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Abstract

Corticostriatal projections to the dorsocentral striatum (DCS) were investigated using retrograde fluorescent axonal tracing. The DCS is
of interest because of its role in directed attention and recovery from multimodal hemispatial neglect following cortical lesions of medial
agranular cortex (AGm), an association area that is its major source of cortical input. A key finding was that the multimodal posterior
parietal cortex (PPC) also contributes substantial input to DCS. This is significant because PPC and AGm are linked by corticocortical
connections and are both critical components of the circuitry involved in spatial processing and directed attention. Other cortical areas
providing input to DCS include visual association areas, lateral agranular cortex and orbital cortex. These areas also have reciprocal
connections with AGm and PPC. Less consistent labeling was seen in somatic sensorimotor areas FL, HL and Par 1. Thalamic afferents to
DCS are prominent from the intralaminar, ventrolateral, mediodorsal, ventromedial, laterodorsal (LD) and lateral posterior (LP) nuclei.
Collectively, these nuclei constitute the sources of thalamic input to cortical areas AGm and PPC. Nuclei LD and LP are only labeled with
injections in dorsal DCS, the site of major input from PPC, and PPC receives its thalamic input from LD and LP. We conclude that DCS
receives inputs from cortical and thalamic areas that are themselves linked by corticocortical and thalamocortical connections. These
findings support the hypothesis that DCS is a key component of an associative network of cortical, striatal and thalamic regions involved
in multimodal processing and directed attention.
   2003 Elsevier Science B.V. All rights reserved.
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1 . Introduction between AGm and PPC, we wished to determine if cortical
area PPC projects to DCS. In addition, we wanted to

The dorsocentral striatum (DCS) is defined as the major determine if the thalamic nuclei that project to DCS
site of termination of corticostriatal inputs originating from include those that project to the cortical areas that provide
the medial agranular cortex (AGm or Fr2) in rats input to DCS. For these purposes we made injections of
[7,17,38,41]. In the region of the striatum between the retrograde axonal tracers in DCS or along its margins. The
level of the genu and that of the anterior commissure (ac), results provide new information on corticostriatal and
DCS constitutes a territory|1 mm in diameter, centered in thalamostriatal topography and convergence, support the
the dorsal striatum|0.5–1.5 mm below the external behaviorally derived hypothesis that DCS functions as a
capsule, approximately equidistant from the medial and striatal association area that is critical for directed atten-
lateral boundaries of the striatum [38]. Area AGm is a tion, and provide a foundation for experiments intended to
multimodal association premotor cortex with diverse corti- promote recovery from neglect by therapeutic interven-
cal connections [39] and DCS has been implicated as a tions.
multimodal convergence region of striatum [33,38].

As noted by Parent and Hazrati [36], once it became
clear that the striatum has sensorimotor, associational and2 . Materials and methods
limbic regions, it became important to determine the
organizational subdivisions within these regions. Although A total of 25 male Long-Evans Hooded rats were
association areas of the rat striatum have not been studied anesthetized with an intraperitoneal injection of a
in the same detail as sensorimotor and limbic regions, ketamine/xylazine cocktail (90 mg/kg:10 mg/kg) and
several investigations have focused on striatal circuitry placed in a stereotaxic device. Either Fast Blue (Sigma,
related to prefrontal cortical areas [5,6,20]. The study of 3% in H O) or Diamidino Yellow (Sigma, 3% in H O)2 2

association areas is of special interest because the influence was injected into the striatum. Both are frequently used
of the striatum on motor function includes cognitive retrograde axonal tracers which produce reliable labeling
components [19] mediated by cortical areas like AGm. with little spreading of the injection site relative to other
Thus, the associative striatum constitutes a substrate for tracers like Fluorogold [10]. Injections were made via
the dynamic modulation of behaviors having a significant Picospritzer (General Valve) using two to three pulses of
multimodal component involving association cortices. 20–30 p.s.i., 5–20-ms duration, or via a 33-g Hamilton

