mediates goal-directed behaviors based, in part, on inputs from the amygdala.
However, striatal areas caudal to the ventral striatum also receive inputs from the amygdala. In
primates, the amygdala projects to the central ventral putamen, lateral amygdalostriatal area, and
caudal ventral putamen, suggesting that these regions are also “limbic-related.” The anterior insula,
which integrates sensory and amygdaloid inputs, projects to the classic ventral striatum. We used
retrograde and anterograde tract tracing techniques to determine the extent to which specific
subdivisions of the insula influence the caudal ventral striatum in the primate. The anterior (agranular
and rostral dysgranular) insula has significant inputs to caudal ventral striatal regions that receive
projections from the amygdala. In contrast, the posterior (granular) insula has sparse projections.
Within the agranular insula, the posteromedial agranular (Iapm), lateral agranular (Ial), and
posterolateral agranular (Iapl) subdivisions have the strongest inputs. These subdivisions mediate
olfactory, gustatory, and visceral information processing (Carmichael and Price JL [1996b] J. Comp.
Neurol. 363:642–640). In contrast, the intermediate agranular subdivision (Iai) is relatively devoid
of visceral/gustatory inputs and has few inputs. In summary, caudal ventral striatal areas that receive
amygdaloid inputs also receive significant innervation by agranular and dysgranular insula
subdivisions that are themselves connected with the amygdala. Within this projection, the Ial, Iapm,
and Iapl make the strongest contribution, suggesting that highly processed visceral/autonomic
information, taste, and olfaction influence behavioral responses mediated by the caudal ventral
striatum.
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The rostral ventral striatum is considered a substrate for goal-directed behaviors based on its
inputs from multiple brain regions mediating motivation and reward (Mogenson et al., 1980;
Nauta, 1986; Ferry et al., 2000; Haber et al., 2000). However, it is increasingly recognized that
caudal ventromedial striatal regions also receive inputs from several “limbic” brain regions,
including the amygdala and anterior cingulate cortex (Russchen et al., 1985; Selemon and
Goldman-Rakic, 1985; Nauta, 1986; McDonald et al., 1999; Ferry et al., 2000; Shammah-
Lagnado et al., 2001; Fudge et al., 2004). We have previously defined the primate “caudal
ventral striatum” based on amygdaloid afferent inputs and histochemical markers typical of
the ventral striatum (Fudge and Haber, 2002; Fudge et al., 2004). Based on these criteria, the
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caudal ventral striatum includes the ventromedial putamen surrounding, and caudal to, the
decussation of the anterior commissure, the lateral amygdalostriatal area, and the medial tail
of the caudate nucleus.

The anterior insula is involved in emotional and multisensory processing (Lane et al., 1997;
Phillips et al., 1998; Chua et al., 1999; Small et al., 2001; Krolak-Salmon et al., 2003) and has
prominent inputs to the classic ventral striatum (Chikama et al., 1997; Ferry et al., 2000). The
anterior half of the insular cortex also has strong interconnections with the amygdala (Aggleton
et al., 1980; Mufson et al., 1981; Carmichael and Price, 1996a) as well as an array of inputs
from sensory and sensory association regions (Carmichael and Price, 1996b). Consistent with
these afferent connections, the anterior insula is metabolically active during a variety of
emotional experiences including disgust (Phillips et al., 1998; Krolak-Salmon et al., 2003;
Heining et al., 2003; Wicker et al., 2003), fear (Schienle et al., 2002), and sadness (Lane et al.,
1997; Damasio et al., 2000; Liotti et al., 2002). Early classic studies in monkeys and humans
showed that stimulation of the anterior insula generates gustatory, autonomic, and visceral
responses (Kaada et al., 1949; Penfield and Faulk, 1955; Hoffman and Rasmussen, 1953),
suggesting that the insula links emotional states with internal responses (see reviews by
Augustine, 1996; Mesulam, 2000).

The anterior insula is composed of the agranular cortex, including the posterior orbital surface,
and dysgranular cortex (Id) (Rose, 1928; Mesulam and Mufson, 1982; Carmichael and Price,
1994). More recently, the agranular insula has been subdivided into multiple territories based
on unique cytoarchitectural, histochemical, and connectional properties (Carmichael and Price,
1994). These agranular insular subdivisions have differential connections to the specific
subregions of the sensory cortex and thalamus (Carmichael and Price, 1996b). In contrast to
the anterior insula, the posterior insula has a granular organization (Ig) and receives few inputs
from the amygdala (Mesulam and Mufson, 1982; Aggleton et al., 1980; Mufson et al., 1981).
Although previous studies show that both the agranular and dysgranular regions of the anterior
insula have significant inputs to the classic ventral striatum in primates (Chikama et al.,
1997; Ferry et al., 2000), there is little information on specific insular projections to caudal
aspects of the “limbic-related” striatum.

To investigate the extent to which the caudal ventral striatum is influenced by specific
subdivisions of the insula, we charted the distribution of retrogradely labeled cells in the insular
subdivisions following small injections of retrograde tracers into several caudal ventral striatal
regions. Injection sites were classified as being in the “limbic-related” striatum if they resulted
in labeled cells in the amygdala based on our previous analysis (Fudge et al., 2004).
Anterograde tracers then were placed into the anterior insula to verify the data from retrograde
studies.

MATERIALS AND METHODS
Injection sites

We placed injections of 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 (tetramethylrhodamine; FR; 4%,
Molecular Probes) into the amygdalostriatal area and caudal ventral striatum as previously
described (Fudge et al., 2004). One striatal injection in the caudal dorsomedial striatum, which
resulted in no labeled cells in the amygdala, served as a control (case J11WGA; see Results).
Several injection sites were also placed in the central amygdaloid nucleus for comparison.
Anterograde injections of LY, FR, FS, or tritiated amino acids (AA; equal amounts of tritiated
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proline and leucine; New England Nuclear, Boston, MA) were then placed into the rostral
insula.

