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ABSTRACT
To determine the organization of visual inputs and outputs of the striatum, we placed
multiple retrograde and anterograde tracers into physiologically identified portions of the
striatum known to receive inputs from visual cortex in seven macaques. The injection sites
included the tail and genu of the caudate nucleus (14 cases), the head of the caudate (1 case),
and the ventral putamen (3 cases). Retrogradely labeled cells were located predominantly in
layer 5 of the ipsilateral cortex but were also found in layers 3 and 6. After caudate injections,
labeled cells were found both in large, nearly continuous regions of cortex topographically
related to the site of the injection, and in several smaller cortical regions that were
discontinuous and common to many or all of the injection sites. The continuously labeled
regions included nearly all known visual cortical areas, except for the striate cortex. After
injections in the rostral tail, the continuously labeled region included the rostral portion of
Bonin and Bailey’s (Urbana: University of Illinois Press, ’47) area TE and adjacent portions of
TF, TH, TG, and, occasionally, area 35 (Brodmann, Leipzig: J. A. Barth, ’09). After injections
into the posterior tail and ventral genu, the labeled region shifted posteriorly in TE and TF, and
into TEO and the ventral parts of prestriate areas V4, V3, and (sparsely) V2. As the injection
site was advanced into the dorsal genu, the labeled region shifted dorsally toward the parietal
lobe, including prestriate areas MT and PO, parietal area PG (Brodmann’s area 7), the ventral
and lateral intraparietal sulcal areas (VIP and LIP, respectively), and area PE and adjacent area
LC (Brodmann’s areas 5 and 23, respectively). The discontinuous areas labeled by many
different injections included the principal sulcusifrontal eye field region, the anterior cingulate
cortex, and the superior temporal polysensory area. Thus, whereas temporal, occipital, and
parietal visual cortical areas project into the caudate largely according to proximity, certain
multimodal cortical areas seem to have a much wider projection.
To determine whether visual cortical areas have additional projections to the caudate
beyond the territory of our retrograde injection sites in the tail and genu, 3H-labeled amino
acids were injected into areas TE, V4, and MT in three additional monkeys. The topographic
location of label in the tail and genu of the caudate in these cases was consistent with the results
from injections of retrograde tracers into the caudate. However, in addition to label in the tail,
the TE injection resulted in a separate moderate focus of label in the head of the caudate,
confirmingvan Hoesen et al. (J.Comp. Neurol., ’81,199:205-219).
Both retrograde and anterograde label was found in a number of subcortical sites. Labeled
cells were found in the lateral basal nucleus of the amygdala, the substantia nigra pars
compacta, the ventral tegmental area, and the parafascicular nucleus. The primary sites of
anterograde label were the pars lateralis portion of the substantia nigra pars reticulata (SNr)
and the caudal portions of the internal and external subdivisions of the globus pallidus (GP).
Unlike the topographic arrangement of cortical inputs to the caudate, projections from distant
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portions of the tail and genu appeared to be highly convergent in both the SNr and GP. Because
of the known projections from the lateral SNr to the superior colliculus and from the lateral
SNr and caudal GP indirectly to prefrontal cortex, including the frontal eye field, the striatum
may provide an important link in a visual pathway underlying oculomotor control and visuomotor associations.
Key words: caudate, putamen, visual cortex, globus pallidus, substantia nigra

Although it has been known for at least 25 years that
there are projections from visual cortical areas to the
striatum, the significance of these projections has not been
clear. Recently, however, neurobehavioral studies in monkeys have suggested that visual cortico-striatal connections
may mediate the formation of visuo-motor associations, or
visual “habits” (Mishkin et al., ‘84;Mishkin and Appenzeller, ’87). Further, an oculomotor function for these
connections is suggested by the fact that there is a potential
anatomical pathway from visual cortex through the caudate
to the portion of the substantia nigra that has been shown
to be involved in the visual control of e,ye movements
(Hikosaka and Wurtz, ’83a-d).
The first systematic study of cortical projections to the
caudate in monkeys was by Kemp and Powell (’70) who
used degeneration staining techniques following large cortical lesions. They concluded that cortical projections to the
caudate were largely topographic, determined by the proximity of a given cortical site to a specific portion of the
caudate. Degeneration resulting from lesions of inferior
temporal cortex, or area TE, was confined to the tail of the
caudate and adjacent portions of the putamen. Degenera-

tion from occipital lobe lesions, including striate and prestriate cortex, shifted posteriorly to the posterior tail and genu
of the caudate nucleus and adjacent putamen. Later studies
using anterograde transport of tracers found a more widespread distribution of cortical projections to the caudate.
Van Hoesen and his colleagues described widespread projections to the caudate, with overlapping projections from
mutually interconnected cortical association areas (Yeterian and Van Hoesen, ’78; Van Hoesen et al., ’81).Selemon
and Goldman-Rakic (’85) described longitudinal bands of
termination throughout much of the length of the caudate
arising from frontal, parietal, and temporal cortical injections. Projections from different cortical areas formed
largely nonoverlapping “strips” in the caudate. However,
neither of the latter groups studied projections from visual
areas posterior to area TE.
In the current study, we examined the topography,
organization, and laminar origin of cortical inputs to the
tail and genu of the caudate as well as subsequent outputs
from these regions. To determine the full inputs and
outputs of the tail and genu, we injected them with multiple
retrograde and anterograde tracers. In addition, in a few
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VISUAL CORTICAL INPUTS TO THE STRIATUM
cases we placed injections into the putamen or extrastriate
visual cortex for comparison. Preliminary results have
previously been reported in abstract form (Saint-Cyr et al.,
'87).

MAl'EXtALSANDMETHoDS
Ten rhesus monkeys (Macaca mulatta) weighing 3.5-4.5
kg were used. Most had previously served as normal
controls in behavioral studies. In seven of these monkeys
(cases 1-7), multiple retrograde and anterograde tracers
were injected unilaterally into selected sites in the caudate
nucleus and/or putamen. The retrograde tracers included
the fluorescent dyes fast blue (FB) and diamidino yellow
(DY) as well as wheat germ agglutinin conjugated to
horseradish peroxidase (WGA), while the anterograde tracers included both WGA and tritiated amino acids (AA). In
the remaining three monkeys (cases 8-10), unilateral AA
injections were made into visual cortical areas TE, V4, and
MT, respectively.

Injections in the striatum
In all cases that received striatal injections, except case 7,
the injections were made under electrophysiological control. There were two recording sessions. The first established the sites for the FB, DY, and AA injections; the
second, 5 days later, established the site for the WGA
injection. At least 4 days prior to the first recording session,
a stainless-steel recording chamber and a post for holding
the animal in a stereotaxic machine were implanted under
aseptic conditions. The monkey was initially tranquilized
with ketamine hydrochloride (10 rng/kg I.M.), then anesthetized with pentobarbital (I.V., supplemented as needed),
and treated with atropine sulfate (0.04 mgikg I.M.).
The treatment of the animal in the recording session has
been described in detail elsewhere (Desimone and Gross,
'79). Briefly, the animal was deeply anesthetized with
halothane (2.5%)in a mixture of 70% nitrous oxide and 30%
oxygen, intubated with an endotracheal cannula coated
with xylocaine, and placed on a soft cushion and heating
pad. Its head was held in a stereotaxic machine by the
previously implanted post. The animal was then paralyzed
with pancuronium bromide and maintained under 70%
nitrous oxide and 30% oxygen anesthesia. No surgical or
other potentially painful procedures were conducted during
the recording sessions. The heart rate remained within the
normal range and did not change in response to somatic
stimulation. End-tidal CO, and body temperature were
continuously monitored and maintained within the normal
physiological ranges. The pupils of both eyes were dilated
with cyclopentolate hydrochloride and the corneas covered
with contact lenses selected to focus the eyes on a tangent
screen located 57 cm in front of the animal.
Recording sessions generally lasted 8-12 hours. Varnishcoated tungsten microelectrodes were introduced through a
guide tube using aseptic technique, and "multi-unit'' activity was recorded by conventional means (see Ungerleider
and Desimone, '86a). To place injections into the tail and
genu of the caudate nucleus and the adjacent ventral
putamen, the lateral geniculate nucleus was first localized
and visual receptive fields were mapped using a hand-held
projector. This technique identified the location of the
recording electrode and permitted us to calculate from the
atlases of Olszewski ('52) and Snider and Lee ('61) the
approximate location of our target structures. On occasion,

