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ABSTRACT
We investigated the patterns of projections from the pulvinar to visual areas V1, V2, V4,

and MT, and their relationships to pulvinar subdivisions based on patterns of calbindin (CB)
immunostaining and estimates of visual field maps (P1, P2 and P3). Multiple retrograde
tracers were placed into V1, V2, V4, and/or MT in 11 adult macaque monkeys. The inferior
pulvinar (PI) was subdivided into medial (PIM), posterior (PIP), central medial (PICM), and
central lateral (PICL) regions, confirming earlier CB studies. The P1 map includes PICL and
the ventromedial portion of the lateral pulvinar (PL), P2 is found in ventrolateral PL, and P3
includes PIP, PIM, and PICM. Projections to areas V1 and V2 were found to be overlapping in
P1 and P2, but those from P2 to V2 were denser than those to V1. V2 also received light
projections from PICM and, less reliably, from PIM. Neurons projecting to V4 and MT were
more abundant than those projecting to V1 and V2. Those projecting to V4 were observed in
P1, densely in P2, and also in PICM and PIP of P3. Those projecting to MT were found in P1–
P3, with the heaviest projection from P3. Projections from P3 to MT and V4 were mainly
interdigitated, with the densest to MT arising from PIM and the densest to V4 arising from
PIP and PICM. Because the calbindin-rich and -poor regions of P3 corresponded to differential
patterns of cortical connectivity, the results suggest that CB may further delineate functional
subdivisions in the pulvinar. J. Comp. Neurol. 419:377–393, 2000. © 2000 Wiley-Liss, Inc.

Indexing terms: calcium-binding proteins; primate visual system; thalamocortical connections;

visual thalamus

Over the course of evolution, there has been a dispropor-
tionate enlargement of the thalamus and of the association
cortices (see Chalupa, 1991; Robinson and Petersen, 1992). A
major contribution to this increase in the size of the thala-
mus is due to the pulvinar nucleus, a well-differentiated
nucleus in the posterior thalamus (Olszewski, 1952; Jones,
1985). In the macaque monkey, the pulvinar is divided into
four main cytoarchitectonic subdivisions: the inferior pulvi-
nar (PI), the lateral pulvinar (PL), the medial pulvinar (PM),
and the oral pulvinar (PO) (Olszewski, 1952).
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Within the PI, PL, and PM subdivisions of the pulvinar,
at least three separate visual fields have been described,
but none corresponds precisely to the various cytoarchi-
tectonic subdivisions. On the basis of electrophysiological
mapping of the pulvinar, Bender (1981) described two
separate fields, both of which are visuotopically organized.
The first was termed the “PI” map; it is found mainly in
rostrolateral PI, and extends into medial portions of adja-
cent PL. The second was termed the “PL” map; it partially
surrounds the PI map and is located entirely in ventrolat-
eral PL. Subsequently, Ungerleider et al. (1984) termed
the PI and PL maps, respectively, the “P1” and “P2” fields
of the pulvinar. A third field, P3, was described by Unger-
leider et al. (1984) based on connections with area MT. It
is located posteromedially in PI, but also includes small
ventral portions of PL and PM that lie dorsal to the bra-
chium of the superior colliculus (see also Standage and
Benevento, 1983). P3 does not seem to have a well-defined
retinotopic map, although it has yet to be mapped electro-
physiologically. The locations of the P1-P3 fields relative to
the cytoarchitectonic subdivisions of PI, PL, and PM are
shown in Figure 1 (Table 1). Dorsal to the P1-P3 fields,
near the boundary between PL and PM, lies a region
termed “Pdm” (Petersen et al., 1985; Robinson et al., 1986).
Like P3, Pdm has little, if any, visuotopic organization.

Anatomic studies have shown that the P1 and P2 fields
have connections with V1, V2, V4, and MT (Campos-
Ortega and Hayhow, 1972; Benevento and Rezak, 1976;
Ogren and Hendrickson, 1976; Benevento and Davis,
1977; Graham, 1982; Maunsell and Van Essen, 1983;
Standage and Benevento, 1983; Ungerleider et al., 1983,
1984; Cusick et al., 1993; Gutierrez and Cusick, 1997), and
both receive inputs from the superficial layers of the su-
perior colliculus (Benevento and Fallon, 1975; Partlow et
al., 1977; Harting et al., 1980; Benevento and Standage,
1983; Stepniewska et al., 1999). The P3 field has connec-
tions with MT, MST, and FST (Maunsell and Van Essen,
1983; Standage and Benevento, 1983; Ungerleider et al.,
1984; Boussaoud et al., 1992). Pdm also receives input
from the superior colliculus (Benevento and Standage,
1983). Although its interconnections with the cortex are
unknown, it contains neurons whose activity is related to
visual spatial attention (Petersen et al., 1985; Robinson et
al., 1986). Thus, these studies support the idea of separate
functional fields in the pulvinar; however, they provide no
way to relate these fields to cytoarchitectonic structure.