Surgeries
Eight Old World monkeys (Macaque nemestrina and Macaque fascicularis) weighing between
3.0 and 4.5 kg were used in these studies (Labs of Virginia, Yemassee, SC and Three Springs
Laboratories, Pekaski, PA). All animals were male except cases J7 and J8. 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 hydrochloride (10 mg/kg), and a
deep anesthesia was induced by intravenous injection of pentobarbital (initial dose 20 mg/kg
IV and maintained as needed). A craniotomy was then performed, and the bone flap was
removed to visualize the cortical surface. Electrophysiological mapping was performed to
locate appropriate injection sites. The location of neurons encountered in a series of
penetrations was used to prepare a map indicating the boundaries of different subcortical
structures and the fiber tracts surrounding them. Striatal regions were identified by the
characteristic discharge patterns of tonically active neurons (Aosaki et al., l995). The
stereotaxic coordinates for the anterior commissure were determined first. The striatal regions
of interest were then located.

After stereotaxic coordinates for striatal targets were determined, small deposits of retrograde
tracers (40–50 nL) were pressure-injected over 10 minutes into discrete regions of the
amygdalostriatal area and caudal striatum using a 0.5-µL Hamilton syringe. Following each
injection, the syringe remained in situ for 20 minutes to prevent leakage up the needle track.
Additional injections of FR, LY, FS (40–50 nL), and tritiated amino acids (150–200 nL) were
pressure-injected in the insula, using a 0.5-µL Hamilton syringe, after electrophysiologic
localization. Following injections, the bone flap was replaced, and the overlying musculature
and skin were sutured. Animals were treated with routine prophylactic antibiotics and
analgesics for 7 to 10 days following surgery.

Ten to 13 days after surgery, animals were deeply anesthetized and killed by perfusion through
the heart with 0.9% saline containing 0.5 mL heparin sulfate, followed by cold 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%). The entire brain was
cut into serial sections of 50 µm on a freezing microtome and placed into 0.1 M phosphate
buffer or cryoprotectant solution. Combinations of adjacent sections through the insula were
selected for labeling of tracer and histochemical markers of the agranular insula subdivisions:
calbindin-D28K (CaBP), parvalbumin, cresyl violet, acetylcholinesterase (AChE), and SMI-32
(nonphosphorylated neurofilament protein) (Carmichael and Price, 1994). Additional
compartments were labeled for tracer and counterstained with cresyl violet or AChE.

Immunohistochemistry
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, rabbit), LY (1:2,000; Molecular Probes, rabbit), FS (1:2,000; Molecular
Probes, rabbit), or FR (1:1,000; Molecular Probes, rabbit) for approximately 96 hours at 4°C.
Following rinses with PB-T, the tracers were visualized by using the avidinbiotin 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
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peroxide intensified with 1% cobalt chloride and 1% nickel ammonium sulfate. Additional
compartments from each case were processed for tracer and counterstained with cresyl violet
or AChE (Geneser-Jensen and Blackstad, 1971) to determine the distribution of labeled cells
within specific cytoarchitectonic subdivisions of the insula and the relative placement of the
injection site within the striatal area.

Parvalbumin, SMI-32, tyrosine hydroxylase (TH), and CaBP immunostaining—
Control studies in which the primary antibodies were omitted showed no labeling for any of
the markers. Sections were processed in the manner described above, using a monoclonal
antibody to human parvalbumin at 1:10,000 dilution (mouse monoclonal, Swant, Bellinzona,
Switzerland), SMI-32 at 1:5,000 dilution (mouse monoclonal, Sternberger Monoclonals,
Lutherville, MD), TH at 1:10,000 (mouse monoclonal, Chemicon, Temecula, CA), or CaBP
at 1:10,000 (mouse monoclonal, Sigma).

Autoradiography—Sections for autoradiography were mounted on chrome-alum gelatin-
coated slides and defatted into xylene for 48 hours. Slides were dipped in Kodak NTB2
photographic emulsion (Kodak, Rochester, NY) and exposed for 4–6 months at −20°C in a
light-tight box. The slides were then developed in cold Kodak D19 (15°C) for 2.5 minutes,
fixed, washed, and counterstained with cresyl violet.

Analysis—Retrograde injection sites were classified as being in the central amygdaloid
nucleus or caudal ventral striatum based on their placement into the AChE-poor (central
nucleus/medial amygdalostriatal area) or AChE-positive zone (lateral amygdalostriatal area
and conventional striatum). Injection sites determined to be within the striatum were classified
as being in the ventral (“limbic-related”) caudal striatum based on the presence of retrogradely
labeled cells in the amygdala.

Cases were then examined for labeled cells in the insula, which were hand-charted by using a
drawing tube attached to the microscope under brightfield illumination (10× objective). The
boundaries of the insula were hand-traced from adjacent sections counterstained for cresyl
violet and/or AChE and from adjacent sections processed for parvalbumin, CaBP, or SMI-32
immunoreactivity. Hand-drawn charts of retrogradely labeled cells were entered into the
computer by using a drawing tablet (Wacom Technology, Vancouver, BC, Canada) in
conjunction with the program Canvas 5.0 (Deneba Systems, Vancouver, BC, Canada). The
boundaries of the insula were also entered into the computer by using the drawing tablet and
were aligned over charts of retrogradely labeled neurons, matching landmarks such as blood
vessels and fiber tracts. For anterograde cases, the distribution of anterogradely labeled fibers
in the striatum and amygdalostriatal area was charted by hand with the drawing tube. Charts
were prepared under bright- and dark.eld illumination using a 25× objective. Hand-drawn
charts of labeled fibers were then scanned into the computer with Adobe Photoshop 6.0
software (Adobe Systems, San Jose, CA) and an Epson 3200 Perfection scanner (300 dpi).
Photographs were captured digitally by using an Optronics Microfire color CCD and converted
to grayscale. Contrast and brightness enhancement were used to optimize the visibility of the
relevant structures.