The relationship between DCS and AGm is of particular syringe using a volume of 0.05–0.10 ml. Some animals
interest because each of these regions is a major com- received a second injection of the other tracer in the
ponent of the neuronal circuitry mediating directed atten- opposite hemisphere, but the present analysis involves only
tion. Subsequent to the initial development of a rat model one tracer per animal. The injections in cases 93 and 94
of hemispatial neglect [14,15], behavioral experiments were on the right side; all others were on the left. After a
identified AGm and the posterior parietal cortex (PPC) as 3–5-day survival time, rats were injected i.p. with 3 ml
being cortical areas critical for the normal functions of chloropent (4.25% chloral hydrate, 0.9% pentobarbital)
spatial orientation and directed attention [11,12,26,29,30]. and perfused intracardially with 300 ml of potassium
In rats, lesions in either of these reciprocally intercon- buffered saline (PBS) followed by 300 ml of 4% buffered
nected [39,40] areas produce multimodal neglect, as does paraformaldehyde. Brains were subsequently removed and
disconnection of their corticocortical connections without stored in dilute fixative (0.4% paraformaldehyde) and
direct damage to AGm or PPC [9]. Spontaneous recovery cryoprotected by sinking in a 30% sucrose solution.
from neglect resulting from cortical lesions occurs in some Coronal sections were cut at 40mm on a freezing
rats [51] and is correlated with re-establishment of microtome and placed in dilute fixative until being
symmetrical expression of immediate early genes and mounted on slides. Three spaced series of sections were
glutamate receptors in the dorsolateral striatum and DCS used for analysis: one for viewing on a fluorescent
[48–50]. In addition, DCS is essential for spontaneous and microscope, a second for cresyl violet staining for cyto-
pharmaceutical-induced recovery of function [46,47] and architectural analysis, and a third for fluorescent photo-
this points to the pivotal role of corticostriatal connections micrography.
in directed attention. Three-dimensional reconstructions of tracer injection

Due to the critical role of DCS in the circuitry mediating sites were produced by outlining areas of visible fluores-
directed attention and recovery from neglect, it is im- cence and the boundaries of the striatum and cortex from
portant to know which cortical areas are capable of fluorescent sections, transferring these sketches into vector
influencing the activity of neurons in DCS. Thus, in the drawings (Adobe Illustrator 10), then making three-dimen-
present study we sought to identify all the cortical inputs to sional models and rendering final images using an M5
DCS and to interpret this pattern with regard to the known imaging system (Imaging Research). Cases 93 and 94 are
corticocortical connections of these areas. Specifically, represented on the left for comparison purposes, even
because of the close anatomical and functional relationship though their injections were located on the right side.