With respect to functional specialization in the thala-
mus, the distribution of certain calcium-binding proteins
and other histochemical markers has been found to be
particularly useful in defining patterns of regional special-
ization within many nuclei (Jones and Hendry, 1989;
Hashikawa et al., 1991; Rausell and Jones, 1991). Re-
cently, immunohistochemical techniques have been ap-
plied in an effort to understand better the organization of
the pulvinar (Fig. 2). In the pulvinar nucleus of the squir-
rel and rhesus monkeys, Cusick and colleagues used an
antibody to calbindin to redefine the organization of both
PI and the ventral portion of PL (Cusick et al., 1993;
Gutierrez et al., 1995; Gray et al., 1999). Most of the
ventral portion of cytoarchitectonic PL, which appears as
a moderately calbindin-immunoreactive area, was in-
cluded in PI by the authors and termed the PIL (lateral)
subdivision. The most lateral portion of cytoarchitectonic

PL was also included in PI and called PIL-S, or the “shell”
region (“S”) of PIL. Medially adjacent to PIL, within what
is cytoarchitectonically PI, lies a darkly stained area,
which the authors termed the PIC (central) subdivision of
PI. Medial to PIC is a calbindin-poor region, PIM (medial),
which they called the “calbindin-hole.” Finally, the most
medial subdivision, adjacent to PIM, was termed PIP (pos-
terior), a triangular area bounded by PIM, the brachium of
the superior colliculus, and the dorsal portion of the me-
dial geniculate complex. Thus, according to those authors,
there are four subdivisions of PI, one of which, PIL, is in
the ventral portion of cytoarchitectonic PL, and two of
which (PIM and PIC) extend above the brachium of the
superior colliculus into cytoarchitectonic PM.

A somewhat comparable parcellation of the inferior
pulvinar has been proposed by Stepniewska and Kaas
(1997) (Fig. 2). Their scheme matched that of Cusick and
colleagues for PIP and PIM (Cusick et al., 1993; Gutierrez
et al., 1995). However, Stepniewska and Kaas (1997) did
not consider the ventral portion of cytoarchitectonic PL to
be part of the inferior pulvinar. Thus, they used the term
PICM to refer to PIC of Cusick and colleagues (i.e., the
darkly stained area), and the term PICL to refer the most
lateral portion of cytoarchitectonic PI.

The subdivisions of the pulvinar defined by calbindin
immunoreactivity offers a new scheme that could be re-
lated to its functional organization. The present study was
undertaken to relate the location of the V1-, V2-, V4-, and
MT-projecting neurons to the pulvinar subdivisions de-
fined by the distribution of calbindin. In addition, we tried
to relate the distribution of cortical-projecting neurons to
the three pulvinar fields, P1, P2, and P3. In this study, we
used the nomenclature of Stepniewska and Kaas (1997),
which retains the original cytoarchitectonic border be-
tween PI and ventral PL. Preliminary data from the cur-
rent study have been reported in abstract form (Adams et
al., 1995).

MATERIALS AND METHODS

Eleven adult Rhesus monkeys (Macaca mulatta) were
used in the present study. All experimental protocols were
conducted within NIH guidelines for animal research and
were approved by the Institutional Animal Care and Use
Committee (IACUC) at both Mount Sinai School of Medi-
cine and NIMH. In five animals, areas V1 and V2 were
injected with one of two retrograde tracers, Fast Blue (FB;
Sigma, St. Louis, MO) or Diamidino Yellow (DY; Sigma).
In four animals, areas V4 and MT were injected with FB
or DY. In an additional two cases, injections were made
into areas V2, V4, and MT. These animals received Flu-
ororuby (FR; Molecular Probes, Eugene, OR) in area V2,
FB or DY in area V4, and DY or FB in area MT. Thus,
there were a total of five injections in area V1, 7 in V2, 6
in V4, and 6 in MT (Table 2). All injections were intended
to cover comparable visual field representations within
these visual cortical areas.

Surgical procedures

Surgery was performed under aseptic conditions. Anes-
thesia was induced with ketamine hydrochloride (10 mg/
kg, i.m.) and maintained with a mixture of isoflurane gas
(1–2%) and oxygen to effect. Body temperature was main-
tained between 35°C and 37°C by heating pads (circulat-
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Fig. 1. Representative coronal sections stained for Nissl through
the rostral (top)-to-caudal (bottom) extent of the pulvinar. Left: cyto-
architectonic subdivisions, according to Olszewski (1952). Right: the
pulvinar fields, P1, P2, and P3, are shown superimposed on each
section. Solid circles indicate the representation of the vertical merid-
ian, solid squares indicate the representation of the horizontal merid-

ian, dashes indicate isoeccentricity lines, and open squares indicate
the border of P3. The plus sign indicates the upper visual field repre-
sentation and the minus sign the lower field representation. The
sections are spaced 0.5 mm apart. For abbreviations, see Table 1.
Scale bar 5 1 mm in lower left panel (applies to all frames).



ing warm water) surrounding the animal, and heart and
respiratory rates were monitored throughout the surgery.
A midline incision and unilateral craniotomy was per-
formed in all animals. After the craniotomy, the dura was
opened to expose the areas of interest. Pressure injections
were made with a 1-ml Hamilton syringe with a beveled
27-gauge needle, which was guided into the appropriate
site with the aid of an operating microscope. Up to 22
injections (0.2 ml each at each site) of 4% aqueous solu-
tions of FB, DY, or FR were placed in a given area in the
cortex. Sulcal and gyral landmarks were used to identify
the location of areas V1, V2, V4, and MT (Daniel and
Whitteridge, 1961; Zeki, 1974; Ungerleider and Mishkin,
1979; Gattass and Gross, 1981; Van Essen et al., 1981;
Gattass et al., 1981, 1988; Ungerleider and Desimone,
1986).

Injections in area V1 were placed in a vertical strip of
opercular cortex parallel to the V1/V2 border approxi-
mately 5 mm posterior to the lunate sulcus. This region
composes the foveal and parafoveal portions of the con-
tralateral lower visual hemifield close to the vertical me-
ridian. Injections in area V2 were placed in a strip of
cortex parallel to the V1 injections along the posterior
margin of the lunate sulcus, with special care to avoid
spread of the dye in the subcortical white matter beneath
area V2. Thus, the V1 and V2 injections were in retino-
topic register. For area V4, injections were placed along a
descending line starting at the level of the bifurcation of
the superior temporal sulcus, thus avoiding the dorsal
prelunate area (DP). The V4 injection extended in a ver-
tical strip for approximately 10 mm, approximately to the
level of the inferior occipital sulcus. Thus, as in areas V1
and V2, the injections in area V4 included foveal and
parafoveal representations in the contralateral lower vi-
sual field. This portion of macaque V4 likely corresponds
to squirrel monkey DLc (Cusick and Kaas, 1988).