RESULTS
Defining the caudal ventral striatum

We define the caudal ventral striatum based on amygdaloid inputs, as well as cytoarchitectural
and histochemical features found in the “classic ventral” striatum (Fudge and Haber, 2002;
Fudge et al., 2004) (Fig. 1). Although both the caudal ventral striatum and closely apposed
central amygdaloid nucleus received amygdaloid inputs, the caudal ventral striatum contained
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moderate AChE activity and strong TH immunoreactivity, both of which are traditional striatal
markers across species (Sarnat and Netsky, 1981) (Fig. 1A,D, C,F). The medial
amygdalostriatal area is excluded from the caudal ventral striatum based on a lack of AChE
and TH (Heimer et al., 1999; Fudge and Haber, 2002) (Fig. 1A,D, C,F). The lateral
amygdalostriatal area and contiguous caudal ventral putamen and tail of the caudate nucleus
are thus considered part of the ventral (limbic-related) striatum, based on the presence of striatal
markers, and inputs from the amygdala (Sarnat and Netsky, 1981; Fudge et al., 2004). The
lateral amygdalostriatal area is further distinguished by low CaBP immunoreactivity compared
with the rest of the caudoventral striatum, reminiscent of the “shell” subterritory of the rostral
ventral striatum (Fudge and Haber, 2002) (Fig. 1B,E, dashed line).

Insular subdivisions
We use the criteria put forth by Carmichael and Price (1994) to describe the cytoarchitectonic
subdivisions of the agranular insula in the primate. The agranular insula is defined by its lack
of granule cell layers in layers II and IV and its association with the claustrum (Fig. 2A–C).
Based on this definition, the agranular insula extends rostrally from the lateral fissure onto the
posterior orbital surface. It is bordered anteriorly by area 13 and the caudal part of area 12
(12o), laterally by the gustatory cortex, and caudally and medially by the primary olfactory
cortex (the anterior olfactory nucleus [AON] and the piriform cortex). The rostral agranular
insula is divided into five subdivisions based on cytoarchitectonic and histochemical criteria:
the medial (Iam), intermediate (Iai), lateral (Ial), posteromedial (Iapm), and posterolateral
(Iapl) agranular insula (Carmichael and Price, 1994). In Nissl-stained sections, the medial
subdivisions, Iam and Iapm, are less differentiated and lack a sublaminated layer V (Fig. 2A).
The lateral subdivisions, in contrast, have five layers and a sublaminated layer V. The gustatory
cortex is in the superior limiting sulcus (SLS), laterally adjacent to the Ial and Iapl on the caudal
orbital surface and is identified by its dense parvalbumin-immunoreactive neuropil in layers
III/IV (Carmichael and Price, 1994) (Fig. 2A,D).

Viewed rostrocaudally, the Iam is the rostralmost subdivision. Iai is located lateral to it. Iapm,
Ial, and Iapl are the more posteriorly located subdivisions, with Iapm and Iapl continuing
caudally into the lateral fissure to form the rostral medial bank of the inferior limiting sulcus
(ILS; Fig. 2B). There is a caudal agranular insular area (Iac), which forms the caudalmost
reaches of the agranular insula, posterior to the Iapm and Iapl (Fig. 2C) (Carmichael and Price,
1996b). The dysgranular cortex is dorsally and caudally adjacent to the Iapl and Iac in the
lateral fissure. It is a transition zone that has poorly formed granule layers in both layers II and
IV (Fig. 2B,C) (Mesulam and Mufson, 1982). The granular insula lies caudal and dorsal to the
dysgranular region and has five to six well-differentiated layers, including granular layers II
and IV (Fig. 2C).

Location of retrograde injection sites
There were a total of ten retrograde injection sites (Fig. 3A–C). Of these, seven injections were
located in the caudal ventral striatum (Fig. 3 A–C, gray sites), one injection was outside the
caudal ventral striatum (Fig. 3C, white site), and two injections were in the central nucleus
(Fig. 3C, black sites).

In the caudal ventral striatum, two injections were located in the ventral putamen at the level
of the crossing of the anterior commissure (cases J6WGA, J8WGA; Fig. 3A,B), and five
injection sites were located in the ventromedial striatum posterior to the decussation of the
anterior commissure (cases J12WGA, J4WGA, J9FR, J4FR, J4FS; Fig. 3C). The injection site
in case J9FR was placed caudally in the CaBP-poor zone of the emerging tail of the caudate
nucleus and included a small area of the medial amygdalostriatal area.
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The two injection sites in the central amygdaloid nucleus were centered in the lateral central
core subdivision (cases J1LY, J1FR; Fig. 3C, black sites). The injection site in J1LY was
smaller than the site in J1FR and was confined to the lateral core subdivision. The injection
site in J1FR was in the lateral core at the same rostrocaudal level but encroached into the medial
subdivision of the central nucleus and medial amygdalostriatal area.

Location of anterograde injection sites
There were four anterograde injection sites (Fig. 3D). The injection site in J7LY was located
in the gustatory cortex. The injection site in J6FR was caudal to that in J7LY and included the
gustatory cortex and adjacent Iapl. Both injections resulted in retrogradely labeled cells in the
ventroposteromedial nucleus (parvicellular division) (VPMpc), the thalamic taste center
(Pritchard et al., 1986) (not shown). Case J9AA contained a tritiated amino acid injection in
the rostral dysgranular insula. Case J6 LY was situated in the rostral granular insula.

Retrograde cases
Injections into the caudal ventral striatum
Case J6WGA (not shown) and case J8WGA (Fig. 4): These two injection sites were placed
in the ventromedial putamen at the level of the crossing of the anterior commissure. The
injection site in J6WGA was slightly rostral to that in J8WGA. The distribution of labeled cells
in each case was similar, and they are therefore described together. Retrogradely labeled cells
extended rostrocaudally from the agranular insula on the orbital surface to the caudal
dysgranular insula. There were relatively few labeled cells in the posterior (granular) insula.
At rostral levels, labeled cells were mainly concentrated in layer V of the Ial (Fig. 4A). Clusters
of labeled cells were also seen in the Iapm, with scattered labeled cells in the Iai. Labeled cells
were most densely concentrated at levels slightly caudal to this region, with the majority of
labeled cells in the Ial, moderate numbers of labeled cells in the Iapm, and relatively few labeled
cells in the Iai (Fig. 4B). Further caudally, labeled cells were highly concentrated in the Iapm
and Iapl (Fig. 4C, Fig. 5A,B). Labeled cells in the Iapl continued dorsally into layer V of the
gustatory cortex, where they were less densely concentrated. At the level of the anterior
commissure, the majority of labeled cells were in the Iapl and the adjacent rostral dysgranular
insula (Fig. 4D). There were few labeled cells in the Iapm at this level. Posterior to the anterior
commissure, the density of labeled cells declined. There was a moderate density of labeled
cells in the dysgranular cortex and few to no labeled cells in the granular insular cortex (Fig.
4E,F).