J.L. Cheatwood et al. / Brain Research 968 (2003) 1–14 3

Thalamic and cortical labeling was evaluated using an depicted in the table as shaded boxes ranging from white
Olympus BH-2 fluorescent-equipped microscope. Sections (0) to black (3).
were examined at 203 primary magnification for labeled
cells in any cortical areas or thalamic nuclei. The locations
of labeled cells were determined by cytoarchitectural 3 . Results
examination of adjacent cresyl violet stained sections and
with reference to the cytoarchitectural criteria of Zilles and 3 .1. Injection sites
Wree [55] for cerebral cortical areas. The terms AGm and
AGl are synonymous with their areas Fr2 and Fr1, In order to describe the location of striatal injection sites
respectively. The terms rAGm and cAGm refer to the and labeling in some cortical areas, it is useful to refer to
rostral and caudal subregions of AGm that are located landmarks external to the striatum due to its homogeneous
rostral and caudal to the level of the genu and have appearance. For this purpose we have utilized the locations
different patterns of functional representations [17,35] and of the following features, here listed in rostrocaudal order
anatomical connections [39]. Area PPC is located at along with their shorthand designations: crossing of the
approximately AP23.4 to 24.4 mm relative to bregma, genu of the corpus callosum (genu), presence of the septal
between ML 1.5 and 4.5 mm [11,40] and was distinguish- nuclei without the fimbria (septum), crossing of the
able from the caudally adjacent area Oc2M by the appear- anterior commissure (ac), and most rostral appearance of
ance of layer V in Nissl stained sections, in most brains. In the fimbria distinct from the septal nuclei (fimbria). In the
PPC layer V merges with layer IV superficially and with descriptions below these locations are referred to as the
layer VI basally. In area Oc2M the boundaries of layer V ‘levels’ at which these features are seen.
with layers IV and VI are more distinct, due to reduced cell The visible fluorescence of the injection sites for ten key
density in the superficial and basal portions of layer V. cases is illustrated in Fig. 1. Although uptake of Fast Blue
Thalamic nuclei were identified and delineated according and Diamidino Yellow occurs largely, if not entirely, in the
to the criteria and maps of Jones [24] and Paxinos and portion of the injection site that was damaged during
Watson [37]. Analysis of labeled cells was limited to the placement of the tracer [10], we have chosen to illustrate a
hemisphere ipsilateral to the tracer injection. Cases having larger area as a conservative estimate of the affected area.
injection sites that encroached on the white matter or However, it is improbable that this entire visible region is
cortical tracks significant enough to produce contralateral producing label elsewhere in the brain [10]. These in-
labeling of corresponding cortical areas were excluded jections were all located in or around the dorsocentral
from our analyses. region of the striatum, with variations in dorsoventral and

Table 1 was constructed by viewing adjacent sections mediolateral position. Most injection sites were elongated
throughout the brain with the fluorescent microscope. A in the rostrocaudal dimension. Cases 5, 93 and 105 (Fig. 1)
score was assigned based on the relative amount of represent injections in mid, rostral and caudal DCS,
fluorescent labeling present in cortical and thalamic re- respectively, and are presented in that order below, to-
gions. Scores range from 0 (no label) to 3 (most densely gether with four other cases involving those regions. Cases
labeled region) within brains. This scoring system is 45 (Fig. 1C,D), 52 (Fig. 1F,G) and 84 (Fig. 1F) represent

Table 1
Distribution of cortical and thalamic retrograde labeling resulting from injection of Fast Blue (FB) or Diamidino Yellow (DY) in DCS and adjacent regions
of the dorsal striatum. Four levels of labeling density are depicted: no label (white), light label (light gray), medium (dark gray), and heavy (black)
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Fig. 1. Injection sites in DCS. (A) Three dimensional reconstruction of the ten principal injection sites seen from a lateral oblique perspective, toshow
their relative locations within the dorsal striatum. Stick diagram indicates dorsal, lateral and rostral directions and also applies to panels C andF. (B)
Dorsal perspective of the same set of injections as in A, rostral toward the bottom. Vertical white line indicates rostrocaudal coordinates with respect to
Bregma. Horizontal white lines indicate the plane of sections D,E and G,H. (C) Three dimensional renderings of the injection sites in the four cases
discussed in detail in the Results. White lines indicate the planes represented by the corresponding two-dimensional depictions of the injection sites at two
levels. (D,E) Location of injection sites for the four cases in C, plotted on two sections between the level of the genu and ac. Scale bar in D also appliesto
panels E, G and H. (F) Three dimensional reconstructions of the remaining six cases. White lines indicate the planes represented by the two-dimensional
depictions in G and H. (G,H) Sectional views of the injections in F, at the same rostrocaudal levels as panels D and E. The injection for case 84 (light
green in panel F) is not shown because it begins caudal to the level in H.

injections in dorsal DCS and these are presented separately sites and labeling patterns for four important cases, with
below. the other cases discussed in reference to these.