In four of the six monkeys with injections into area MT,
the intention was to inject as much of MT as possible.
Accordingly, in these four monkeys, the cortex of the dor-
sal bank of the posterior portion of the superior temporal
sulcus was surgically aspirated, and tracer injections were
then placed in the floor of the sulcus, presumably affecting
both the upper and lower visual field representations. For
the remaining two monkeys with MT injections, the injec-
tion sites were located by electrophysiological mapping
techniques (Desimone and Ungerleider, 1986). After a de-
sired injection site was identified, a guide tube was ad-
vanced through the dura and placed 300 mm above the
intended site. A microelectrode was then advanced

TABLE 1. Abbreviations of Thalamic Nuclei and Cortical Sulci

Subcortical regions Cortical sulci

Br sc Brachium of the superior colliculus io Inferior occipital sulcus
GM Medial geniculate nucleus ip Intraparietal sulcus
LGN Lateral geniculate nucleus la Lateral sulcus
PI Inferior pulvinar lu Lunate sulcus
PICL Inferior pulvinar, central lateral subdivision st Superior temporal sulcus
PICM Inferior pulvinar, central medial subdivision
PIL Inferior pulvinar, lateral subdivision
PIL-S Inferior pulvinar, lateral shell subdivision (“S”)
PIM Inferior pulvinar, medial subdivision
PIP Inferior pulvinar, posterior subdivision
PL Lateral pulvinar
PLVL Ventrolateral PL
PLVM Ventromedial PL
PM Medial pulvinar
R Reticular nucleus
SG Suprageniculate nucleus

Fig. 2. Schematic drawings of the macaque pulvinar showing al-
ternative subdivisions, as defined by calbindin immunohistochemis-
try. Left: subdivisions proposed by Gutierrez et al. (1995). “S” is the
lateral shell subdivision of PI. © 1995 Wiley-Liss, Inc. Adapted by

permission of Wiley-Liss, Inc. Right: subdivisions proposed by
Stepniewska and Kaas (1997). Modified from Stepniewska and Kaas
(1997). Reprinted with permission of Cambridge University Press. For
abbreviations, see Table 1.
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through the guide tube and the visuotopic location of the
injection site was confirmed. The electrode was then with-
drawn from the guide tube and replaced by a 1-ml Hamil-
ton syringe. To minimize leakage of the tracer into the
electrode track, the syringe was left in place 20 minutes
after injections. In these two cases, the intention was to
inject only the lower visual field representation of MT. All
of the injections were verified anatomically.

Histologic processing

After surgery, a survival time of 21 days was set to allow
for reliable retrograde transport of FB, DY, and FR
(Campbell et al., 1991; Hof et al., 1995). Then, the animals
were perfused as previously described (Hof and Nimchin-
sky, 1992; Hof and Morrison, 1995; Hof et al., 1995).
Briefly, the animals were deeply anesthetized with ket-
amine hydrochloride (25 mg/kg i.m.) and pentobarbital
sodium (20–35 mg/kg i.v., as necessary), intubated and
mechanically ventilated. The chest was then opened, the
heart exposed, and 1.5 ml of 0.1% sodium nitrite was
injected into the left ventricle. The descending aorta was
clamped and the monkeys were perfused transcardially
with cold 1% paraformaldehyde in phosphate buffer (pH
7.4) for 1 minute followed by cold 4% paraformaldehyde
for 10–12 minutes. The brains were then removed from
the skull, cut into 2-cm coronal blocks, and postfixed for 6
hours. The blocks were cryoprotected in a series of graded
sucrose solutions (12, 16, 18, and 30%) in phosphate-
buffered saline (PBS; pH 7.4), and subsequently immersed
into a 2-methyl-butane (95%) solution at 270°C and main-
tained at this temperature until sectioned (Rosene et al.,
1986). Frozen sections, 40 mm thick, were cut from the
coronal blocks on a sliding microtome. Sections were
mounted every 500 mm onto gelatin-coated slides for anal-
ysis of the retrogradely labeled cells. Adjacent series of
sections were stained for Nissl or were processed for cal-

bindin immunohistochemistry. The remaining sections
were cryoprotected and stored in serial order at 220°C.

For immunohistochemistry, free-floating sections were
incubated for 48 hours at 4°C with the monoclonal anti-
body against the calcium-binding protein calbindin
(Swant, Bellinzona, Switzerland; Celio et al., 1990), at a
dilution of 1:5,000 in PBS containing 0.3% Triton X-100
and 0.5 mg/ml bovine serum albumin. The sections were
then processed with the avidin-biotin method by using a
Vectastain ABC kit (Vector Laboratories, Burlingame,
CA) and 3,39-diaminobenzidine as a chromogen. Calbindin
immunoreactivity was subsequently intensified in 0.005%
osmium tetroxide.

Data analysis

Each labeled neuron was charted at 1003 magnification
by using a computerized plotting system consisting of a
Zeiss Axioplan microscope equipped with XY-position en-
coders attached to a microscope stage (Minnesota Data-
metrics). The data from these chartings were then over-
laid onto a photograph of the adjacent section stained for
calbindin immunohistochemistry to observe the location of
the retrogradely labeled cells in relation to the chemoar-
chitectonic subdivisions of the pulvinar. Calbindin-stained
sections were compared with those stained for Nissl to
relate chemoarchitectonic subdivisions to those based on
cytoarchitecture.