Case J12WGA (Fig. 6; injection site shown in Fig. 3): This injection site was in the
ventromedial putamen posterior to the decussation of the anterior commissure. The
rostrocaudal extent of the projection was similar to that in cases J6WGA and J8WGA above.
In the rostral insula, the preponderance of labeled cells was also in the Ial, especially along the
medial bank of the emerging SLS (Fig. 6A,B). The Iam and Iai contained relatively low
numbers of labeled cells, similar to cases J6 and J8 above. At slightly caudal levels, HRP-
positive cells predominated in the Iapm, with moderate concentrations of labeled cells in the
Iapl that extended into the gustatory cortex (Fig. 6C). At the level of the crossing of the anterior
commissure, the Iapm and Iapl also contained many labeled cells, which continued into the
dysgranular insula (Fig. 6D). Caudal to the crossing of the anterior commissure, there were
many labeled cells in the Iac and rostral dysgranular insula (Fig. 6E). A light distribution of
HRP-immunoreactive cells was found in the rostral granular insula. At caudal levels, there
were small clusters of labeled cells in the dysgranular insula and few to no labeled cells in the
granular insula (Fig. 6F).
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Case J4 WGA (Fig. 7): The injection site in this case was placed in the lateral amygdalostriatal
area (CaBP-poor zone of the caudoventral striatum) but included the CaBP-positive
ventromedial putamen. Retrogradely labeled cells extended rostrocaudally from the rostral
agranular insula, throughout the dysgranular insula, and into the rostral granular insula. As in
cases J6WGA, J8WGA, and J12WGA (above), at rostral levels, the Ial contained the
preponderance of labeled cells (Fig. 7A,B). However, small clusters of labeled cells were also
found in the Iam and Iai. At slightly more caudal levels, the Iapm and Iapl contained very high
concentrations of labeled cells, again similar to the distribution seen in the previous cases (Fig.
7C). WGA-HRP-labeled cells in the Iapl flowed into the gustatory cortical area, where they
were more moderately concentrated. At the level of the decussation of the anterior commissure,
labeled cells were densely distributed in the Iapl and dysgranular insular cortex. The Ig
contained a moderate distribution of labeled cells. Posteriorly, the concentration of labeled
cells declined, as in the previous cases (Fig. 7E,F). A moderate concentration of labeled cells
in the caudal dysgranular insula continued for a short distance into the rostral granular insula.
There were no labeled cells in the granular cortex caudal to this level.

Case J9FR (Fig. 8A–C; see injection site in Fig. 3): This injection site was located in the
CaBP-poor zone of the ventromedial striatum, near the emerging tail of the caudate nucleus.
It encroached slightly on the medial amygdalostriatal (AChE poor and TH-poor) area. In
general, the rostrocaudal extent of the projection was more confined and was caudally located
compared with the previous cases. Labeled cells were clustered in the Iapm and Iac at the level
of the anterior commissure (Fig. 8A,B,B′). There were only scattered labeled cells in the rostral
dysgranular insula at these levels. The caudal extent of the projection was located in the
dysgranular insula posterior to the crossing of the anterior commissure, where there was a light
distribution of labeled cells (Fig. 8C). There were no labeled cells in the granular insula.

Case J4FR (Fig. 9): The injection site in this case was caudal to the injection in J4WGA and
placed slightly dorsolateral to it, in the conventional (CaBP-positive) striatum. Labeled cells
in the insula were somewhat less broadly distributed compared with J4WGA. In particular,
there were only scattered labeled cells in the Ial, in contrast to the abundant labeled cells in
case J4WGA (Fig. 9A). Similar to J4WGA, there were only scattered labeled cells in the Iai.
The majority of labeled cells were in the Iapm and Iac within the sylvian fissure and were
continuous with less densely concentrated labeled cells in the adjacent dysgranular insula (Fig.
9B–D,D′). At the caudal aspect of the projection, FR-positive cells were scattered in the caudal
dysgranular cortex, and there were occasional labeled cells in the granular insula (Fig. 9E).

Case J4FS (not shown): The injection site was at the same rostrocaudal level of the ventral
putamen as the injection in J4FR but was more laterally placed in the caudal central, ventral
putamen. Of the cases classified within the “limbic” striatum, this case had the fewest labeled
cells in the insula. There were no labeled cells in the agranular cortex. Scattered labeled cells
were seen in the caudal dysgranular and rostral granular insula posterior to the crossing of the
anterior commissure.

Injections outside the caudal, ventral striatum
Case J11WGA (not shown): This injection site was located in the caudal dorsomedial
putamen and was the most caudally placed injection site. There were only occasional labeled
cells, which were scattered in the caudal dysgranular insula. There were no labeled cells in the
agranular insula, rostral dysgranular insula, or granular insula.

Injections into the central nucleus/medial amygdalostriatal area
Case J1FR (Fig. 10A–D; see injection site in Fig. 3): The injection site in this case was
situated in the lateral core of the central nucleus and included a small area of the medial
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subdivision of the central nucleus and the medial amygdalostriatal area. The projection field
was diffusely distributed compared with a more confined injection into the lateral core of the
central nucleus (case J1LY, below). Labeled cells were lightly distributed in the rostral
agranular insula (Fig. 10A,B), mainly in the Iai and Ial. There were no labeled cells in the
gustatory cortex. Labeled cells were most concentrated in the Iapm and Iapl within the sylvian
fissure (Fig. 10C). At the level of the crossing of the anterior commissure, there was a moderate
distribution of labeled cells in the rostral dysgranular insula and scattered labeled cells in the
Iac region (Fig 10D).

Case J1LY (Fig 10E): This small injection was confined to the lateral core of the central
nucleus at its most caudal levels. The majority of labeled cells were confined to Iapm and Iapl
at the level of the temporal poles (Fig. 10E). Only a few scattered LY-positive cells were seen
in the agranular insula rostral to this (not shown). There were no labeled cells in the dysgranular
or granular subregions of the insula. The gustatory cortex was devoid of labeled cells.