we were able to drive neurons within the caudate nucleus
with visual stimuli, but this was rare. It was always
possible, however, to distinguish the background cellular
activity in the caudate nucleus from the surrounding white
matter. Sites in the putamen were determined after the tail
of the caudate nucleus was localized. Once the location of
the selected injection site was determined, the guide tube
was advanced to within 1-2 mm ofthe target structure, the
recording electrode was withdrawn, a 26-gauge needle
attached to a 1 pl Hamilton syringe was inserted through
the guide tube to the same depth as the electrode, and the
injection was made.
In each of cases 1-6, we injected 0.25 ~1of FB (2%);1.0 ~1
of DY (4%); 0.15 p1 of AA (100 pCi/pl of an equal parts
mixture of tritiated proline [New England Nuclear
L-(2,3,4,5-3H),specific activity 100-140 Ci/mmoll and tritiated leucine [New England Nuclear L-(3,4,5-'HH"]), specific activity 100-140 Ci/mmoll); and, 5 days later, 0.15 ~1 of
2.5% WGA (Sigma Chemical Co.,St. Louis, MO). All tracers
were injected at a rate of 0.02 ~112minutes, and the syringe
needle and guide tube were left in place for 20 minutes after
each injection to reduce the chance of leakage of label up the
guide tube track. The syringe needle was then withdrawn
into the guide tube, and, finally, the guide tube itself was
withdrawn. Following the final injection of each recording
session, infusion of the paralyzing agent was terminated,
and the animal was returned to its cage after it recovered,
about 2 hours later.
In case 7, we injected 1.0 ~1 of FB (2%) into the head of
the caudate nucleus by directly visualizing the structure.
The animal was prepared for aseptic surgery as described
above, a large bone flap was removed across the midline of
the caivarium, and the dura was incised and reflected to one
side. With the aid of an operating microscope, the corpus
callosum was visualized and then transected, thereby exposing the lateral ventricle and medial portion of the head of
the caudate nucleus. The FB was injected into six closely
spaced sites, each receiving approximately the same volume
of the tracer. During the procedure, a rostral branch of the
anterior cerebral artery required coagulation, which resulted in an infarct restricted to the rostral two thirds of the
cingulate cortex in the left hemisphere. Following the
injection, the dura was sewn, the bone flap replaced, and the
overlying tissue closed in anatomical layers. Dexamethasone phosphate (0.4 mgikg I.M.) was given to minimize
cerebral edema.

Injectionsinvisualcortex
Cases 8-10 had been prepared previously to determine
cortico-cortical connections of visual areas TE, V4, and MT,
respectively. Since the injections in these cases have already
been described in detail (Ungerleider et al., '84; Ungerleider
and Desimone, '86b; Ungerleider et al., '891, they will only
be briefly summarized here. As in cases 1-7, surgery was
performed under aseptic conditions with pentobarbital
anesthesia. In cases 8 and 9, the cortex to be injected was
visualized following removal of the overlying bone. In both
cases, three injections of 0.3 pl of AA were made approximately 2 mm apart; in case 8, the injections were made on
the exposed surface of the second temporal convolution,
while in case 9 they were made along the surface of the
prelunate gyrus. The AA concentration, specific activity,
and rate of injection were the same as described for cases
1-6. Treatment of these animals following the injections
was the same as described for case 7. In case 10, the AA
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injection was made following electrophysiological recording. In this case, a single 0.15 p1 injection WiIS made into the
peripheral visual field representation of area MT. The
specific activity and rate of injection were the same as in the
other cases, but the AA concentration was 50 pCi/pl rather
than 100 pCi/pl. Treatment of the animal following the
injection was the same as described for cases 1-6.

Histologidprocessinff
In cases 1-7, 7 days after the FB, DY, and AA injections
he., in cases 1-6, 2 days after the WGA injection), the
animals were deeply anesthetized with pentobarbital and
perfused transcardially with 0.9% saline (500 ml) followed
by 3% paraformaldehyde in 0.1 M phosphate buffer (pH 7.2,
3,000 ml), and then by 5% glycerol in phosphate buffer
(1,000 ml). The brains were then blocked stereotaxically,
removed from the skull, photographed, and stored overnight in 10%glycerol in phosphate buffer at 4°C. After 24
hours, the brains were put in 20% glycerol in phosphate
buffer and placed on a shaker at 4°C for 4 days. They were
then stored in 2-methyl butane (95%) at -70°C until they
were cut (see Rosene et al., '86).
Frozen sections in cases 1-7 were cut in the coronal plane
at 50 pm. Every fifth section was examined for the presence
of retrogradely labeled fluorescent cells. These sections
were mounted directly from .45% saline as the brain was
cut, dried at 37"C, and stored without coverslips at 4°C in
light-tight boxes. An adjacent series of sections, also spaced
250 pm apart, was processed for autoradiography according
to the procedures of Cowan et al. ('72). These sections were
stored in 4% paraformaldehyde in 0.1 M phosphate buffer,
subsequently mounted onto gelatinized slides, dried at
37"C, defatted, dipped in Kodak NTB2 emulsion, and
exposed at 4°C for 12 weeks. The sections were then
developed in Kodak D19, fixed, and counterstained with
thionin. Finally, a third series of sections, also spaced 250
km apart, was processed for WGA histochemistry. These
sections were stored overnight at -30°C in a solution
containing 0.1 M phosphate buffer and 30% ethylene glycol,
and then reacted the following day with tetramethyl benzidine according to the Gibson et al. ('84) modification of the
Mesulam ('78) protocol. Every fourth reacted section was
dehydrated, counterstained with thionin, and coverslipped,
whereas the remainder were simply dehydrated and coverslipped.
The histological processing €or cases 8-10 has been
described in detail previously (Ungerleider and Desimone,
'86b; Ungerleider et al., '89). The processing in these cases
was similar to that in cases 1-7 with the following exceptions, In cases 8 and 9, the perfusate contained 4% rather
than 3% paraformaldehyde, and the brains were post-fixed
in 20% glycerol in 4% paraformaldehyde. In case 10, the
survival period after the AA injection was 6 rather than 7
days, the perfusate was 10% formol-saline, and the brain
was post-fixed in 30% sucrose in 10% formol-saline until it
sank. The autoradiographic processing of these cases was
identical to that described above.

and Desimone, '86a; also see Van Essen and Maunsell, '80).
Cortical areas were defined according to the nomenclature
of Bonin and Bailey ('47; see Fig. 1)and of Brodmann ('09),
where appropriate. Visual areas were defined according to
Ungerleider and Desimone ('86b; see Fig. 2 ) . Subcortical
structures were defined after Francois et al. ('85) for the
substantia nigra and after Snider and Lee ('61) and Olszewski ('52) for the diencephalon and mesencephalon.