3 .2. Retrograde labeling in cortex and thalamus
3 .2.1. Case 5: central DCS

Here we provide detailed descriptions of the injection The injection site for case 5 was centered 1 mm rostral
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to the anterior commissure, at the level of the septum (Fig. area Cg at and caudal to the level of the ac. Labeled cells
1). It was centered 0.7 mm ventral to the white matter, 1.5 in area HL were limited to layer V and were present only in
mm lateral to the lateral ventricle, and 1.5 mm medial to small numbers (Fig. 3B). Labeled cells in layer V of areas
the lateral boundary of the striatum. This represents an Oc2M, PPC, Par 1, Par 2, RSA and RSG were distributed
injection in the central portion of the AGm projection field evenly throughout their rostrocaudal extent (Fig. 3C,D). In
in DCS. As discussed below, cases 93 and 105 represent the thalamus, label was observed in VL, VM, MD, the
rostral and caudal extensions (respectively) of the territory intralaminar group (CM, PC, CL), and PF with no observ-
encompassed by case 5. The injection site was cylindrical able topography (Fig. 3E–G).
and extended rostrally from its center to the level of the The injection in case 15 was virtually identical to case
genu and caudally to the level of the ac. A slight track of 93, but extended slightly more rostrally and was somewhat
fluorescence lining the pipette trajectory was seen in more focal (Figs. 1C,D and 6C). Cortical labeling was
cortical area AGl on the centermost section, but this track most dense in areas AGm, PPC and orbital cortex.
does not include the white matter. There was no label in Labeling was dense in rAGm, sparse in cAGm. Thalamic
contralateral AGl at the level of the injection, indicating labeling was similar to case 93, differing only in relative
that the track did not influence the labeling pattern intensity of cellular labeling (Table 1).
observed. In the cortex, retrogradely labeled cell bodies
were present in several areas (Fig. 2, Table 1). Area AGm
was labeled most intensely on sections greater than 1 mm3 .2.3. Case 105: caudal DCS
rostral to the level of the ac commissure, in layers II / III The injection site for case 105 was centered at a level
and V (Fig. 2A–C). In all sections in which AGm was 0.5 mm rostral to the ac, and represents a location caudally
labeled, layer V was labeled most strongly. Areas VLO and adjacent to case 5 (Figs. 1 and 6A). The center of the
LO were weakly labeled in layer V only. In areas PPC and injection was located 1 mm ventral to the white matter and
Oc2M, label was only present in layer V and was most 1.1 mm lateral to the lateral wall of the lateral ventricle.
robust rostrally. In the thalamus, nuclei VL, VM, MD, the The injection measured 1.4 mm in the dorsoventral plane,
intralaminar nuclei (CM, PC, CL), and PF all contained 0.6 mm in the mediolateral plane, and 1.5 mm in the
labeled cells (Fig. 2D–F). Nucleus VL appeared more rostrocaudal plane (it extended from 0.5 mm caudal to the
strongly labeled medially than laterally, but the other level of the genu to the level of the ac). There was no
nuclei were labeled throughout. evidence of fluorescent tracer lining the path through

The injection in case 94 overlapped that of case 5, but which the pipette was inserted, nor was there any fluores-
extended farther rostrally and lay somewhat lateral to case cent material in the white matter. In the cortex, several
5 (Fig. 1). Case 94 produced a broader distribution of areas contained labeled cells. Areas VLO, LO, and the
cortical labeling (Table 1) that included all of AGm, rostral portions of AGm and AGl contained labeled cells in
somatic sensory and motor areas AGl, FL, HL, Par 1 and layers II / III and V (Fig. 4A,B). Area AGm remained
Par 2, and visual association areas Oc2M and Oc2L. The labeled throughout its rostrocaudal extent and densely in
pattern of thalamic labeling was nearly identical to case 5 cAGm, though layer V was no longer labeled caudal to the
(Table 1). level of the ac. Labeled cells in area AGl were seen only

until the level of the ac. Label was observed in area Cg at
the level of the ac and continued to its caudal boundary.