Anterograde cases
Case J9AA (Fig. 11; injection site pictured in Fig. 3D)—This tritiated amino acid
injection site was situated in the rostral, dorsal dysgranular insula. Anterogradely labeled fibers
extended from the rostral striatum to the caudal striatum at the level of the caudal amygdala/
rostral hippocampus. In the rostral striatum, small patches of labeled fibers were distributed in
a diagonal band-like arrangement in the central putamen (Fig. 11A). There were no labeled
fibers in the rostral ventral striatum, the caudate nucleus, or the dorsolateral putamen. At the
level of the rostral anterior commissure and emerging globus pallidus, labeled fibers were very
densely concentrated in the ventromedial putamen, which bordered the anterior commissure
dorsally and laterally (Fig. 11B). Surrounding this dense concentration of labeling, silver grains
were more lightly concentrated in the ventral, central putamen. There were no labeled fibers
in the caudate nucleus or in the central or dorsal putamen. At the level of the posterior limb of
the anterior commissure, dense patches of labeled fibers were confined to the medial edge of
the putamen where they formed a near-continuous strip (Fig. 11C). There were few to no
labeled fibers in the rest of the putamen, or in the caudate nucleus.

In the caudal striatum, labeled fibers were most densely concentrated in the ventromedial
putamen (Fig. 11D). Small patches of labeled fibers also extended two-thirds of the way up
the ventromedial edge of the putamen. A small patch of labeled fibers also occupied the
ventrolateral edge of the putamen and ventral body of the caudate nucleus. The central and
dorsal putamen and the emerging tail of the caudate nucleus were relatively devoid of labeled
fibers. There were no labeled fibers in the central nucleus or medial amygdalostriatal area. At
the caudal end of the projection, labeled fibers were confined to several patches in the
ventromedial putamen (Fig. 11E). There were few to no labeled fibers in the central or dorsal
putamen, or in the body or tail of the caudate nucleus.

Case J7LY (not shown) and Case J6FR (Fig. 12)—Both injection sites were in the
gustatory cortex in the rostral SLS. The injection in case J6FR was slightly larger and
encompassed a small area of the Iapl. The distribution of labeled fibers was similar for each
case, and they are therefore described together. In general, labeled fibers in both cases were
distributed in areas containing dense deposits of silver grains in case J9AA (above). However,
the distribution of labeled fibers was broader. In the rostral striatum, patches of labeled fibers
were sparsely distributed in rostral, central putamen, with some fibers extending into the
central, lateral caudate nucleus near the internal capsule (Fig. 12A,B).

At the level of the emerging decussation of the anterior commissure, patches of labeled fibers
occupied the ventromedial, ventrolateral, and central putamen (Fig. 12C). There were also
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patches of labeled fibers that extended from the ventral putamen along the striatal bridge linking
the caudate nucleus and putamen. However, there were few labeled fibers in the caudate nucleus
proper. At the level of posterior limb of the anterior commissure, labeled fibers were densely
concentrated along the medial edge of the putamen (Fig. 12D). More moderate densities of
labeled fibers were found in the ventral central putamen and in the ventrolateral putamen. At
the caudal limit of the projection, a densely concentrated patch of LY-positive fibers occupied
the ventromedial putamen (Fig. 12E–G). The central and lateral ventral putamen contained a
moderate distribution of labeled fibers, and scattered labeled fibers occupied the lateral
amygdalostriatal area. There were no labeled fibers in the tail of the caudate nucleus or in the
central amygdaloid nucleus.

Case J6LY (not shown)—The injection site was in the rostral granular cortex at the level
of the crossing of the anterior commissure (Fig. 3D). There were relatively few labeled fibers
in the striatum compared with the previous cases. Labeled fibers were confined to the caudal
striatum at the level of the amygdalohippocampal junction. The ventromedial and ventral
central putamen at this level received a light distribution of labeled fibers. There were no LY-
positive fibers in the CaBP-negative ventromedial striatum, in the dorsolateral putamen, in the
body or tail of the caudate nucleus, or in the central nucleus.

DISCUSSION
Insular inputs to the caudoventral striatum: overview

The caudal ventral striatum, which we have operationally defined based on its amygdaloid
input, receives robust inputs from the insula that originate mainly in its agranular and
dysgranular subregions. The agranular insula has relatively stronger inputs compared with the
dysgranular insula. However, there is not a clear segregation of agranular and dysgranular
insular projections to a given striatal region. Agranular insular projections are frequently
accompanied by more moderate inputs from adjacent dysgranular insula or gustatory cortex.
In contrast, the granular insula has relatively few inputs to the caudal ventral striatal region.

The rostral agranular insula, along with other sectors of the orbital and medial prefrontal cortex
(OMPFC), has recently been divided into multiple subdivisions based on a variety of
architectonic, histochemical, and connectional features(Carmichael and Price, 1994). Within
this organizational scheme, the Iam, Iapm, Ial, and Iapl comprise the “posterior orbital
network,” which receives specific sensory inputs from brain regions mediating gustatory,
olfactory, and visceral functions. The Iai, although situated among the other subdivisions,
receives few inputs from regions mediating these sensory modalities (Carmichael et al.,
1994; Carmichael and Price, 1996b). The amygdala sends projections across all agranular
insular subdivisions, as does the entorhinal and perirhinal cortex (Porrino et al., 1981; Amaral
and Price, 1984; Carmichael and Price, 1996a). The present results show that injections into
the caudoventral striatum result in a preponderance of labeled cells in insular subdivisions
mediating visceral, olfactory, and gustatory information; there were relatively few labeled cells
in the Iai following any of our retrograde injections. Within the posterior orbital insula, the
Iapm and Iapl are the most consistently labeled subdivisions (Table 1).