RESULTS
Retrograde labelingof cortex after
striataliqjections
Sixteen injections of retrograde tracers were made in six
cases (cases 1-5 and 7). Four of the injections contaminated
adjacent structures, particularly the lateral geniculate nucleus, and the data from these injections were discarded. Of
the remaining injections of retrograde tracers, a total of ten
were placed in the tail and genu of the caudate nucleus, one
was placed in the head of the caudate nucleus, and one was
placed in the ventral portion of the putamen. The locations
of these twelve injection sites are illustrated in Figure 3.
Examples of injection sites and labeled cortical cells are
illustrated in Figure 4.
Labeled cells were located predominantly in layer 5 of the
ipsilateral cortex, with moderate numbers of labeled cells in
layer 3 and occasional cells in layer 6. Figure 4B shows an

Data analysis and nomenclatum
For the purpose of analysis, the locations of concentrations of FB-positive, DY-positive, and WGA-positive cells,
as well as silver grains, were charted onto enlarged photographs of thionin-stained sections. Cortical data were subsequently transferred onto unfolded two-dimensional reconstructions of the cortex, as previously described (Ungerleider

Fig. 1. Cytoarchitecturally defined cortical areas (Bonin and Bailey,
'47) shown on lateral (top) and medial (bottom) views of the macaque
brain.
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Fig. 2. Some of the known visual and polysensory cortical areas in
the occipital, parietal, and temporal lobes of the macaque (adapted from
Ungerleider and Desimone, ’86b). Bottom: Areas are shown on a
two-dimensional unfolded cortical map. Heavy lines indicate the boundaries of sulci. Thin line around the perimenter of the map indicates
where the map was “cut” from the rest of the cortex. Dashed lines on
the perimeter indicate boundaries between isocortex and allocortex.
Striate cortex is not shown. The cortex included in the map is indicated
by the shaded region on the lateral view of the macaque brain at upper
left. Sulci (shaded) and sulcal labels are shown on the small map at
upper right.

example of WGA-positive cells located almost exclusively in
layer 5 , whereas Figure 4D shows an example of scattered
FB-positive pyramidal cells located in layer 3, and a denser
accumulation of cells in layer 5 and the top of layer 6. The
labeled cells in layer 3 tended to be in regions located within
the center of the most densely labeled cortical fields. The
distribution of labeled cells in the contralateral hemisphere
was generally restricted to the same fields as those most
densely labeled ipsilaterally. The laminar distribution in
the contralateral hemisphere was the same as that found
ipsilaterally .
For each injection, the pattern of cortical labeling was
comparable in that there was generally a large, nearly
continuously labeled cortical field topographically related to
the site of the injection, and several smaller labeled cortical
fields that were discontinuous and common to many or all
of the injection sites. The location of the large, continuously
labeled region appeared to be determined by proximity to
the location of the injection site in the caudate nucleus.
Thus, following injections of the rostral tail of the caudate,
the major labeled cortical field involved rostral inferior
temporal area TE and adjacent portions of areas TF, TH,

Fig. 3. Injection sites of retrograde tracers in the striatum shown on
lateral (top) and dorsal (bottom) reconstructions of the caudate (solid
line) and putamen (dashed line). For clarity, the putamen is omitted
from the dorsal view and incomplete at the level of the head of the
caudate in the lateral view. Injection sites are identified by case number
and tracer used.

TG, and a portion of Brodmann’s area 35 in the rhinal
sulcus, whereas for injections placed in more caudal portions of the tail, the labeled cortical region shifted to
posterior portions of areas TE and TF, and into area TEO.
As injections progressed yet more posteriorly into the genu
of the caudate, the labeled region correspondingly shifted
posteriorly into cortical areas V4, V3, and more sparsely
into V2. As the injection site advanced into the dorsal genu,
the labeled cortex shifted into dorsal prestriate areas MT
and PO (the middle temporal and parieto-occipital areas,
respectively; see Allman and G a s , ’71; Colby et al., ’881,
and progressively through parietal areas, including areas
PG (Brodmann’s area 7), the ventral and lateral intraparieta1 sulcal areas (VIP and LIP, respectively; see Maunsell
and Van Essen, ’83; Andersen et al., ’85),and finally into
area PE and adjacent area LC (Brodmann’sareas 5 and 23,
respectively). In contrast to the continuous regions of
cortical labeling, the discontinuous regions, which were
commonly involved in most cases, did not follow the pattern
determined by proximity. These areas included the posterior principal sulcusifrontal eye field region, area LA (Brodmann’s area 24) in the anterior cingulate gyms, the superior temporal sulcus (typically the polysensory area in the
upper bank), and, in only a few cases, the subcallosal area
FL (Brodmann’s area 25). The distribution of cortical

134

J.A. SAINT-CYR ET AL.

I
II

IV

V

VI

WM

Figure 4

VISUAL CORTICAL INPUTS TO THE STRIATUM

135

even in the best cases, and the DY injections generally
resulted in the least dense cortical labeling. In this connection, it is important to note that FB placed into a site
overlapping with the DY injection in this same case (see Fig.
3) resulted in frontal lobe labeling in regions similar to
those observed in case 1-WGA,namely, the anterior cingulate gyrus (Bonin and Bailey’s area LA or Brodmann’s area
24) and the caudal portion of the principal sulcus (area FD).
An additional patch of frontal lobe label in case 1-FB was
located in subcallosal area FL (Brodmann’sarea 25).
In case 2, the FB injection was in the ventral portion of
the genu of the caudate, as illustrated in Figure 7A. The
labeled cortical field in this case involved area TEO and
extended back into the inferior occipital, occipitotemporal,
and collateral sulci within cytoarchitectonic area OA (see
Fig. 7A and 7B). The labeled region in OA was very broad,
covering the territory of areas V2, V ~ Vand
, ventral V4,
although the labeling in V2, in the posterior bank of the
inferior occipital sulcus, was very sparse. Dorsally, the
labeled region extended into both banks of the superior
temporal sulcus. We estimate that the label in the superior
temporal sulcus included area FST, named for its location
in the fundus of that sulcus (see Ungerleider and Desimone,
’86b), as well as area STP in the upper bank. Cells were
heaviest in layer 5, but there was also a moderate number
in layer 3 (Fig. 7A, section 163). This case, like cases 1-WGA
and 1-FB,also showed additional patches of label within the
frontal lobe. Regions that were labeled once again included
area LA (Brodmann’s area 24) in the anterior cingulate
gyrus, area FD (just ventral to the posterior tip of the
principal sulcus), and subcallosal area FL (Brodmann’s
area 25). This case also showed moderate labeling in and
around the rhinal sulcus as well as small clusters of labeled
cells on the lateral banks of the intraparietal and caudal
superior temporal sulci. Within all these regions separate
from the continuously labeled zone, only layer 5 cells were
labeled.
In case 5 (cortical data not illustrated), the DY injection
site (see Fig. 3) overlapped the FB site in case 2, and, within
the ventral occipitotemporal cortex, the distribution of
labeled cells in the two cases was virtually identical. Unlike
case 2, however, case 5 showed no DY-labeled cells in the
frontal lobe, just like the absence of DY cells described
above for case 1.
In case 3, the FB injection was placed in the dorsal genu
of the caudate (Fig. 8A) and resulted in extensive labeling in
dorsal area OA, probably including the dorsal portion of
area V4 on the prelunate gyrus, as well as in parietal areas
PG, PE, and PF, including both banks of the intraparietal
sulcus (see Fig. 8A and 8B). The labeled region extended
rostrally into the posterior portion of area TA, including the
upper bank and floor of the superior temporal sulcus, the
superior temporal gyrus, and the depth of the lateral
Fig. 4. Photomicrographs showing examples of injection sites and
sulcus. The labeled region within the superior temporal
retrogradely labeled cortical cells. All photographs are from sections cut
sulcus appeared to involve area MT caudally and, more
in the coronal plane. A: WGA injection site in the tail of the caudate anteriorly, areas FST and MST, located a t the fundus and
nucleus in case 1-WGA. Labeled fibers and terminals can be seen in the
ventral globus pallidus (GPe, GPi). Brightfield illumination. Calibra- in the medial bank of the sulcus, respectively (Ungerleider
tion bar = 1 mm. B: Retrogradely labeled cortical cells resulting from and Desimone, ’86b). The labeled region also extended
injection shown in A. Most labeled cells are located in layer 5, with a few medially from the intraparietal sulcus through parietal
in layers 3 and 6 . Darkfield illumination. Calibration bar = 200 km. C: area PE into posterior cingulate area LC (Brodmann’s area
FB injection site in the tail of the caudate in case 1-FB. Fluorescent
23) and the most medial portion of area OA (probably
illumination. For clarity, a dashed line indicates the edge of the tissue
including
visual area PO; Colby et al., ’88). On the medial
and the tail of the caudate. Calibration bar = 1 mm. D: Retrogradely
labeled cortical cells resulting from injection shown in C. Cells are surface of the hemisphere, the posterior limit of the continlocated mainly in layer 5 but also in 3 and 6. Fluorescent illumination. uously labeled region was the medial parieto-occipital sulCalibration bar = 100 km.
cus, the medial limit was the calcarine fissure, and the

