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Abstract—The corticothalamic projection includes a main,

modulatory projection from cortical layer VI terminating with

small endings whereas a less numerous, driving projection

from layer V forms giant endings. Such dual pattern of corti-

cothalamic projections is well established in rodents and

cats for many cortical areas. In non-human primates (mon-

keys), it has been reported for the primary sensory cortices

(A1, V1, S1), the motor and premotor cortical areas and, in the

parietal lobe, also for area 7. The present study aimed first at

refining the cytoarchitecture parcellation of area 5 into the

sub-areas PE and PEa and, second, establishing whether

area 5 also exhibits this dual pattern of corticothalamic pro-

jection and what is its precise topography. To this aim, the

tracer biotinylated dextran amine (BDA) was injected in area

PE in one monkey and in area PEa in a second monkey. Area

PE sends a major projection terminating with small endings

to the thalamic lateral posterior nucleus (LP), ventral poste-

rior lateral nucleus (VPL), medial pulvinar (PuM) and, but

fewer, to ventral lateral posterior nucleus, dorsal division

(VLpd), central lateral nucleus (CL) and center median nu-

cleus (CM), whereas giant endings formed restricted terminal

fields in LP, VPL and PuM. For area PEa, the corticothalamic

projection formed by small endings was found mainly in LP,

VPL, anterior pulvinar (PuA), lateral pulvinar (PuL), PuM and,

to a lesser extent, in ventral posterior inferior nucleus (VPI),

CL, mediodorsal nucleus (MD) and CM. Giant endings origi-

nating from area PEa formed restricted terminal fields in LP,

VPL, PuA, PuM, MD and PuL. Furthermore, the origin of the

thalamocortical projections to areas PE and PEa was estab-

lished, exhibiting clusters of neurons in the same thalamic

nuclei as above, in other words predominantly in the caudal

thalamus. Via the giant endings CT projection, areas PE and

PEa may send feedforward, transthalamic projections to re-

mote cortical areas in the parietal, temporal and frontal lobes

contributing to polysensory and sensorimotor integration,

relevant for visual guidance of reaching movements for

instance.

Key words: parietal lobe, primate, thalamus, retrograde and

anterograde tracing, axon terminal, BDA.

The posterior parietal cerebral cortex is a key region where

different sensory modalities interact, representing a poly-

modal basis for programming goal-directed action by co-

operation with the frontal lobe (prefrontal and premotor

cortical areas). Although such cortico-cortical connections

may be the main substrate for polysensorimotor integra-

tion, one may consider the possibility of complementary

contributions involving subcortical levels. In this context,

the thalamus is a possible candidate considering its strong

input–output connections with multiple cortical areas, both

sensory and motor. The present report is part of a broader

study aimed at assessing the degree of overlap versus

segregation of thalamic territories projecting to multiple

cortical areas of the parietal, temporal and frontal lobes,

involved in multisensory and sensori-motor integration. To

this aim, injections of up to seven neuroanatomical tracers

were performed in two monkeys in various areas of the

posterior parietal cortex, auditory cortex and premotor cor-

tex to retrogradely label the corresponding thalamocortical

(TC) neurons (see Cappe et al., 2005 for a preliminary

report). These data based on multiple retrograde tracing

will be reported in detail elsewhere. The present report

focuses on the analysis of data derived from one of these

tracers, biotinylated dextran amine (BDA), yielding not only

retrograde labeling in thalamus as the other tracers but,

even more prominently, anterograde labeling. BDA was

injected in two monkeys in the posterior parietal associa-

tive cortex, thus allowing us to study in detail the pattern of

its TC and corticothalamic (CT) projections.

The CT projection is known to be organized in mammals

according to a dual pattern (see Giguere and Goldman-

Rakic, 1988; Schwartz et al., 1991 for the prefrontal cortex

in macaque monkeys; see Kelly and Wong, 1981; Ojima,

1994 for the primary auditory cortex of the cat; see Kakei

and Shinoda, 2001 for the motor cortex of the cat; see

Bourassa et al., 1995 for SI in the rat; see Darian-Smith

et al., 1999 for the somatosensory cortex of the macaque

monkey; see Bourassa and Deschênes, 1995 for the
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primary visual cortex of the rat). First, the major CT pro-

jection originates from cortical layer VI, forming dense and

diffuse terminal fields of small endings, functionally corre-

sponding to a feedback “modulatory” projection from cere-

bral cortex onto thalamus. Second, a quantitatively less

abundant CT projection originates from cortical layer V and

terminates in the thalamus with so-called giant endings.

Functionally, this second CT projection is hypothesized to

correspond to a feedforward “driving” projection, through

which two remote cortical areas are connected via the

thalamus (e.g. Guillery, 1995). This dual pattern of CT

projection is maintained across species (rodents, cats,

monkeys) as well as across sensory and motor systems

(see Rouiller and Welker, 2000 for review).