3 .2.2. Case 93: rostral DCS Areas HL, PPC, Oc2M, Par 1, Par 2, and PRh all contained
The injection site in case 93 was centered at the level of labeled cells in layer V throughout their rostrocaudal

the genu and represents a more rostral injection than case extents (Fig. 4C,D). In the thalamus, nuclei AV, VL, VM,
5, but one that is also centered in DCS. The center of the the intralaminar nuclei (CM, PC, CL), MD, PF, and rostral
injection was located 1.1 mm ventral to the white matter. LP all contained labeled cells (Fig. 4E–G).
The injection was oval shaped and spanned a distance of The injection in case 6 partially overlaps that of case
1.1 mm in the dorsoventral plane, 0.7 mm in the mediola- 105 throughout most of its extent, but is centered more
teral plane, and 1 mm in the rostrocaudal plane. There was ventrally (Fig. 1; compare panels D and G). Cortical
a very faint fluorescent track visible along the trajectory labeling included many of the same areas as in case 105,
the pipette followed through AGl. Contralateral AGl but AGm was labeled more intensely in rostral portions
contained no labeled cells. No fluorescence was evident in and somatic sensorimotor labeling did not include area HL.
the white matter. Multiple cortical areas were labeled by Thalamic labeling was very similar to case 105 with the
the striatal injection. Labeled cells were evident in layers addition of labeling in LD (Table 1).
II / III and V of rAGm (Fig. 3A,B). Label in layer V of Case 104 had an injection site located just medial to that
AGm became sparser caudally and was limited to layer of case 105 (Fig. 1). It also extended more rostrally than
II / III by the level of the anterior commissure. The labeling case 105. These two injections overlap partially in the
in layer II / III of area AGm also became less intense middle of their a–p ranges. The pattern of cortical labeling
caudal to the anterior commissure, but remained faintly for case 104 is similar to the pattern seen in case 105, with
visible throughout cAGm. Label was present in layer V of the addition of labeling in areas FL, Par 2, and Oc2L, and
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Fig. 2. Distribution of labeled cells in case 5, an injection in central DCS, depicted on selected coronal sections through the cerebral cortex (A–C) and
thalamus (D–F).
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Fig. 3. Distribution of labeled cells in case 93, an injection in rostral DCS, depicted on selected coronal sections through the cerebral cortex (A–D)and
thalamus (E–G).
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Fig. 4. Distribution of labeled cells in case 105, an injection in caudal DCS, depicted on selected coronal sections through the cerebral cortex (A–D)and
thalamus (E–G).

a lack of labeled cells in RSA. Thalamic labeling differed 3 .2.4. Case 45: dorsal DCS
from case 105 in the addition of LD, VPL, and VPM The injection site in case 45 was centered at the level of
(Table 1). the anterior commissure and extended caudally to the level
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of the fimbria (Fig. 1). The injection was spherical in regard to the cortex it is notable that all injections
shape and measured 0.5 mm in diameter. The dorsal border produced labeled cells in areas AGm, PPC, orbital cortex,
of the injection lay against the ventral border of the white and Oc2M. No other cortical areas were labeled with this
matter. Therefore, this case represents a dorsal injection degree of consistency. The pattern of labeling in AGm was
with respect to the boundaries of DCS. A moderate correlated with the location of the injection in DCS. Most
fluorescent track outlining the path of the pipette could be of our injections had a longer rostrocaudal than dorsoventr-
seen in all layers of area FL immediately above the center al extent and produced at least some labeling across the
of the injection. Contralateral FL was not labeled, indicat- full rostrocaudal extent of areas AGm and PPC. However,
ing that the track did not cause a change in the labeling injections centered rostrally in DCS (cases 5, 15, 93, 94)
pattern of the striatal injection. Because of the location of tended to produce their most robust labeling in rAGm,
the injection site, a slight amount of fluorescence was whereas injections located in caudal DCS (104, 105)
visible in the white matter. In the cortex label could be exhibited sparser labeling in rAGm. One important excep-
seen in areas AGm, AGl, PPC, Oc2M, Oc2L, Par 1, Par 2, tion is case 6, which had an injection located more
MO, VLO, LO, Cg, FL, HL, and PRh. Throughout its ventrally in caudal DCS than cases 104 and 105, and
extent area AGm was labeled most densely in layers II / III, exhibited only slight labeling in cAGm. Area PPC and
with infrequent labeling in layer V. Fluorescence was visual association cortical areas Oc2M and Oc2L were
strongest within 1 mm of the ac (Fig. 5A,B). Labeled cells labeled most densely in cases with injections on the dorsal
in layer V of area AGl could be seen from the level of the border of DCS (cases 45, 52, 76, 84) and those placed
anterior commissure through the caudal border of AGl. caudally in DCS (104, 105). A rostrocaudal pattern of
Area PPC contained numerous labeled cells in layer V topography was also noticeable to a lesser degree in area
throughout its extent (Fig. 5C). Label in layer V of areas AGl.
Oc2M and Oc2L began at their rostral pole and continued In the thalamus, the nuclei with the most evident
caudally through the remaining sections (Fig. 5D). Area topographical relationship with striatum were LD and LP.
Par 1 contained lightly labeled cells in layer V only (Fig. Labeled cells were found in LD and LP only in cases with
5C,D). Perirhinal cortex contained labeled cells in layer V injections in dorsal portions of DCS.
only. In the thalamus, nuclei AV, AD, VL, LD, medial LP,
the intralaminar nuclei (CM, PC, CL), and PF contained
labeled cells throughout their extent. Thalamic nucleus
MD was labeled more strongly rostrally (Fig. 5E–G). 4 . Discussion