labeling following an injection in the ventrocaudal putamen
corresponded closely to that obtained following injections in
the adjacent portion of the caudate.
Seven injections from five cases have been selected to
illustrate these labeling patterns in detail, Only the ipsilatera1 data will be described and illustrated. The WGA
injection in case 1was in the rostral portion of the tail of the
caudate, as shown in Figure 5A, and the distribution of
retrogradely labeled cortical cells is shown on selected cross
sections and surface views of the hemisphere in that figure
and on a flattened map of the cortex in Figure 5B. On the
lateral aspect of the temporal lobe, labeled cells were mainly
in area TE, extending from the anterior middle temporal
sulcus to the posterior middle temporal sulcus, with an
additional small cluster in the lower bank of the superior
temporal sulcus. On the medial aspect of the temporal lobe,
the labeled region encroached on area TF. Within these
temporal fields, labeled cells were located in both layers 3
and 5 but were mainly in 5 (see Fig. 5A, section 138). In
addition to the temporal cortex, three regions within the
frontal lobe contained labeled cells. The most prominent of
these was the anterior cingulate gyrus (LA of Bonin and
Bailey or area 24 of Brodmann). The other two labeled
regions involved areas FD and FC in the vicinity of the
principal sulcus as well as cortex within the lateral and
medial orbital sulci. Both of these latter regions contained
only small clusters of cells. In all these frontal lobe regions,
the labeled cells were limited to layer 5.
A small DY injection in the same case was situated more
posteriorly in the tail of the caudate. The location of the
injection site is illustrated in Figure 6A, and the resulting
distribution of labeled cells is shown in Figure 6A and 6B.
Compared to the temporal lobe results from the more
rostral injection, the labeled region in this instance shifted
posteriorly to include the caudal portion of area TE, area
TEO, and even a small portion of area V4 within the
inferior occipital sulcus. The labeled region also extended
dorsally into both banks of the superior temporal sulcus
and almost certainly involved the superior temporal polysensory area (STP) in the dorsal bank (Desimone and Gross,
’79; Bruce et al., ’81). Medially, cells were mainly in areas
TF and OA, just rostral to the anterior tip of the collateral
sulcus. Again, although there was a preponderance of
labeled cells in layer 5, occasional clusters were also seen in
layer 3 (Fig. 6A, sections 186 and 154). Unlike the results
from the more rostral injection of WGA in this case, there
were no DY-labeled cells in the frontal lobe. This absence of
label might have been due to either the smaller size of the
injection, the location of the injection more laterally in the
tail, or the fact that the frontal labeling was typically light
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Fig. 5. Distribution of retrogradely labeled cortical cells following
injection of wheat germ agglutinin conjugated to horseradish peroxidase (WGA) into the rostra1 tail of the caudate nuclcus. A, top left:
Injection site shown on lateral and dorsal reconstructions of the
caudate. A, top right: Distribution of labeled cells (stippling) shown on
lateral and medial views of the hemisphere. Arrows delimit the location
of labeled cells within the sulci. Closely spaced, double arrows indicate
sulcal labeling in one section only. A, bottom: Cells (dots) shown on

representative sections. Injection site is shown in section 138. B:
Distribution of cells (stippling) shown on unfolded map of the cortex.
All of the isocortex is included in the map, except for striate cortex. Thin
dashed lines indicate the bottoms of sulci. Dash-dot lines and doubleheaded arrows indicate where the cortex was “cut” in order to flatten it.
Thin solid lines within the map indicate the three cross sections
illustrated in A.

dorsal limit was the cingulate sulcus, all of which contained
labeled cells. Distal to the continuously labeled region in
this case, there were numerous clusters of labeled cells.
Within the temporal lobe, these clusters were located in
area TE laterally and in area TF medially. Within the
frontal lobe, clusters of cells were located in anterior
cingulate area LA (Brodmann’s area 241, area FD (within

the arcuate and posterior portion of the principal sulci),
and, sparsely, areas FB and FC dorsomedial to the arcuate
sulcus. Again, labeling was mainly in layer 5 but not
uncommon in layer 3 (see cross sections in Fig. 8A).
Two other injection sites in the dorsal genu of the caudate
closely resembled the site injected with FB in case 3 (see
Fig. 31. One site, injected with WGA in case 2, overlapped
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but was larger than the region injected with FB in case 3.
The other site, injected with DY in case 3, was somewhat
posterior to the FB injection site in that case. The distribution of cortical label that resulted from these two injections
(not illustrated) closely resembled the distribution of FBlabeled cells found in case 3, the main differences being: 1)
the continuously labeled region (i.e., areas OA, PG, PF, PE,
and LC) was less intensely labeled with WGA and DY than

with FB; 2) there were no DY-labeled cells in the frontal
lobe; and 3 ) there were no WGA-labeled cells in the
temporal lobe. In all other respects, however, the results
from the three injections were virtually identical.
The most rostra1 caudate injection was of FB into the
medial wall of the head (case 7; Fig. 9). In contrast to the
injections in the body and tail, the frontal labeling in this
case was dense and extensive. A continuous field of labeling,
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Fig. 6. Distribution of retrogradely labeled cort.ica1 cells following
injection of diamidino yellow (DY) into the mid-tail of the caudate.
Dashed line on cross sections in this and following figures indicates

striate cortex. Injection site is shown in section 154. For other
conventions, see Figure 5.

involving areas FD and FL, extended ventromedially from
the dorsal bank of the principal sulcus to include both
orbital and subcallosal cortex. Caudally, this labeled field
extended through the lower bank of the lateral sulcus and
continued into both area TG at the temporal pole and area
TA on the superior temporal gyrus and upper bank of the
superior temporal sulcus. The labeled cortex on the upper
bank of the superior temporal sulcus included area STP. On
the dorsomedial wall of the hemisphere, the labeled field
involved the rostra1 cingulate cortex (Bonin and Bailey's

area LA or Brodmann's area 24) and adjacent frontal pole
(area FD), as far as could be determined given the infarct
within and surrounding the cingulate sulcus. Additional
patches of label in this case were found medial to the
occipitotemporal sulcus in temporal lobe areas TF and TH.
The last case to be presented in this series is one in which
injections of DY and FB were made in the tail of the caudate
and the adjacent ventral putamen, respectively (Fig. 10).As
shown in the unfolded cortical maps, the distribution of
labeled cells was remarkably similar for the two injections.
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Figure 6B