Within this general scheme, afferent projections to the caudal ventral striatum follow a rostral-
caudal topography (Table 1). Agranular insular subdivisions on the caudal orbital surface
(mainly the Iam, Ial, Iapm, and Iapl) project to the ventromedial putamen in the region of the
anterior commissure and just posterior to it (cases J6WGA, J8WGA, J12WGA, J4WGA). The
Ial, Iapm, and Iapl have strong inputs to the caudal ventral striatum in these cases, whereas the
more rostrally located Iam has relatively weaker inputs, which mainly target the central ventral
putamen (cases J6WGA and J8WGA) and dissipate caudally. In contrast, the caudalmost
aspects of the ventral striatum (cases J4FR and J9FR) receive the majority of inputs from the
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Iapm and Iapl, and from the Iac; these are located within the lateral fissure. These caudal striatal
areas receive few to no inputs from subdivisions of the agranular insula that occupy the orbital
surface (the Iam, Ial, and rostral Iapm and Iapl).

The caudal agranular insula forms the main input to the central nucleus
Based on our two retrograde injections, insular inputs to the central amygdaloid nucleus derive
mainly from the caudal agranular insula (the Iapl) near the ILS. Labeled cells were more
broadly dispersed in case J1FR, which included some of the medial subdivision of the central
nucleus in the injection site. The Iapm and Iapl at the level of the rostral temporal lobe contained
the majority of labeled cells in both cases. Because both injection sites were at relatively caudal
levels of the central nucleus, we cannot rule out projections from other sectors of the insula to
more rostral regions of the central nucleus. However, our anterograde injections, which were
placed in various sites outside the Iapm and Iapl, resulted in no labeled fibers in the central
nucleus. The present retrograde data are positively supported by anterograde studies in which
tritiated amino acid injections into the caudal agranular insula resulted in specific, dense
labeling of the central nucleus (Mufson et al., 1981; Stefanacci and Amaral, 2002).

Projections of the gustatory cortex
The gustatory cortex is considered a “paralimbic” structure because it forms a transitional zone
between the periallocortex (agranular cortex) and the isocortex (Mesulam, 2000). Anatomic
and physiologic studies indicate that inputs from the “thalamic taste center” (the VPMpc) are
found along the trajectory from the anterior insula into the gustatory cortex (Bagshaw and
Pribram, 1953; Benjamin and Burton, 1968; Mufson and Mesulam, 1984; Pritchard et al.,
1986; Yaxley et al., 1990). VPMpc cells also project to the Iapm and Ial but are located
ventrolateral to those projecting to the gustatory cortex (Carmichael and Price, 1996b). As
described by Carmichael and Price (1996b), Iapm- and Ial-projecting neurons are positioned
to receive inputs from the caudal vagalrecipient area of the nucleus of the solitary tract, rather
than its rostral gustatory part. These subdivisions are thus hypothesized to be “visceral cortex”
that may mediate sensations such as satiety. The Ial also receives direct inputs from the
gustatory cortex, suggesting that gustatory and visceral information converge in this region
(Carmichael and Price, 1996b). In our material, retrogradely labeled cells in the Ial (and Iapl)
extend without interruption into the gustatory cortex after injections into the caudal ventral
putamen (cases J6WGA, J8WGA, J12WGA, J4WGA), suggesting further convergence of
gustatory and visceral information at the level of the caudal ventral striatum.

Anterograde results show that the gustatory cortex projects to the ventral striatal territories and
also extends projections to the central putamen and ventrolateral putamen (Fig. 12). The latter
are somatosensory-associated areas, based on physiologic and anatomic studies in the monkey
(Kemp and Powell, 1970;Alexander and DeLong, 1985;Selemon and Goldman-Rakic,
1985;Flaherty and Graybiel, 1991). The ventrolateral putamen at the level of the commissure,
an area labeled in cases J7LY and J6FR, is linked to movements and sensations of the tongue,
mouth, and face, indicating that there are direct links between gustatory sensory cortex and
striatal domains that are probably involved in coordinating eating movements (Flaherty and
Graybiel, 1991,1994).

Comparison with previous studies in the primate
Previous studies in the primate indicate that insular inputs to the striatum follow the
cytoarchitectural gradient of the insula, with relatively less differentiated (agranular) areas
projecting mainly to the ventral striatum and more differentiated (granular) regions projecting
to the dorsolateral striatum (Chikama et al., 1997). The shell, medial ventral striatum, and core
of the ventral striatum receive the majority of inputs from the agranular insula and modest
inputs from the dysgranular insula. The present data complement these studies because both
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the agranular and adjacent dysgranular insula project to caudal striatal regions that, like the
“classic” ventral striatum, receive strong amygdaloid inputs. A more recent study examining
corticostriatal inputs from specific OMPFC subdivisions shows that the ventrolateral shell and
adjacent ventromedial putamen are innervated by the Iam, Ial, Iapm, and Iapl and receive
relatively few inputs from the Iai (Ferry et al., 2000). This distribution is similar to the pattern
seen after injections into the caudal ventral striatum surrounding the commissure (present
study, cases J6, J8, J12, J4WGA), with the exception that the caudal striatal sites result in
relatively fewer labeled cells in the Iam.

Comparison with rodent studies
Although a precise homology has not been demonstrated, the caudoventral striatum in primates
may at least partly correspond to the region known as the interstitial nucleus of the posterior
limb of the anterior commissure (IPAC) in the rodent (deOlmos and Ingram, 1972; Heimer et
al., 1997). The IPAC has traditionally been referred to as the “fundus striati” and is proposed
to be a caudal extension of the ventral striatum (Nauta et al., 1978). The IPAC encompasses
the striatum surrounding the posterior limb of the decussating anterior commissure, and its
lateral aspect has connectional and histochemical features found in the ventral striatum,
including amygdaloid inputs (Shammah-Lagnado et al., 2001). The IPAC receives strong
inputs from the anterior dysgranular insula (which corresponds to the “gustatory” insula; Kosar
et al., 1986) and the posterior agranular insula, but few inputs from the rostral agranular insula,
which projects to the rostral ventral striatum (Brog et al., 1993; Shi and Cassell, 1998;
McDonald et al., 1999; Shammah-Lagnado et al., 2001). This overall organization corresponds
to our findings in the primate: the agranular insula projects to the subregions of the ventromedial
striatum that receive amygdaloid inputs and does so along a general rostrocaudal gradient
(present results; Chikama et al., 1997). Furthermore, the anterior dysgranular (gustatory) insula
projects to the IPAC, consistent with our finding that the gustatory cortex (and adjacent insular
regions) innervates the central ventromedial putamen (cases J6 and J8 WGA), which is situated
in a similar location.