The visual field representations of the injection sites
were estimated based on previously published mapping
studies of V1, V2, V4, and MT (Daniel and Whitteridge,
1961; Gattass and Gross, 1981; Gattass et al., 1981, 1988).
The P1 and P2 retinotopic maps in the pulvinar were
charted onto Nissl- and calbindin-stained sections based
on previously published work by Bender (1981) and Un-
gerleider et al. (1983, 1984). The P3 map was similarly
charted. The first estimate of the P3 border was guided by

TABLE 2. Location of Retrogradely Labeled Cells in the Chemoarchitectonic Subdivisions of the P1, P2, and P3 Visual Field Maps of the Pulvinar1

Location

P1 P2 P3

PICL PLVM PLVL PIP PIM PICM

V1 injection
Case RH1 1 2 1 2 2 2
Case RH2 1 1 1 2 2 2
Case RH3 1 2 1 2 2 2
Case RH4 1 1 1 2 2 2
Case RH5 1 2 1 2 2 2

V2 injection
Case RH1 1 2 1 2 2 1
Case RH2 1 1 1 2 2 1
Case RH3 1 1 1 2 1 1
Case RH4 1 1 1 2 1 1
Case RH5 1 1 1 2 2 1
Case RH6 1 1 1 2 1 1
Case RH7 1 2 1 2 2 1

V4 injection
Case RH6 1 1 1 1 2 1
Case RH7 1 1 1 1 2 1
Case RH8 1 1 1 1 2 1
Case RH9 1 1 1 1 2 1
Case RH10 1 1 1 1 2 1
Case RH11 1 1 1 1 2 1

MT injections
Case RH6 1 1 1 1 1 1
Case RH7 1 1 1 1 1 1
Case RH8 1 1 1 1 1 1
Case RH9 1 2 1 1 1 1
Case RH102 1 1 1 1 1 1
Case RH112 1 1 1 1 1 1

1Cells projecting to area V2 occupied the same areas as those projecting to area V1, namely, the P1 and P2 fields. PICM and PIM of P3 had retrogradely labeled cells projecting to area V2.
Cells projecting to areas V4 and MT were found within P1–P3, with the densest projections to V4 from P1 and P2, and to MT from the PIM portion of P3. For abbreviations, see Table 1.
2Animals with MT injections that were prepared under physiologic guidance.
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Ungerleider et al. (1984) and then by the distribution of
label in the current MT cases. The dorsal border of P3 (i.e.,
the portion above the brachium of the superior colliculus)
was adjusted to be compatible with the distribution of
calbindin immunoreactivity. Thus, our assignment of cells
to P1-P3 is based on estimated borders of these regions.

RESULTS

In the following sections, we first describe the chemoar-
chitectonic subdivisions of the pulvinar based on the dis-
tribution of calbindin immunohistochemistry, and then
relate these subdivisions to the visual field maps, P1-P3, as
described in earlier studies (Bender, 1981; Ungerleider et
al., 1983, 1984). We then relate the connectional patterns
of V1, V2, V4, and MT with these visual field maps. Fi-
nally, we relate the distribution of calbindin staining to
the patterns of connections.

Chemoarchitectonic subdivisions and
projection fields of the pulvinar

As shown in Figure 3, calbindin immunoreactivity
clearly revealed the four subdivisions of PI described pre-
viously by Stepniewska and Kaas (1997). At rostral levels
of cytoarchitectonic PI, where the LGN was present, a
single PI subdivision, PICL, was seen. Additionally, at
these rostral levels, small portions of ventral PL were
visible ventrolateral to PICL. As one proceeded to more
caudal levels of the inferior pulvinar, PICL became pro-
gressively smaller and PIM and PICM appeared. At the
most caudal levels of cytoarchitectonic PI, the four distinct
subdivisions of PI were evident. From medial to lateral
these included, PIP, PIM, PICM, and PICL.

Figure 4 illustrates the distribution of calbindin-
immunoreactive neurons and neuropil staining within the
chemoarchitectonic subdivisions of the pulvinar. Both the
PIP and PICM subdivisions had the heaviest calbindin
immunoreactivity, with many darkly stained small cells
and dense neuropil. The difference between the two sub-
divisions was that PICM contained a few large cells (not
shown in figure), which were absent in PIP. The PIM
subdivision, the “calbindin-hole” of cytoarchitectonic PI,
located between PIP and PICM, contained light neuropil
staining but many calbindin-containing neurons. The
PICL subdivision had moderate calbindin staining. Within
this zone, there was a dense population of small calbindin-
containing neurons and moderate neuropil staining, as
well as a small number of large neurons. The small
calbindin-containing neurons had a moderately stained
soma with a few lightly stained dendrites, whereas the
larger immunoreactive neurons had a darkly stained
soma with dark radiating dendrites. On the whole, PICL
had denser neuropil staining and more darkly stained
calbindin-immunoreactive neurons compared with PIM,
but the staining was not as intense as in PIP and PICM.
The distinguishing feature of PICL was the numerous
large cells that were scattered throughout this subdivision.

The ventral portion of cytoarchitectonic PL was similar
to PICL, in that both of these regions had a large number
of small calbindin-containing neurons and a few scattered
large cells. Although Cusick et al. (1993) and Gutierrez et
al. (1995) considered this subdivision as part of PICL (PIL
in their terminology), PICL and ventral PL could be dis-
tinguished by the presence of horizontally oriented fiber

bundles in the latter. Dorsally in the pulvinar, cytoarchi-
tectonic PM also contained many small calbindin-
immunoreactive neurons and a few scattered large neu-
rons (not shown in figure). However, in PM the neuropil
was more intensely stained than in PL.