In both instances, the continuous field of labeling extended
from area TA on the rostral portion of the superior
temporal gyrus, through both banks of the superior temporal sulcus, and into inferior temporal area TE. The main
difference between the two distributions of label was that
the more dorsally placed injection (FB in the putamen)
resulted in a larger labeled region in the lateral sulcus,
whereas the more ventrally placed injection (DY in the

caudate) resulted in a larger labeled region within area TE
and extended into both areas TF and TH. Both injections
resulted in islands of labeled cells in rostral cingulate area
LA (Brodmann's area 24) and orbitofrontal cortex. Finally,
small islands of labeled cells were seen in the posterior
parietal and lateral prefrontal cortices after the putamen
injection, and posteriorly in the superior temporal sulcus
after the caudate injection.
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Fig. 7. Distribution of retrogradely labeled cortical cells following
injection of fast blue (FBI into the caudal tail of the caudate. Thick line
shown on lateral and medial views of the hemisphere on the top of A

indicate the rostra1 limit of cortex included on the unfolded map in B.
Injection site is shown in section 163. For other conventions, see Figure
5.

Antemgradelabeling of the striatum after
corticalinjections

was immediately adjacent to the labeled region in the tail of
the caudate (Fig. 11A).The V4 injection yielded discontinuous patches of labeling throughout the genu of the caudate
and in the adjacent caudal pole of the putamen (Fig. 11B).
Finally, the MT injection, which was very small, produced
only two small islands of anterograde label in the dorsal
genu of the caudate and one in the adjacent dorsocaudal
putamen (Fig. 11C).
The results from these anterograde cases thus confirmed
the general organization of visual cortico-striatal projections revealed by the retrograde cases. Projections to the
tail and genu of the caudate, and to the putamen apparently

In order to visualize the termination pattern in the
striatum arising from specific visual cortical areas, injections of tritiated amino acids were made in areas TE (case
8 ) , V4 (case 9), and MT (case lo), as shown in Figure 11.
The TE injection resulted in a longitudinal distribution of
anterograde label in the lateral aspect of the tail of the
caudate and a few additional patches of label in the
posterior portion of the head. In the putamen, there was a
continuous band of label in its ventrocaudal aspect, which
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as well, showed a topographic organization according to
proximity. Of the three visual cortical areas injected, only
TE was found to have an additional, and separate, termination field within the head of the caudate.

Efferent striatal projectionsand
s u b r t i d derents
The AA and WGA injections in the striatum revealed the
subcortical connections of those divisions in receipt of
visual cortical inputs. Across six cases, a total of seven
injections of these anterograde tracers were placed in the
tail and genu of the caudate nucleus and two were placed in
the ventral aspect of the putamen. The locations of the

injection sites are illustrated in Figure 12. Six injections
from four cases have been selected to describe these connections.
In case 1, both the WGA and AA injections were in the
rostra1 tail of the caudate nucleus. The fibers labeled after
these injections coursed dorsally to enter the caudal portion
of the globus pallidus. Terminations were along the ventral
border of both the internal and external divisions as well as
in a vertical band that followed the internal medullary
lamina, which separates the two divisions. A contingent of
labeled fibers coursed medially beneath the pallidum to
terminate in the pars lateralis (pl) of the substantia nigra
pars reticulata (SNr), as shown in Figure 13. Additional
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Fig. 8. Distribution of retrogradely labeled cortical cells following injection of fast blue (FBI into the
dorsal genu of the caudate. Injection site is shown in section 96. For other conventions, see Figures 5 and 7.

labeling from the WGA injection included terminal distributions in the lateral terminal nucleus of the optic tract and
retrogradely labeled cells in the posterior thalamic parafascicular nucleus as well as in the ventrally adjacent nucleus
of the posterior commissure. Retrogradely labeled cells
were also found in the pars cornpacta of the substantia
nigra (SNc) and the ventral tegmental area of Tsai, the
latter presumably being dopaminergic.
In case 2, an AA injection placed more caudally within the
tail of the caudate resulted in a distribution of terminal
label remarkably similar to that found in case 1. Thus, the
label was distributed along the ventral aspect of both the
external (GPe) and internal (GPi) divisions of the caudal

pallidum with a conspicuous band of label at the border
between the two (Fig. 14). And, as in case I, the pl of the
SNr was also labeled. Photomicrographs illustrating AA
terminal label in the pallidum and nigra of case 2 are shown
in Figure 15.
In case 3, a WGA injection was placed still more caudally
in the caudate within the genu (Fig. 14). This injection
labeled the most caudal portion of both the GPe and GPi.
Within the SNr, anterograde label was prominent in the pl
portion, and there were labeled cells within the adjacent
portion of the SNc (Fig. 14, sections 64 and 72). Photomicrographs illustrating WGA terminal label in the pallidum and
nigra of case 3 are shown in Figure 16.
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Figure 8B

For comparison, in case 2 , a WGA injection was placed
more dorsally in the genu of the caudate, anterior to the
WGA injection in case 3. Relative to case 3, the injection in
case 2 labeled the more dorsal portions of GPe and GPi,
and, within the nigra, anterograde label was present in the
pl portion of the SNr (Fig. 17, section 146). Retrogradely
labeled cells in case 2 were present in the ventral tegmental
area of Tsai, and, as in case 3, in the SNc.

Also present in the caudate cases injected with WGA, but
not illustrated or analyzed in detail, was subcortical retrograde labeling in the lateral basal nucleus of the amygdala.
This labeling was most prominent after injections in the tail
of the caudate. In addition, injections of FB or DY into the
tail and genu of the caudate produced retrograde labeling in
the same subcortical structures as those described for case
1-WGA,but in no others.
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Fig. 9. Distribution of retrogradely labeled cortical cells shown on
unfolded map of the cortex following injection of fast blue (FBI into the
head of the caudate. Because of an infarct suffered during surgical
exposure of the head of the caudate, a portion of the cingulate sulcus

and adjacent cingulate gyrus were damaged, as indicated by the heavy
jagged line at the top of the map. The location of the injection site is
illustrated both in cross section and on the lateral and dorsal views of
the caudate at lower right. Other conventions as in Figure 5.

Injections in the ventral portion of the caudal putamen
resulted in a labeling pattern similar to that obtained after
injections in the adjacent tail of the caudate. As shown in
case 4, which received an AA injection, anterograde label
was present ventrally in both GPe and GPi divisions of the
globus pallidus as well as along a vertical band separating
the two (Fig. 17). In addition, as in the cases with caudate
injections, the pl of the SNr was prominently labeled.

ing to this view, individual cortical regions project to their
own discrete region of the caudate in a topographic fashion.
This topography appeared to observe a “principle of
proximity,” in that a given cortical region appeared to
project to the portion of the caudate that was physically
closest. More recently, a number of studies have reexamined cortico-striatal connections, based on anterograde
transport of tritiated amino acids or horseradish peroxidase
(HRP) following cortical injections (Yeterian and Van Hoesen, ’78; Van Hoesen et al., ’81; Selemon and GoldmanRakic, ’85). These more recent studies have found that a
number of cortical areas (particularly frontal and anterior
temporal) project far less discretely to the caudate than was
proposed by Kemp and Powell. Rather than terminating in
discrete zones, cortico-striatal projections appear to terminate in parasagittally elongated strips. In some cases the
longitudinal strips extend through much, but not all, of the
caudate, whereas in other cases the strips extend through