Functional considerations
Classic experiments show that the anterior insula and adjacent gustatory cortex respond to
various properties of food. Subsets of neurons are “tuned” to specific taste qualities (such as
sweetness, saltiness, and bitterness), textural properties, and fat content (Benjamin and Burton,
1968; Yaxley et al., 1990; Smith-Swintosky et al., 1991; Plata-Salaman et al., 1993; Kinomura
et al., 1994; Rolls et al., 1999; Scott and Plata-Salaman, 1999; Small et al., 2001; Rolls et al.,
2003; De Araujo and Rolls, 2004). A large literature also implicates this area in mediating the
rewarding properties of gustatory and olfactory stimuli (Tremblay and Schultz, 2000;
O’Doherty et al., 2001; Small et al., 2001; Anderson et al., 2003; Small et al., 2003). Subregions
of the anterior insula, including the posterior orbital cortex, are also selectively activated by
the anticipation of a rewarding or aversive stimulus, suggesting a role in the evaluation of
hedonic properties prior to the actual sensory experience (Chua et al., 1999; Montague and
Berns, 2002; O’Doherty et al., 2002). Similarly, the anterior insula is activated by self-induced
mood states, independent of an external sensory stimulus (Lane et al., 1997; Mayberg et al.,
1999; Damasio et al., 2000; Liotti et al., 2002; Krolak-Salmon et al., 2003; Wicker et al.,
2003; Wright et al., 2003). Limbic inputs from the amygdala, polysensory inputs from the
entorhinal and perirhinal cortices, and visceral inputs place the posterolateral agranular insula
in an ideal position to assess the hedonic value of sensory stimuli, either actual or anticipated.
Afferents from the viscera may play an especially important role in setting the hedonic value
of a stimulus because internal sensations associated with fear, hunger, and satiety help
determine the biologic value of an external cue.
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The classic ventral striatum is a key substrate for guiding goal-directed behavior (Wise and
Bozarth, 1985; Mogenson et al., 1993; Robbins and Everitt, 1996), and it mediates the ingestion
of highly palatable, high-energy foods(Zhang and Kelley, 2000; Kelley et al., 2002). The insula
probably provides important information that shapes such behavior. Insular lesions attenuate
the devaluation of food rewards following satiety and extinction, suggesting that the insula
encodes representations of the incentive value of taste under specific conditions (Butter,
1969; Balleine and Dickinson, 2000). Lesions of the insula also attenuate conditioned taste
avoidance, so that food that has been previously paired with a sickening agent is no longer
avoided (Dunn and Everitt, 1988; Bermudez-Rattoni and McGaugh, 1991). Whereas insular
projections to the classic ventral striatum are well established, the current results show that the
caudal ventral striatum is also a key target of the agranular and dysgranular insula. In particular,
insular subdivisions that occupy the posterolateral orbital surface have a strong afferent
influence on these more caudal, but “limbic-related” striatal territories. These insular
subregions (the Ial, Iapm, and Iapl) are characterized by relays from the visceral thalamus and
cortex, suggesting that visceral responses to both positive and negative stimuli may influence
behaviors mediated by the caudal ventral striatum.
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Abbreviations
AA, tritiated amino acids
AC, anterior commissure
AON, anterior olfactory nucleus
C, caudate nucleus
C (tail), caudate nucleus, tail
CeL, central amygdaloid nucleus, lateral core subdivision
CeN, central amygdaloid nucleus
Cl, claustrum
FR, Fluoro Ruby (tetramethylrhodamine)
FS, fluorescein
G, gustatory cortex
GP, globus pallidus
GPe, globus pallidus, pars externa
GPi, globus pallidus, pars interna
H, hippocampus
Iac, caudal agranular insular area
Iai, intermediate agranular insular area
Ial, lateral agranular insular area
Iam, medial agranular insular area
Iapl, posterolateral insular area
Iapm, posteromedial insular area
IC, internal capsule
Id, dysgranular insula
Ig, granular insula
ILS, inferior limiting sulcus
L, lateral nucleus, amygdala
LAstr, lateral amygdalostriatal area
LY, Lucifer yellow
MAstr, medial amygdalostriatal area
OT, optic tract
P, putamen
S, shell
SLS, superior limiting sulcus
V, ventricle
WGA, wheat germ horseradish peroxidase
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Fig. 1.
Photomicrographs of sections through the rostral (A–C) and caudal (D–F) ventral striatum
stained for AChE (A,D), CaBP (B,E), and TH (C,F). Intermediate to high AChE activity is
found in the ventral striatum both rostrally and caudally (A,D) Low CaBP immunoreactivity
is found in the shell of the rostral ventral striatum (B) and lateral amygdalostriatal area (E),
overlapping areas of intermediate to high AChE staining. Dotted line depicts the CaBP-poor
shell and lateral amygdalostriatal area. The medial amygdalostriatal area contains very low to
absent AChE activity (D) and TH immunostaining (F) and high CaBP immunoreactivity (E).
For abbreviations, see list. Scale bars = 1 mm in A–F.
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Fig. 2.
Nissl-stained sections at several rostrocaudal levels of the insula. A: The rostral agranular
insula is found on the caudal orbital surface and is bordered laterally by the gustatory cortex.
The Iapm has three rudimentary layers, and the Ial has five layers including a sublaminated
layer V. Iai has a partially sublaminated layer V. B: Further caudally, the Iapm and Iapl extend
into the sylvian fissure. They are bordered dorsally by the Id. C: The Iac, Id, and Ig at the level
of the decussation of the anterior commissure. D: Dense parvalbumin immunoreactivity in
layers III/IV distinguishes the gustatory cortex. Iapm is distinguished by low parvalbumin
staining. Photographs were digitally captured and tiled by using ImagePro software. For
abbreviations, see list. Scale bars = 1 mm in A–D.
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Fig. 3.
Schematic of retrograde injection sites in the caudal striatum and central nucleus (A–C, top)
and anterograde injection sites in the insula and gustatory cortex (D, bottom).
Photomicrographs of several injection sites are shown for each series. For abbreviations, see
list. Scale bars = 1 mm in A,B,D.
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Fig. 4.
A–F: Schematic of retrogradely labeled cells in the insula following an injection of WGA-
HRP into the central ventromedial putamen (case J8WGA). Boxed area in C depicts the area
photographed in Figure 5. For abbreviations, see list. Each dot = 1 cell.
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Fig. 5.
Photomicrographs of retrogradely labeled cells in Iapl in case J8WGA. A: Macroscopic view
of labeled cells in the Iapl (boxed area in Fig. 4C). The photograph was digitally captured using
a 4× objective and tiled into a montage by using ImagePro software. B: Higher power views
of labeled cells in boxed area in A. For abbreviations, see list. Scale bars = 1 mm in A; 100
µm in B.
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Fig. 6.
A–F: Schematic of retrogradely labeled cells in the insula following an injection of WGA-
HRP into the caudal ventromedial putamen (case J12WGA). For abbreviations, see list. Each
dot = 1 cell.
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Fig. 7.
A–F: Schematic of WGA-HRP-positive cells in the insula in case J4WGA. D′: Labeled cells
in layer V (box in D). The CaBP-poor lateral amygdalostriatal area is illustrated with a dotted
line. Each dot = 1 cell. For abbreviations, see list. Scale bar = 100 µm in D′
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Fig. 8.
A–C: Retrogradely labeled cells in the insula following an FR injection into the lateral
amygdalostriatal area near the emerging tail of the caudate nucleus (injection site shown in
Fig. 3). The CaBP-poor lateral amygdalostriatal area is illustrated with a dotted line. Each dot
= 1 cell. B′: FR-labeled cells in the Iac (boxed area in B). Lightly labeled cells (small arrows)
are seen in addition to darkly staining cells (large arrows). For abbreviations, see list. Scale
bar = 100 µm in B′.
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Fig. 9.
A–E: Schematic of retrogradely labeled cells in case J4FR, following an injection into the
ventromedial caudal striatum. The CaBP-poor lateral amygdalostriatal area is illustrated with
a dotted line. Each dot = 1 cell. D′: Labeled cells in layer V of the dysgranular insula (boxed
area in D). For abbreviations, see list. Scale bar = 100 µm in D′.
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Fig. 10.
Schematic showing retrogradely labeled cells after injections into the central nucleus: case
J1FR (left, A–D) and case J1 LY (right, E). The CaBP-poor lateral amygdalostriatal area is
illustrated with a dotted line. Each dot = 1 cell. C′: Retrogradely labeled cells in the Iapl in
case J1FR (boxed area in C). For abbreviations, see list. Scale bar = 1 mm in C′.