Case 52 had an injection site that overlapped that of case
45 from the level of the ac to the level of the fimbria, but Two important findings of the present study are the
extended more caudally (Fig. 1). Cortical labeling differed identification of cortical areas that project to DCS, and the
from case 45 by being sparse in rAGm, absent in MO, and discovery of a high degree of overlap in the projections
present in areas RSA and RSG. In the thalamus the from AGm and PPC. Also of significance is the finding
distribution was identical to case 45, with the addition of that the thalamic nuclei projecting to DCS are also those
robust labeling in nuclei VPM and VPL (Table 1). that project to the cortical areas that provide input to DCS.

Case 84 had an injection site located lateral to both Finally, there is evidence of some topography within DCS.
cases 45 and 52, and mostly caudal to case 45 (Fig. 1).
Cortical labeling was similar to case 45 with the addition
of labeled cells in RSA and RSG, and an absence of label4 .1. Corticostriatal connections
in HL. The thalamic pattern was the same as case 45
(Table 1, Fig. 6D). Many cortical areas have some projections to DCS, but

Case 76 (Fig. 6B) involved a large injection that was the most frequent contributors are areas AGm, AGl, PPC,
dorsally located, but did not overlap with the more caudal VLO, LO, and Oc2M. The projections from AGm and
dorsal injections represented by cases 45, 52 and 84. It did other frontal cortical areas to the striatum are arranged
overlap significantly with several rostral injections includ- along rostrocaudal and mediolateral gradients [4,7,17,38],
ing cases 5, 15, 93, 94 and 104. Cortical labeling was and the rostrocaudal topography that we observed in the
extensive, but excluded Par 1 and Par 2 (Table 1). The present study with regard to the projections from AGm is
thalamic labeling pattern was similar to the other dorsal consistent with these previous reports. There is also
cases presented above (Table 1). evidence of dorsoventral topography with respect to the

labeling pattern in AGm. The injection in case 6 was the
most ventral in our sample, and produced very little

3 .3. Topography labeling in cAGm. This is consistent with the fact that
cAGm projects to a more dorsal region within caudal DCS

From the cases presented above it was possible to [38].
discern some topographic patterns of connectivity. With Evidence for spatial overlap in the terminal fields of
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Fig. 5. Distribution of labeled cells in case 45, depicted on selected coronal sections through the cerebral cortex (A–D) and thalamus (E–G).