DISCUSSION
Topographic organizationof
cortico-striatalprojections
The first model of cortico-striatal connections in the
monkey was proposed by Kemp and Powell (’701, based on
an analysis of anterograde degeneration in the striatum
following a limited number of large cortical lesions. Accord-
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Case 4-DY

Case 4-FB

Fig. 10. Comparison of retrograde labeling in cortex following injections of diamidino yellow (DY) into
the rostra1 tail of the caudate and fast blue (FBI into the adjacent ventral putamen in the same animal.
Injection sites are shown on surface views of the striatum at bottom and in cross section at lower right.
Other conventions as in Figure 5

nearly the full length of the head and tail. The strips may be
largely nonoverlapping (Selemon and Goldman-Rakic, '85)
or may have at least partially overlapping domains (Yeterian and Van Hoesen, '78). Our results, based on injections
of both retrograde tracers into the body and tail of the
caudate and anterograde tracers into specific visual cortical
areas, support this new view of elongated projection fields.
Prefrontal and multimodal cortical regions appear to have
particularly widespread projections. In addition, our results
show that many other cortical areas have projections to the
caudate that are limited enough in length to show some
degree of topography, and this topography largely follows a
principle of proximity.
The pattern of topographic projections to the tail and
genu of the caudate is summarized by the black arrows in
Figure 18.Occipito-parietal visual areas as well as posterior
parietal areas PG and PE (Brodmann's areas 7 and 5,
respectively) project to the dorsal genu of the caudate (also
see Selemon and Goldman-Rakic, '85, their Fig. 61,prestriate visual areas project more posteriorly in the genu and

caudal tail, and temporal areas TA, TE, TF, and TH project
more rostrally within the tail. Further, as expected, we did
not find projections from postcentral somesthetic areas to
the tail or genu. It is known that these somesthetic areas
also project topographically to the striatum, specifically to
the putamen and to adjacent portions of the body of the
caudate anterior to the zone receiving posterior parietal
inputs (Kemp and Powell, '70; Jones et al., '77).
Although we found much evidence for topography in
projections to the caudate, it should be noted that we
utilized primarily retrograde tracing techniques and focused our analysis on the tail and genu rather than on the
head. It is clear that a few cortical areas, particularly
temporal areas, project separately to the tail and head of the
caudate. Our case 8 with injections of labeled amino acids
into area TE showed a projection to the head as well as the
tail, confirming the findings of Van Hoesen et al. ('81).
Similarly, our case 7, with an injection of fast blue into the
anterior portion of the head, showed labeled cells in the
anterior superior temporal and ventromedial temporal
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Fig. 11. Anterograde labeling in the striatum following injections of tritiated amino acids (AA) into
selected visual cortical areas. Terminal label in the caudate (and in the claustrum, below) is indicated by
dots, and label in the putamen is indicated by crosses. For clarity, the putamen is not shown on the dorsal
views. For each case, two selected cross sections through the areas of terminal label are illustrated.

cortex, again consistent with the findings of Van Hoesen et
al. ('81). However, we would argue that such dual projections to the head and tail of the caudate do not negate the
principle of topographic projections to the tail and genu
that we have described. In fact, we and others have found

than even within the head at least some cortical projections
appear to be topographic not only with respect to the
medial-lateral axis (i.e., strips) but also the anteriorposterior axis. Projections from area TE are largely confined to the posterior portion of the head (our case 8; Van
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man-Rakic who did not include prestriate visual areas in
their study of cortico-striatalconnections.
In summary, there appear to be two major principles of
organization for cortico-striatal projections, namely, topographic projections according to proximity and longitudinal
strips. Some cortical areas give rise to projections that span
nearly the full length of the caudate. The remainder give
rise to either discrete projection strips in the tail or genu, or
discontinuous projections in the taillgenu and head. Because our results indicate that the outputs of the caudate to
the globus pallidus and substantia nigra are also topographically organized, it will be necessary to understand the
relationship between the input and output topographies to
understand fully information flow through the striatum.
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Fig. 12. Injection sites of anterograde tracers in the striatum shown
on lateral (top) and dorsal (bottom) reconstructions of the caudate
(solid line1 and putamen (dashed line). For clarity, the putamen is
omitted from the dorsal view. Injection sites are identified by case
number and tracer used.

Hoesen et al.'s cases 5 and 61, for example, whereas
projections from area TA extend more anteriorly (Van
Hoesen et al.'s cases 3 and 4). Likewise, Selemon and
Goldman-Rakic ('85)have shown that projections from the
orbitofrontal cortex are located more medially in the head
than those from the dorsolateral prefrontal cortex. Topographic projections to the head of the caudate have also
been found in the cat (Oka, '80; Kubozono et al., '86).
In addition to topographic projections, we also found
evidence for more widespread projections to the body and
tail of the caudate from certain other cortical areas, consistent with the findings of other recent studies (Goldman and
Nauta, '77; Yeterian and Van Hoesen, '78; Baleydier and
Mauguiere, '80; Pandya et al., '81; Van Hoesen et al., '81;
Selemon and Goldman-Rakic, '85). These areas include
portions of the prefrontal cortex within and adjacent to the
principal sulcus, in the anterior cingulate cortex, and in
portions of the superior temporal sulcus (see striped arrows, Fig. 18). In further agreement with recent studies,
our data also support the notion of projection "strips" in
the caudate, even from the topographically organized projections. The projection fields we found in the tail and genu of
the caudate following TE, V4, and MT injections did not fill
the medial-lateral dimension of the caudate in any given
section but rather appeared as narrow strips, which supports and extends the observations of Selemon and Gold-

In agreement with other studies, we found labeled cells in
both superficial and deep layers, with the majority in layer 5
(Jones et al., '77; Oka, '80; Arikuni and Kubota, '86;
Kubozono et al., '86). Layer 3 cells were found predominantly in cortical areas with the densest labeling. In a very
recent study, Gerfen ('89) has reported that, in the rat,
superficial cortical cells project principally to the matrix of
the head of the caudate, whereas deep layer cells project
principally to the patches. The presence of labeled cells in
both superficial and deep layers in the present study
suggests that the tail and genu of the caudate, like the head,
may have a mosaic organization.

Visual cortical inputs to the striaturn
The original claim by Kemp and Powell ('70) that all
visual cortical areas project into the striatum appears to
hold true with the exception of the striate cortex, or V1. No
other studies of the subcortical projections of V1 have
reported the presence of terminal labeling in the striatum
(see review by Ungerleider et al., '841, with one possible
exception (Fries and Lehmann, '87). The present study is
the first systematic mapping of the sources of visual cortical
input to the striatum that delineates the contributions
from functionally defined areas. The large size of the
labeled regions, as well as plotting of the data on twodimensional representations of the cortex, facilitated the
assignment of labeled regions to previously identified visual
areas (Fig. 2). Progressing from the rostra1 tail of the
caudate caudally toward the genu, labeled cells were found
anteriorly in TE and adjacent TF (case 1-WGA);posteriorly
in TE, in TEO, and adjacent T F (case 1-DY);and ventrally
in areas V4, V3, and (sparsely) V2 (case 2-FB). Progressing
dorsally in the genu, labeled cells were found more dorsally
in the cortex (case 3-FB): in prestriate area PO, and the
dorsal portions of V4, V3, and (sparsely) V2; in superior
temporal areas MT, MST, and FST; and in parietal areas
VIP, LIP, and PG. The large size of the labeled regions,
even in cases with extremely small injections, as well as the
density of labeled cells (in some sections most of the cells in
layer 5 were labeled) was striking. Clearly, there is a
tremendous convergence of cortical afferents onto small
volumes of the caudate.