As previously described by Ungerleider et al. (1984), the
P1 field is found mainly in ventrolateral PI, and extends
into portions of adjacent ventromedial PL. The P2 field
partially surrounds the P1 field and is located entirely in
ventrolateral PL, and the P3 field is found in PI, but also
includes small ventral portions of PL and PM that lie
dorsal to the brachium of the superior colliculus. Based on
the patterns of calbindin immunohistochemistry, P1 in-
cludes PICL and the ventromedial portion of PL (PLVM), P2
includes the ventrolateral portion of PL (PLVL), and P3
contains the PIP, PIM, and PICM subdivisions of PI. There-
fore, the calbindin immunostaining can be used as marker
for P3, but not for the border between P1 and P2. The
relationship between the chemoarchitectonic subdivisions
of the pulvinar and the P1-P3 maps are illustrated for
individual cases in Figures 5–8.

Projections to V1, V2, V4, and MT
from P1, P2, and P3

Area V1. In five monkeys, FB or DY was injected in
the lower visual field representation of area V1 at approx-
imately 3–10 degrees eccentricity, close to the vertical
meridian. The pattern of retrogradely labeled neurons
showed projections from both P1 and P2 at the appropriate
visuotopic locations, as shown in Figures 5 and 6. In all
cases, the neurons in P1 were mainly contained in the
PICL zone, with some additional neurons within the im-
mediately adjacent ventromedial PL (Fig. 6). The neurons
in P2 were as numerous as in P1, but were more widely
distributed in P2, as would be expected by the enlarged
representation of the visual field in P2 relative to the map
in P1. No retrogradely labeled cells were observed within
P3 (see Table 2).

Area V2. In the same five monkeys, FB or DY was
injected in area V2 parallel to the V1 injection at similar
eccentricities, but in most cases the V2 injection covered a
somewhat larger portion of the visual field representation
(Figs. 5, 6). In two additional monkeys (cases RH6 and
RH7), the same region of V2 was injected, but V1 was not.
In all V2 cases, retrogradely neurons were found in P1 and
P2 (see Table 2). Like the projections to area V1, the
neurons projecting to area V2 from P1 and P2 were in
topographic register with the visual field maps (Figs. 5, 6).
In case RH1, the P1 neurons were located exclusively in
PICL, but in the other five V2 cases, P1 neurons seemed to
extend from PICL into adjacent ventromedial PL (Fig. 5).
In case RH2, the cells in P1 and P2 seemed to merge into
a single region (Fig. 6). This finding was due to the fact
that the V1 and V2 injections in this case likely included
the representation of the vertical meridian and, therefore,
labeling was present at the P1/P2 border where this me-
ridian is represented. Also, it should be noted that the
injection in RH1 likely crossed the representation of the
horizontal meridian; thus, the labeled neurons included
portions of the upper visual field in P1 and P2, as well as
the lower field. In four of the five monkeys with V1 and V2
injections, a few double-labeled neurons were observed in
P2.

In all V2 cases, unlike in the V1 cases, there were
retrogradely labeled neurons in a third zone that fell
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Fig. 3. Right: representative photomicrographs of sections pro-
cessed for calbindin immunohistochemistry through the rostral (top)-
to-caudal (bottom) extent of the pulvinar. These sections show four
distinct chemoarchitectonic subdivisions of cytoarchitectonic PI,

whose borders are shown in the line drawings (left). For abbrevia-
tions, see Table 1. Scale bar 5 1 mm in lower left panel (applies to all
panels).
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within the P3 field. Within P3, neurons were found in PICM
in all cases, and also in PIM in three of the seven cases.
The projection from PICM to area V2 was not as dense as
that from P1 and P2 but was heavier that that from PIM. In
no case were labeled neurons seen in PIP (Table 2).

Area V4. In the six monkeys with injections into area
V4, FB or DY was placed into the lower visual field rep-
resentation of the area, at approximately 2–10 degrees
eccentricity (Gattass et al., 1988). There were projections
from P1, P2 and P3 in every case (Table 2). The most
extensive projection zone was from P2, with sparser pro-
jections from P1 and still sparser from P3 (Figs. 7, 8). The
locations of labeled neurons in P1 and P2 were in good
agreement with their visual field maps. In all cases, the
neurons projecting from P1 were found in both the PICL
and adjacent ventromedial PL regions. Those projecting
from P3 were observed in PIP and PICM but not in PIM,
which was devoid of label. In the two cases with injections
of V2 and V4 (RH6 and RH7), no double-labeled cells were
seen.

Area MT. In the same six animals with V4 injections,
FB or DY was placed into area MT. Two were placed under
physiological control and four were made under visual in-
spection after exposing the region through surgical aspira-

tion of the upper bank of the caudal superior temporal sul-
cus. In the four monkeys prepared under visual inspection,
the intention was to fill the entire extent of the region to
ensure that the visual field representation included in the
MT injection overlapped the area that was included in the
V4 injection, namely, the representation of the lower visual
field. In these cases, there was contamination of FST (Bous-
saoud et al., 1990) in the injection site, but not of V4t (Desi-
mone and Ungerleider, 1986). In the two animals injected
under physiological control, injections were placed in the
lower visual field representation of MT. After injections into
MT, retrogradely labeled neurons were found sparsely in P1
and P2, and densely in P3, as illustrated in Figures 7 and 8.
In all cases, retrogradely labeled neurons were seen in the
PICL subdivision of P1, and in five of the six cases, labeled
neurons were found in the ventromedial portion of the PL
region of P1 as well. All cases showed label in P2. Although
the labeling was sparse in both P1 and P2, it covered a large
portion of these maps, consistent with the large extent of the
visual field representation included in the MT injections. In
all of the monkeys with MT injections, PIP, PIM, and PICM of
P3 contained labeled neurons (see Table 2). The densest
projection was from PIM, and this projection extended above
the brachium of the superior colliculus, as shown in Figures

Fig. 4. The distribution of calbindin-positive neurons and neuropil
staining within the chemoarchitectonic subdivisions of the pulvinar.
Each region labeled in the panels of the column on the left is shown at
higher magnification in the panels of the two columns on the right.