axons projecting from AGm and PPC to the striatum was AGm, confirming the previous anterograde findings based
noted previously [38,40]. In the present cases, all in- on single injections in different brains. This finding is in
jections produced some degree of labeling in both PPC and itself suggestive of a potential relationship between in-
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Fig. 6. Fluorescent photomicrographs of representative sections from select cases. (A) The Diamidino Yellow (DY) injection site in case 105 at the level of
the septum. (B) Retrograde labeled cells in cortical area AGm, case 76. (C) The Fast Blue (FB) injection site in case 15 at the level of the genu. (D)
Retrograde labeled cells in the thalamus, case 45.

formation coming from AGm and PPC into DCS, and true overlap, and that convergence occurs even among
relates to functional studies demonstrating that AGm and projections from cortical areas that are not themselves
PPC are parts of an interconnected network mediating interconnected. In rodent somatic sensory striatum there is
spatial processing and directed attention [11]. This network significant true overlap in addition to interdigitation in the
also includes orbital cortex and Oc2M, the final two case of projections from cortical barrels representing the
regions labeled in every brain. same whisker row [3]. It is possible that AGm, PPC, and

The present retrograde findings demonstrating conver- VLO each project to a discrete territory within DCS, with
gence in the region of DCS of inputs from AGm, PPC and little or no overlap. Alternatively, there may be conver-
orbital cortex at the light microscopic level are suggestive gence onto single striatal neuron dendritic trees [53]. These
of a possible interaction among these inputs. In primates, issues are discussed in more detail in a companion study
Yeterian and Van Hoesen [54] first demonstrated con- [42], in which we found that dense patches of segregated
vergent striatal projections from distant cortical areas and labeling from AGm and PPC are interspersed with less
related this to the corticocortical connectivity between dense patches of overlapping label in DCS.
these areas. A later study by Selemon and Goldman-Rakic The convergence in DCS of input from AGm and PPC
[43] showed that most convergence of this kind actually is also interesting because of behavioral and pharmaco-
consists of zones of interdigitating projections rather than logical data implicating DCS as a critical site necessary for
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normal directed attention and spatial processing, and raphy of cortical projections to DCS is limited. The
recovery from deficits induced by cortical lesions [46,47]. observed rostrocaudal expansion of our injections could be
The cannula placements in these studies tended to involve due to diffusion along corticostriatal axons, which are
the dorsal portion of DCS between the levels of the septum known to traverse long distances in the striatum, synapsing
and ac, exactly that territory implicated by the present on striatal neurons at varying rostrocaudal levels [25].
findings as the AGm–PPC overlap zone. Selemon and Goldman-Rakic [43] demonstrated that some

In the present study visual association areas Oc2m and cortical areas project axons that traverse the entire ros-
Oc2L were consistently labeled most densely with dorsal trocaudal extent of the primate caudate nucleus. Diffusion
and caudal injections, and this is consistent with the of this type presents a unique problem for discrete retro-
topography defined by others [32,33]. We found no label- grade analyses in DCS and should be addressed in future
ing in area Oc1, which projects to a circumscribed region studies.
of dorsomedial striatum bordering the lateral ventricle Similarly, the placement of a tracer in the rat striatum
[32], outside the territory we injected. These authors noted raises the possibility of uptake not only by the axons of
that areas Oc2M and Oc2L project not only to this interest but also those fibers that are only passing through
dorsomedial sector but also to the more deeply located the striatum to form terminals elsewhere in the CNS. This
territory encompassed by our injections, which is con- is known to occur with retrograde fluorescent tracers [10].
sistent with our findings. However, the coordinated pattern of thalamic and cortical