Subcorticalprojectionsof caudate
The organization of striatal projections to the globus
pallidus and the substantia nigra pars reticulata (SNr) has
been studied in some detail with both degeneration and
axonal transport techniques, but most of this work has
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Fig. 13. Distribution of label following injections into the caudate.
Injection sites are indicated on the lateral reconstructions at top. The
tracks left by the injection cannulae are indicated by t,he vertical lines
on the drawings below. Left: Results from injection of wheat germ
agglutinin conjugated to horseradish peroxidase (WGA) into the rostral

tail in case 1. Anterograde terminal label is indicated by small dots,
anterogradely labeled fibers are indicated by small wavy lines, and
retrogradely labeled cells are indicated by large dots. Right: Results
from injection of tritiated amino acids (AA)at a more posterior location
in the tail of the caudate in the same animal.

been limited to the rostral portions of the caudate and
putamen (e.g., Szabo, '62, '67, '70; Cowan and Powell, '66;
Parent et al., '84; Smith and Parent, '86). The results of
those studies suggested that 1)the topography of striatopallidal projections is governed by proximity (Szabo, '70)
and 2) there is a spatial segregation of caudate and putamen
terminations within the rostral pallido-nigral complex such
that the former occupies the dorsomedial sector while the
latter occupies the ventrolateral sector (Parent et al., '84).
All of the terminations in the pallidum found in the
present study were confined to the caudal third and were
densest in the caudal pole. The general rule governing the
projections of the tail and genu of the caudate was one of
proximity. Thus, the projections arising from the tail of the
caudate were found to enter the caudal pallidum from its
ventral border. Terminations were along the ventral aspect
of both the external and internal divisions as well as in a

vertical band that followed the internal medullary lamina
separating the two pallidal divisions. The projection from
the genu of the caudate was found to enter the caudal
pallidum from its lateral aspect with dense terminations
being distributed throughout both external and internal
divisions. The pallidal terminations from the tail and genu
of the caudate therefore appear to be the caudal extension
of those arising from the head of the caudate. Similarly, the
projections we found from the ventrocaudal putamen to the
pallidum would appear to complement those arising from
the rostral putamen. This general pattern, shown in Figure
19, agrees with previous brief descriptions of the caudal
striatal efferents and is consistent with the overall schema
of topography based on proximity defined by Parent et al.
('84) and Szabo ('67, '69, '70). However, unlike the segregated pattern of striatal inputs to the rostral pallido-nigral
complex, we did not observe a complete segregation of
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Fig. 14. Distribution of label following injections into the caudate. Left: Results from injection of
tritiated amino acids (AA)into the mid-tail of the caudate in case 2. Right: Results from injection of wheat
germ agglutinin conjugated to horseradish peroxidase (WGA) into the genu of the caudate in case 3. Other
conventions as in Figure 13.

terminations arising from the caudate and putamen; rather
we found that adjacent portions of the caudal caudate and
putamen have similar termination zones.
In contrast to the topographic organization of the pallidal
afferents, we found that certain somewhat disparate striatal inputs converge in the nigra. Projections to the SNr
were densest in the rostral portion, close to the dense
projection field in the pallidum. This brings to mind the
observation made by Nauta ('79) concerning the histological similarity of the GPi and SNr.
A further refinement of the concept of topographically
organized striatal efferents to the pallido-nigral complex
has been proposed by Alexander and his colleagues (Alexander et al., '86). According to their scheme, the basal
ganglia participate in five functionally segregated circuits,
or "loops," that link specific cortical regions to a specific
frontal cortical target via subcortical relays through the
striatum, pallido-nigral complex, and thalamic nuclei.

The pattern of projections we found from the tail and
genu of the caudate to the caudal pallidum and rostrolateral
SNr suggests that visual cortical areas contribute to both
oculomotor and dorsolateral prefrontal loops, as defined by
Alexander et al. ('86). Considering first the oculomotor
loop, the tail and genu of the caudate project to a portion of
the rostral nigra that has been shown by physiological
recording and reversible deactivation studies to be heavily
involved in oculomotor control (Hikosaka and Wurtz, '83ad). Further, this same portion of the nigra receives inputs
indirectly from the frontal eye field (FEF) as well as from
the dorsolateral prefrontal cortex (i.e. prefrontal areas FC
and FD or Brodmann's areas 9 and 10) and posterior
parietal cortex (i.e., parietal area PG or Brodmann's area
7), each of which has been implicated in oculomotor control
(Bizzi and Schiller, '70; Lynch et al., '77; Goldberg and
Bushnell, '81; Andersen et al., '87). Completing the loop,
the rostral nigra projects to the lateral part of the magnocel-
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Fig. 15. Distribution of label in glohus pallidus (GPe, GPi) and
substantid nigra pars reticulata (SNr) following injections of tritiated
amino acids into the mid-tail of the caudate in case 2 (see Fig. 14 for
injection site). Label in GPe, GPi (section 136) is shown on darkfield
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photomicrograph at top right, and label in SNr (section 146) is shown at
bottom right. Corresponding hrightfield photomicrographs are shown
on left, and corresponding points are indicated by the small arrows.
Calibration bars = 500 bm.
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Fig. 16. Distribution of label in globus pallidus (GPe, GPi) and
substantia nigra pars reticulata (SNr) following injections of wheat
germ agglutinin conjugated to horseradish peroxidase (WGA) into the
genu of the caudate in case 3 (see Fig. 14 for injection site). Label in
GPe, GPi (section 65) is shown on darkfield photomicrograph at top
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right, and label in SNr (section 69) is shown at bottom right. Corresponding brightfield photomicrographs are shown on left, and corresponding
points are indicated by the small arrows. Large arrow in photograph at
bottom right indicates retrogradely labeled cells in substantia nigra
pars compacta. Calibration bars = 500 bm.
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Fig. 17. Distribution of label following injections into the caudate and putamen. Left: Results from
in.iection of wheat germ agglutinin conjugated to horseradish peroxidase (WGA) into the dorsal genu of the
caudate. Right: Results from injection of tritiated amino acids (AA) into the ventral putamen. Other
conventions as in Figure 13.

lular portion of the ventral anterior nucleus and the
paralamellar portion of the medial dorsal nucleus, which in
turn project back to the FEF. Regarding the dorsolateral
prefrontal loop, the tail and genu of the caudate project
additionally to lateral dorsomedial portions of the pallidum
and rostrolateral portions of the nigra that also receive converging inputs indirectly from the arcuate premotor area,
posterior parietal cortex, and the dorsolateral prefrontal
cortex. Subsequent thalamic relays via the parvicellular
portions of the ventral anterior and medial dorsal nuclei
then complete the loop back to the dorsolateral prefrontal
cortex. Thus, we infer a contribution of visual corticostriatal inputs to the spatial mnemonic functions ascribed
to dorsolateral prefrontal cortex (see Goldman-Rakic, '87).
The projection to the lateral terminal nucleus of the optic
tract (LTN) has not been described previously. Neurons in
the LTN are known to be in receipt of retinal afferents
through the accessory optic tract and have large receptive
fields. Units respond best to stimuli displaced in the vertical

plane (Simpson, '84).The role of the striatum in these
functions is not known.