For abbreviations, see Table 1. Scale bar 5 200 mm in lower left panel
(applies to all panels in the left column), 30 mm in the lower right
panel (applies to all panels in the middle and right columns).
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7 and 8. The projection from PIP and PICM was less dense,
but heavier than that from P1 and P2. In four of the six
monkeys, a few double-labeled neurons projecting to MT and
V4 were seen in PICM and PICL. There were no double-
labeled neurons projecting to areas MT and V2.

Relationship between chemoarchitectonic
subdivisions and patterns of projections

The P1 and P2 fields. Neurons in both P1 and P2

were found to project to V1 and V2. The neurons in

Fig. 5. Case RH1: Distribution of retrogradely labeled neurons in
the pulvinar after injections of Diamidino Yellow in area V1 and Fast
Blue in area V2. The injection sites are shown on a lateral view of the
right hemisphere at the top middle. Dashed lines indicate the V1/V2
border. The estimated visual field representation of these injection
sites is shown at top right. The labeled cells (black dots) are shown on
a rostral (top) -to-caudal (bottom) series of coronal sections through-
out the pulvinar. The retrogradely labeled cells seen after the injec-

tion in area V1 are in the left column and those seen after the injection
in area V2 are in the middle column. The right column shows the
photomicrographs of calbindin immunohistochemistry with the visual
field representations within P1 and P2, and the border of P3 superim-
posed on the sections. CB, calbindin; HM, horizontal meridian; VM,
vertical meridian. For other abbreviations, see Table 1. Scale bar 5 1
mm in lower middle panel (applies to all frames).
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these fields that projected to V2 overlapped those pro-
jecting to V1 in all monkeys (Figs. 5, 6). In both P1 and
P2, a few double-labeled neurons were observed project-
ing to V1 and V2. In the two animals with injections in
areas V2, V4, and MT, the neurons projecting to area V2
overlapped more extensively with those projecting to
area V4 than with those projecting to area MT (Fig. 8).
The most extensive region of overlap of cells projecting
to areas V2 and V4 occurred in PICL of P1 and ventro-

lateral PL of P2. Because the projections from P1 and P2
to MT were sparse, there was minimal overlap with
those projecting to V2.

The P3 field. The retrogradely labeled neurons lo-
cated in P3 were found to project to areas V2, V4, and
MT, but not to V1. Each chemoarchitectonic region
within P3 was observed to project differentially to these
cortical areas. In all seven cases, projections to V2 arose
from PICM, and in three of these cases retrogradely

Fig. 6. Case RH2. Distribution of retrogradely labeled neurons in the pulvinar after injections of Fast
Blue in area V1 and Diamidino Yellow in area V2. For all conventions, see Figure 5. Scale bar 5 1 mm
in lower middle panel (applies to all frames).
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labeled cells were also seen in PIM. Projections to area
V4 arose from PIP and PICM in all cases, but none arose
from PIM. Area MT received projections from all subdi-

visions of P3, with the densest projection arising from
PIM. In the two monkeys injected in areas V2, V4, and
MT, there were dense overlapping projection zones of

Fig. 7. Case RH9. Distribution of retrogradely labeled neurons in
the pulvinar after injections of Diamidino Yellow in area MT and Fast
Blue in area V4. The injection in area V4 is shown on a lateral view of
the hemisphere at top left. The injection in area MT is shown on a
flattened map of the caudal portion of the superior temporal sulcus
and surrounding cortex; the portion of the flattened sulcus is indi-
cated on lateral view of the brain at top middle. The estimated visual
field representations of these injection sites are shown on top right.
The retrogradely labeled cells seen after the area V4 injection are in
the left column and those seen after the area MT injection are in the

middle column. Dashed lines at the base of the pulvinar indicate torn
tissue. The right column shows photomicrographs of calbindin immu-
nohistochemistry with the visual field representations within P1 and
P2 and the border of P3 superimposed on the sections. DP, dorsal
prelunate area; FST, fundus of the superior temporal area; MST,
medial superior temporal area; PITd, posterior inferior temporal area,
dorsal part; PP, posterior parietal area; TEO, inferior temporal area
bordering occipital cortex. For all other conventions, see Figure 5.
Scale bar 5 1 mm in lower middle panel (applies to all frames).
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Fig. 8. Case RH6: Distribution of retrogradely labeled neurons in
the pulvinar after injections of Fluororuby in area V2, Diamidino
Yellow in area V4, and Fast Blue in area MT. The injections into areas
V4 and V2 are shown on a lateral view of the hemisphere at the top
left. The injection in area MT is shown on a flattened map of the
caudal portion of the superior temporal sulcus and surrounding cor-
tex; the portion of the flattened sulcus is indicated on the lateral view
of the brain at top right. The estimated visual field representations of

these injection sites are also shown at top. The retrogradely labeled
cells seen after the injection in area V2 are in the left column of the
left facing page, those seen after the injection in area V4 are in the
right column of the left facing page, and those seen after the injection
in area MT are in the left column of the right facing page. For all other
conventions, see Figures 5 and 7. Scale bar 5 1 mm in lower left panel
on left facing page (applies to all frames).
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Figure 8 (Continued)
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retrogradely labeled cells from PICM to areas V2 and V4.
In all of the monkeys with injections in areas MT and
V4, there was a clear interdigitation of retrogradely
labeled neurons, such that the strongest labeling in P3
after an MT injection was seen in PIM, whereas the
strongest labeling after a V4 injection was seen in PIP
and PICM (Figs. 7, 8). Figure 9 summarizes the density
of projections from the pulvinar to areas V1, V2, V4, and
MT in relation to the subdivisions of the pulvinar based
on calbindin immunohistochemistry.