Fudge et al. Page 26

J Comp Neurol. Author manuscript; available in PMC 2008 July 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 11.
A–E: Schematic of the distribution of silver grains in the striatum following a tritiated amino
acid injection into the rostral dysgranular insula (case J9AA). The injection site is pictured in
Figure 3. For abbreviations, see list.
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Fig. 12.
A–G: Schematic of labeled fibers in the striatum following an FR injection into the gustatory
cortex/Iapl (case J6FR). For abbreviations, see list.

Fudge et al. Page 28

J Comp Neurol. Author manuscript; available in PMC 2008 July 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Fudge et al. Page 29
TA

B
LE

 1
R

el
at

iv
e 

D
en

si
tie

s o
f L

ab
el

ed
 C

el
ls

 in
 In

su
la

r S
ub

di
vi

si
on

s F
ol

lo
w

in
g 

Tr
ac

er
 In

je
ct

io
ns

 in
to

 th
e 

C
au

da
l S

tri
at

um
 a

nd
 C

en
tra

l N
uc

le
us

1

Ia
m

Ia
i

Ia
l

Ia
pl

Ia
pm

Ia
c

D
ys

gr
an

G
ra

n

C
au

da
l s

tri
at

um
  J

6 
an

d 
J8

W
G

A
−

+
++

++
++

++
++

++
++

++
+

−
  J

12
W

G
A

−
+

++
++

++
++

++
+

++
++

+
+

  J
4W

G
A

+
+

++
++

++
++

++
+

++
+

++
++

++
  J

9F
R

−
−

−
−

++
++

+
−

  J
4F

R
−

−
−

−
+

++
+

−
  J

4F
S

−
−

−
−

−
−

++
+

  J
11

W
G

A
2

−
−

−
−

−
+

+
C

en
tra

l n
uc

le
us

  J
1F

R
−

+
+

++
+

−
++

−
  J

1L
Y

−
−

−
+

+
−

−
−

1 C
as

es
 a

re
 a

rr
an

ge
d 

in
 ro

st
ra

l t
o 

ca
ud

al
 o

rd
er

, w
ith

 J6
/J

8W
G

A
 b

ei
ng

 m
os

t r
os

tra
l. 

In
su

la
r s

ub
di

vi
si

on
s a

re
 a

rr
an

ge
d 

in
 ro

st
ra

l-c
au

da
l o

rd
er

 fr
om

 le
ft 

to
 ri

gh
t. 

Ia
pm

, I
ap

l, 
an

d 
Ia

c 
ex

te
nd

 c
au

da
lly

 to
 fo

rm
th

e 
m

ed
ia

l w
al

l o
f t

he
 la

te
ra

l f
is

su
re

. −
, s

ca
tte

re
d 

or
 n

o 
la

be
le

d 
ce

lls
; +

, l
ig

ht
 d

is
tri

bu
tio

n 
of

 la
be

le
d 

ce
lls

; +
+,

 m
od

er
at

e 
di

st
rib

ut
io

n 
of

 la
be

le
d 

ce
lls

; +
++

, m
od

er
at

el
y 

he
av

y 
di

st
rib

ut
io

n 
of

 la
be

le
d 

ce
lls

;
++

++
, v

er
y 

he
av

y 
di

st
rib

ut
io

n 
of

 la
be

le
d 

ce
lls

. F
or

 a
bb

re
vi

at
io

ns
, s

ee
 li

st
.

2 N
o 

am
yg

da
lo

id
 in

pu
ts

.

J Comp Neurol. Author manuscript; available in PMC 2008 July 16.