SubcorticalafFerents
The presence of retrogradely filled cells in the pars
cornpacta of the substantia nigra was expected following
caudate injections. The additional finding of retrogradely
filled cells in the vicinity of the ventral tegmental area of
Tsai has also been observed previously (Parent et al., '83 1.
Because we did not use immunohistochemical probes for
tyrosine hydroxylase or other markers for the presence of
dopaminergic neurons, we can only infer that the retrogradely labeled cells in fact used dopamine as a neurotransmitter (see Tanaka et al., '82). Finally, two other populations of retrogradely labeled cells we found, one in the
parafascicular nucleus and another in the lateral basal
amygdala, correspond to previously described (Parent et al.,
'83) sources of afferents to the rostra1 caudate and puta-
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Summary of cortical projections to the tail and genu of the caudate. Black arrows indicate
Fig. 18.
topographic projections, and striped arrows indicate widespread, largely nontopographic projections.

men. The input to the striatum from the amygdala is
particularly interesting. Whereas the amygdala projects to
only the medial and ventral borders of the head of the
caudate (Russchen et al., '851, it projects throughout the
entire length of the tail. Thus, there is potentially considerable overlap of amygdalar inputs to the tail with those from
visual cortical areas as described here. We did not find the
multitude of other sources of afferents seen in previous
studies of the head of the caudate (e.g., locus coeruleus,
dorsal raphe, intralaminar, lateral dorsal, and pulvinar
thalamic nuclei; cf. Parent et al., '831,possibly because
there are fewer inputs to the tail andlor because the
injections made in the present study were, of necessity, very
small and insufficient to identify these other sources of
afferents.

Functional considerations-lesion studies
Parkinson's disease provides an opportunity to study the
effects of striatal dysfunction because of the depletion of
dopaminergic innervation of the striatum, which is the
neuropathological hallmark of the disease (Marsden, '82).
In the study of the motor symptoms associated with
Parkinson's disease, emphasis is normally placed on the
misuse or defective processing by the striatum of cortical
inputs from somatosensory areas on the one hand (Schneider et al., '87; Tatton et al.,'84) and the eventual impact of
those error signals on the supplementary motor cortex on
the other (Marsden, '82; Schell and Strick, '84). This
argument is based on tracing information from somatosen-

sory cortex, through specific striatal regions, through the
pallido-nigral complex, and through thalamic relays back to
the cortex (DeLong, '83). By analogous reasoning, even the
highest-order neuropsychological deficits found in Parkinsonian patients might be due to a dysfunctional processing
pathway from various cortical areas through the striatum
to dorsolateral premotor-prefrontalcortical territories (Taylor et al., '86).
The question arises as to what one would expect from
disruption of the visual cortico-striatal system. Our data
indicate that information from temporal, prestriate, and
parietal visual areas is relayed through the tail and genu of
the caudate into ventrocaudal portions of the pallidum as
well as into the pars lateralis of the substantia nigra
reticulata. Anterograde tracer studies of the pallido-nigral
complex indicate that the major thalamic targets of the
portions receiving visual input ought to be the paralamellar
portion of the medial dorsal nucleus and the medial aspect
of the magnocellular division of the ventral anterior nucleus (DeVito and Anderson, '82; Ilinsky et al., '85; Alexander et al., '86). Since those thalamic regions project to the
frontal eye field and adjacent supplementary motor and
principal sulcal areas (Ilinsky et al., '851, one would expect
the striatum to mediate (at least in part) an influence of
visual pattern and visuo-spatial information on eye and
limb movements (cf. Ungerleider and Mishkin, '82).
Deficits in both saccadic and smooth pursuit eye movements have been noted in Parkinson's disease (White et al.,
'83). Furthermore, metabolic mapping studies have re-
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Summary of projections of the tail and genu of the
Fig. 19.
caudate and adjacent ventral putamen to the glohus pallidus and
substantia nigra. Gray zones within all structures indicate those
portions linked to visual cortical areas. Question mark indicates that

the shown projection is inferred from the topographic arrangement of'
the adjacent projections. For clarity, the relative positions of the
structures are not in correct anatomical register.

cently revealed the involvement of the so-called oculomotor
loop in monkeys rendered Parkinsonian with the toxic drug
MPTP (Ho et al., '88). Likewise, the planning apraxia
described in Parkinson's disease is characterized by numerous spatial position errors (Sharpe et al., '83; see also Stern
et al., '83), while mirror writing has been described after a
basal ganglia hematoma (Chia and Kinsbourne, '87). These
deficits could be due to poor utilization of visuo-spatial
information that is processed in the parietal lobe (cf.
Mountcastle et al., '87) and funneled through the striatum
to the premotor regions of the frontal lobe, damage to which
interferes with visually guided reaching (Moll and Kuypers,
'77). Specific studies of visuo-spatial processing have yet to
be performed in monkeys rendered Parkinsonian by MPTP.
However, preliminary observations on such animals suggest that they have transient impairments in visually
guided detour reaching (Saint-Cyr et al., '88a). That task is
stylistically similar to the one used by Moll and Kuypers
('77) in their study of premotor lesion deficits and thus
suggests an impact of striatal dysfunction on behaviors
dependent on premotor cortical regions.
Neurophysiological studies in behaving monkeys have
also shown that the striatum plays a role in the guidance of
eye movements. Hikosaka and Wurtz ('83a-c) have found
that neurons in the pars lateralis of the substantia nigra,
which we found receives inputs from the tail and genu of
the caudate, decrease their discharge in relation to eye
movements to both present and remembered visual targets.
Those same portions of the nigra project to the deep layers
of the superior colliculus (Hikosaka and Wurtz, '83d),
providing a second potential pathway by which visual
cortex could influence colliculus-generated eye movements,
in addition to the direct cortico-collicular pathway. Such a
visual cortico-striatal-collicularpathway presumably works
in parallel with frontal mechanisms in the control of
voluntary eye movements (Schiller et al., '85).

In addition to oculomotor and visuo-spatial functions,
Mishkin and his colleagues have advanced the hypothesis
that the striatal system is involved in the formation of
visuo-motor associations, or "habits" (Mishkin et al., '84;
Mishkin and Appenzeller, '87). If so, one would expect
striatal lesions, especially in regions that are in receipt of
visual cortical inputs, such as those arising in temporal area
TE, to cause specific visual learning deficits. Two studies
have found mild to moderate long-lasting effects of striatal
damage on visual discrimination learning. One found moderate deficits in the retention of visual discrimination
learning following a lesion in the ventral putamen (Buerger
et al., '741, whereas the other found mild deficits in visual
discrimination learning after lesions in the tail of the
caudate (Divac et al., '67). However, neither study is
conclusive because, on the one hand, the lesions in neither
involved removal of the complete projection field of visual
cortex in the striatum, and, on the other hand, the lesions
in both involved white matter, possibly disrupting nonstriatal pathways. Transiently poor performance was seen
after MPTP lesions of the striatum in a concurrent visual
discrimination learning task with 24-hour intertrial intervals (Wan et al., '88). This task, which is severely disrupted
after inferior temporal but not limbic lesions in monkeys
(Malamut et al., '841, has been suggested by Mishkin and
his colleagues to measure a striatally dependent habit
(Phillips et al., '88). The hypothesis that this type of
gradual visual discrimination learning requires temporostriatal connections is currently under study. Other cases of
transient impairments following MPTP lesions have also
been noted (Doudet et al., '88). The recovery of function in
these cases does not appear to be due to restitution of the
striatal dopamine innervation, since positron emission tomography scans have shown the dopamine depletion to be
permanent in those animals. An alternative explanation is
that the caudate is preferentially involved in the early
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stages of learning, as has been inferred from studies of skill
acquisition (Frith et al., '86) and procedural learning
(Saint-Cyr et al., '88b). Thus, in the presence of impaired
caudate function, those operations progress more slowly
and inefficiently but once the psychological task, skill, or
habit has been learned, performance is nearly normal. This
transient involvement of the caudate in some types of
learning may be related to the observations of Caan et al.
('84) that neurons in the tail of the caudate rapidly habituate to visual stimuli.
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