DISCUSSION

The present study confirms early reports that calbindin
immunohistochemistry in the pulvinar can be used to

further delineate the original cytoarchitectonic subdivi-
sions as described by Olszewski (1952). Both PL and PM
were easily distinguished by calbindin immunohistochem-
istry. In PL, there were both large and small calbindin-
containing neurons, as well as horizontally oriented fiber
bundles that crossed the area. The PM subdivision, which
had both large and small neurons that contained calbindin
and intensely stained neuropil, was found dorsomedially
to PL. Unlike PL and PM, cytoarchitectonic PI was not a
homogenous region. It could be subdivided into PIP, PIM,
PICM, and PICL based on the pattern of calbindin staining.
Both the PIP and PICM zones displayed the heaviest cal-
bindin immunoreactivity. The PICL zone had moderate
calbindin staining, and PIM, the “calbindin-hole” zone,

Fig. 9. Schematic showing the subdivisions of the pulvinar based
on calbindin immunohistochemistry, and their relationship to connec-
tions with areas V1, V2, V4, and MT. The different shades of gray in
the center panel represent the different densities of calbindin-positive

neurons. The different shades of gray in the surrounding panels
indicate the density of retrogradely labeled cells in the different
chemoarchitectonic subdivisions of the pulvinar after injections into
V1, V2, V4, and MT. For all other conventions, see Figure 5.
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was almost devoid of calbindin immunoreactivity. This
pattern of calbindin staining was similar to those de-
scribed by Stepniewska and Kaas (1997) and Cusick and
colleagues (Cusick et al., 1993; Gutierrez et al., 1995).

Functional fields in the pulvinar have been demon-
strated based on electrophysiological mapping experi-
ments and connectional studies. As previously described
by Bender (1981) and Ungerleider et al. (1984), the P1 field
is found mainly in rostrolateral PI, and extends into por-
tions of adjacent ventromedial PL. The P2 field, which
partially surrounds P1, is located entirely in ventrolateral
PL, and the P3 field is found in posteromedial PI, but also
includes small portions of PL and PM that lie dorsal to the
brachium of the superior colliculus. Based on the patterns
of calbindin immunohistochemistry, P1 includes both PICL
and the ventromedial portion of PL, P2 is located in the
ventrolateral portion of PL, and P3 includes the PIP, PIM,
and PICM subdivisions of PI. Based on calbindin immuno-
histochemistry, it seems that the portions of P3 that lies
above the brachium of the superior colliculus are exten-
sions of PIM and PICM. Thus, we used the pattern of
calbindin to delineate the dorsal border of P3.

The subdivisions of the pulvinar are differentially con-
nected with the visual cortex. The neurons projecting to
area V1 were found almost exclusively in the PICL portion
of P1; however, in some cases, the projection also arose
from the adjacent ventrolateral subdivision of P1, located
in ventromedial PL. In addition, retrogradely labeled neu-
rons projecting to area V1 were found in P2, but the
projection from P2 was less dense than that from P1. The
neurons projecting to area V2 were observed to overlap
those projecting to area V1 in the same parts of P1 and P2.
The projection zones to areas V1 and V2 were more widely
distributed in P2 than P1, which is most likely due the
enlarged visual field representation in P2 relative to P1. A
few double-labeled neurons in P2 were observed to project
to areas V1 and V2. There was an additional projection to
area V2 from P3. In all cases, this projection was found to
arise from PICM, and in some cases there was an addi-
tional projection from PIM; in no case was a projection
observed from PIP to V2.

The neurons projecting to areas V4 and MT were more
abundant in the pulvinar than those projecting to areas V1
and V2. In all monkeys, retrogradely labeled neurons pro-
jecting to area V4 were observed in both P1 and P2, and in
PICM and PIP of P3; no cells were found in PIM. The neurons
projecting to area MT were found in P1 to P3, with the
heaviest projection arising from P3. Within P3, the densest
projection arose from PIM. This dense projection from PIM is
similar to the dense projections that were described in pre-
vious connectional studies of MT (Standage and Benevento,
1983; Ungerleider et al., 1984; Cusick et al., 1993,
Stepniewska et al., 1999). Unlike the neurons projecting to
V1 and V2, which largely overlapped, those projecting to MT
and V4 were mainly interdigitated, such that the densest
projection to MT arose from PIM and the densest projection
to V4 arose from PIP and PICM. Connections between V4 and
the portions of PI corresponding to PIP and PICM have been
observed previously (Benevento and Rezak, 1976; Benevento
and Davis, 1977; Cusick et al., 1993). A few double-labeled
neurons were found to project to areas V4 and MT; they were
located in PICL of P1 and PICM of P3. No double-labeled
neurons were found to project to areas V2 and V4 or to areas
V2 and MT, even though there were dense overlapping zones
in P1 and P2 that projected to areas V2 and V4.