Several other cortical areas labeled by injections in DCS labeling we observed suggests uptake by axon terminals,
have their densest corticostriatal terminations outside of because it seems unlikely that interconnected cortical and
DCS. Physiologically identified motor areas for the thalamic regions would be consistently labeled via uptake
forelimb and hindlimb project in a banded pattern to the by fibers of passage. Rather, it would appear more
dorsolateral striatum, but the less dense medial portions of parsimonious to suggest that the axons from such linked
their projection fields appear to be located on the lateral cortical and thalamic regions terminate in the same striatal
margin of DCS [17]. The physiologically identified vib- territory. Ultimate resolution of this question will depend
rissal-eyefield area located in AGm projects in a topog- on double anterograde tracing.
raphic manner to DCS and a dorsolateral shell [17].
Somatic sensory areas also project most densely to the
dorsolateral striatum in banded patterns [8,23], but in each 4 .2. Thalamostriatal projections
case the medial-most band is located within DCS between
the levels of the genu and ac [8]. The focal size of these The pattern of thalamic projections to DCS bears a
medial bands together with individual variation may striking resemblance to the thalamic projections to those
explain the variability we observed in labeling of somatic cortical areas that provide input to DCS. The rostral
sensory areas. Orbital and cingulate cortical areas project portion of area AGm receives thalamic input from lateral
to territories along the ventral and medial borders of DCS MD,VL,VM and the intralaminar nuclei, whereas inputs to
and appear to have their densest terminations outside of caudal AGm emphasize VL, LD, LP and Po [22,38,41]. In
DCS [4,7]. the present study we found that with the exception of Po

Some discrepancies observed in the present study may and the addition of the parafascicular nucleus, these same
relate to the focal, distributed nature of corticostriatal axon thalamic nuclei project to DCS. It is known that single
arborizations [2,13,27,28,31] and their potential for vari- neurons of the central lateral nucleus project to both the
ability across individuals. Cases 15 and 93 appeared to striatum and cortex [16], and if this is also an attribute of
occupy virtually overlapping regions, but there was more the projections of the other thalamic nuclei projecting to
widespread cortical labeling in case 93. Likewise, the DCS it could underlie the registration observed. Antero-
dorsal cases 45, 84, and 76 exhibited labeled cells in grade tracing has demonstrated that the intralaminar nuclei
orbital area MO; case 52 is also a dorsal injection, but did (CM, PC, CL) have dense projections to the dorsal
not produce labeling in MO. striatum [5,6]. Although their terminal fields are generally

The laminar distribution of labeled cortical neurons located medially (CM), centrally (PC) and laterally (CL),
varied across cortical areas and within AGm. Labeled they overlap to some extent in the dorsocentral striatum,
neurons were present in layers II / III and V in AGm and especially rostral to the level of the ac. This may explain
AGl, but only in layer V of the other cortical areas. Within why all three nuclei were labeled in all of our cases.
AGm it was common to find only layers II / III labeled We found evidence of topography in the thalamic
caudal to the level of the ac, as described for cases 93, 105 projections to DCS from LD and LP, and the observed
and 45. Wilson [52] also reported labeling in layers II / III pattern is consistent with the known organization of
and V within ipsilateral AGm, and labeling restricted to thalamocortical projections involving these nuclei and the
layer V in somatic sensory cortex following injection of a topography of corticostriatal projections from their cortical
retrograde tracer into the striatum. targets. Injections in dorsal DCS consistently labeled

Due to the long rostrocaudal extent of our injections, our thalamic nuclei LD and LP. Together with the fact that LD
ability to make statements about highly discrete topog- and LP project to cAGm [38], this topography suggests



J.L. Cheatwood et al. / Brain Research 968 (2003) 1–14 13

that dorsal DCS is preferentially related to cAGm. Con- Trinity, who produced most of the graphic illustrations.
sistent with this claim, corticostriatal projections from Thanks also to Maggie Stoll for histological processing,
cAGm project most densely to dorsal DCS [38]. Thalamic and Sean Kearns and Tim Vaught for their technical
nuclei LD and LP also project to cortical areas PPC and contributions. College of Veterinary Medicine Sponsored
Oc2M [40], which are densely connected with cAGm Journal Series No. 617.
rather than rAGm [39,40]. Finally, cortical input to dorsal
DCS is densest from areas PPC and Oc2M (present study
and unpublished anterograde observations). Thus, dorsal
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