Our conclusions on anatomic connections are derived
from injections in area V1 in five cases, V2 in seven cases,
V4 in six cases, and MT in six cases. However, it should be
noted that in all MT cases, there was probable involve-
ment of area FST. The projection from the pulvinar to FST
is largely the same as that to MT, but the former is more
widespread than the latter, in that it also overlaps the
distribution of labeled cells that has been reported after
injections of retrograde tracers into parietal visual areas
(Asanuma et al., 1985; Boussaoud et al., 1992; Baizer et
al., 1993). That is, the projection to FST not only includes
P3 but also regions farther dorsally and caudally in PM
that are not connected with MT. Thus, the population of
labeled cells we observed in PM beyond the P3 field likely
arose from the inclusion of a small part of FST in the MT
injection sites. These cells were not considered in the
current analysis. It is of course possible that some of the
labeled cells within P3 projected to FST rather than to MT.

Our subdivisions of the pulvinar based on calbindin
immunohistochemistry are similar to those described by
Stepniewska and Kaas (1997), but they differ somewhat
from those described by Cusick and colleagues (Cusick et
al., 1993; Gutierrez et al., 1995). By using a variety of
neurochemical markers, including calbindin, the latter
authors redefined cytoarchitectonic PI and PL. They di-
vided PI into four distinct regions, PIP, PIM, PIC, and PIL.
Their PIL extended laterally to include the ventral portion
of cytoarchitectonic PL. Thus, the ventral portion of cyto-
architectonic PL was renamed PIL and PIL-S, or the lateral
shell of PIL. The authors extended PIL into ventral PL on
the basis of immunohistochemistry and connectivity.
First, they argued that PICL and ventral PL are similar
neurochemically, except for the appearance of the horizon-
tally oriented fiber bundles in ventral PL. Second, they
argued that connectional studies have demonstrated that
ventral PL receives input from visual areas of the ventral
processing stream whereas dorsal PL receives input from
visual areas of the dorsal processing stream. Therefore,
they claimed that a dorsal and ventral distinction within
the pulvinar has anatomic support. An additional study by
Gutierrez and Cusick (1997) demonstrated that area V1
projects to all of the chemoarchitectonic subdivisions of
the ventral pulvinar, which they argued supports the idea
of the ventral pulvinar being one region, i.e., PI, contain-
ing many subdivisions.

Based on the connectional data from our own study and
previously published work, we would argue that ventral
PL should not be included as part of the inferior pulvinar.
Although it may be true that PICL and ventral PL look
similar neurochemically, the connectivity does not support
a dorsal/ventral distinction within the pulvinar. First, as
noted by Gutierrez et al. (1995), area MT, a key compo-
nent of the dorsal stream, is connected with the ventral
portion of the pulvinar, including P1, P2, and P3 (Unger-
leider et al., 1984). Additionally, although the connections
of dorsal stream areas FST and MST are mainly with PM,
the connections extend ventrally into the P3 field within
PI (Boussaoud et al., 1992). Moreover, V1 and V2 are part
of both the dorsal and ventral processing streams, and yet
their connections with the pulvinar are limited to its ven-
tral portion (Benevento and Rezak, 1976; Ogren and Hen-
drickson, 1976; Benevento and Davis, 1977; Rezak and
Benevento 1979; Ungerleider et al., 1983; Gutierrez and
Cusick, 1997). Finally, the argument that ventral PL
should be considered part of PI because V1 projects to all
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parts of the inferior pulvinar and ventral PL is unconvinc-
ing. This argument does not take into account the sepa-
rate visual fields maps within PI and PL, in particular, P1
and P2. It is clear from our data that ventral PL does
project to area V1, but this projection is from a different
map, namely, P2, which is separate from P1, and which
also projects to V1. Accordingly, we have retained the
original border between cytoarchitectonic PI and PL.

Our present results indicate that different subdivisions
of the pulvinar project preferentially to different visual
areas in the cortex. For example, PICM and PIP have heavy
projections to area V4, whereas PIM has none and instead
projects most heavily to area MT. In addition, within these
subdivisions there are differential distributions of cal-
bindin. In PICM and PIP, the calbindin immunoreactivity
is very dense; however, in PIM the calbindin staining is
sparse. It is possible, therefore, that each of these subdi-
visions of P3 contains a separate representation of the
visual field. In the cortex, calbindin is observed primarily
in a subset of inhibitory GABAergic nonpyramidal neu-
rons but is also seen in pyramidal cells which are non-
GABAergic (Baimbridge et al., 1992; Andressen et al.,
1993; DeFelipe, 1997; Hof et al., 1999). Calcium-binding
proteins are thought to buffer cellular amounts of calcium,
which then modulates the signaling within the cell and
alters cellular activity (Andressen et al., 1993). Although
the functional role of calbindin immunoreactive neurons
that are in the thalamus is unknown, these neurons may
be involved in modulating activity in the cortex (Jones and
Hendry, 1989; Hashikawa et al., 1991). Several studies
have shown that the pulvinar is involved in the control of
eye movements, the selection of salient stimuli, and the
modulation of attention, suggesting that the pulvinar may
act to gate incoming information to the cortex (Ungerlei-
der and Christensen, 1977, 1979; Desimone et al., 1990;
LaBerge and Buchsbaum, 1990; Robinson and Petersen,
1992). The pattern of retrogradely labeled neurons located
within areas of the pulvinar that have differential distri-
butions of calbindin suggests that this protein might serve
as one of the modulators of activity in the cortex and may
represent a biological substrate for the functional role of
the pulvinar. A double-labeling study that would examine
the neurochemical profile of these retrogradely labeled
neurons needs to be done to assess whether or not these
neurons colocalize with calbindin. In addition, the exact
role of these calbindin-immunoreactive neurons in visual
function remains to be determined.
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