More specifically, this dual pattern of CT projection has

been described in much detail for primary cortical areas in

rodents, such as the primary visual cortex (Bourassa and

Deschênes, 1995), primary somatosensory cortex (Hoogland

et al., 1987, 1991; Welker et al., 1988; Bourassa et al., 1995),

primary auditory cortex (Rouiller and Welker, 1991) and pri-

mary motor cortex (Rouiller et al., 1991). Later, evidence for

such dual pattern of CT projection was extended to the cat

(auditory system: Ojima, 1994; Bajo et al., 1995; Winer et

al., 1999; motor system: Kakei et al., 2001; visual system:

Ojima et al., 1996), with extension in some cases to non

primary areas. As far as primates are concerned, the dual

CT projection has been demonstrated for the visual cortex

(Rockland, 1996), motor cortex (Rouiller et al., 1998,

2003), auditory cortex (Rouiller and Durif, 2004) and pre-

frontal cortex (Schwartz et al., 1991). In the parietal lobe, a

dual CT projection has been reported in monkeys for areas

1, 3b and 7a (Darian-Smith et al., 1999) as well as for

areas PFG and Opt in the caudal part of the lower bank of

intraparietal sulcus (IPS) (Taktakishvili et al., 2002). The

BDA injections performed in the present study aim at ex-

tending these data to area 5 of the posterior parietal cortex

of macaque monkeys. In some previous studies (Sakata et

al., 1973; Pearson and Powell, 1978), area 5 was consid-

ered as a single entity whereas in other studies (Pandya

and Seltzer, 1982; Matelli et al., 1998) area 5 was subdi-

vided in two parts, namely area PE (also referred to as

area 5d) and area PEa (named also area 5v). In the

present study, we re-examined the cytoarchitectonic char-

acteristics of areas PE and PEa on the basis of Nissl

staining and immunoreactivity to the non-phosphorylated

neurofilament protein SMI-32. Furthermore, we addressed

the issue of whether PE and PEa differ with respect to their

TC and CT connections. To these aims, BDA injections

were placed in one monkey, in the superior parietal lobule,

in caudal area 5 in a zone presumably corresponding to

area PE and in a second monkey, in the rostral (upper)

bank of IPS, a region presumably corresponding to area

PEa. Besides the type of pattern of CT projection (small

versus giant endings), the topography of the CT projection

assessed here with BDA will be compared with previous

descriptions (Yeterian and Pandya, 1985; Acuna et al.,

1990) based on anterograde tracing methods (autoradiog-

raphy, wheat germ agglutinin conjugated to horseradish

peroxidase (WGA-HRP)) which revealed the topography

but not the differential fine morphology of CT endings.

Moreover, BDA also generates some retrograde labeling,

offering the possibility to compare the distribution of TC

neurons projecting to area 5 with previous studies (Pear-

son and Powell, 1978; Jones et al., 1979; Miyata and

Sasaki, 1983; Acuna et al., 1990; Avendano et al., 1990).

Finally, in the same two monkeys, additional TC data were

derived from injections of other retrograde tracers in areas

PEa and PE.

EXPERIMENTAL PROCEDURES

The present study was conducted on two adult macaque monkeys
(one Macaca mulatta and one Macaca fascicularis), 3 and 4 years
old and weighing 3 and 4 kg. Surgical procedures and animal care
were conducted in accordance with the Guide for Care and Use of
Laboratory Animals (ISBN 0-309-05377-3; 1996) and were ap-
proved by local (Swiss) veterinary authorities. Experimental
procedures were designed to minimize the animals’ pain and
suffering.

Tracer injections

BDA (10,000 MW; Molecular Probes, Eugene, OR, USA), Fluro-
Ruby (FR; Molecular Probes) and wheat germ agglutinin (WGA;
Sigma, Lyon, France) were injected at multiple sites in areas PEa
and PE of the posterior parietal cortex. We injected also multiple
retrograde tracers in other cortical areas in the temporal and
frontal lobes, but these data will be described separately in an-
other report.

These injections were performed following experimental pro-
cedures previously described in detail (Rouiller et al., 1998, 1999,
2003; Liu et al., 2002; Tanné-Gariépy et al., 2002). In all cases,
sterile surgical procedures were followed. The monkeys were
pre-anesthetized with ketamine (5 mg/kg, i.m.) and treated with
the analgesic carprofen (Rymadil; 4 mg/kg, s.c.), antibiotics (Albi-
pen: ampicillin 10%, 15–30 mg/kg, s.c.), atropine sulfate
(0.05 ml/kg i.m.), and with dexamethasone (Decadron, 0.05 ml/kg
diluted 1:1 in saline, i.m.). Then, monkeys were anesthetized with
a continuous perfusion through the femoral vein (0.1 ml/min/kg) of
a mixture of propofol (1%) and 4% glucose solution to which
ketamine was added (65 mg/100 ml). Animals were placed in a
stereotaxic frame for surgery under aseptic conditions. The skull
was opened above the parietal lobe on one side, exposing the
IPS, which was used as landmark. The dura mater was dissected
for visualization of the injection zone. A syringe (Hamilton, Reno,
NV, USA; 5 or 10 �l) was inserted perpendicularly to cortical
surface and used for tracer injections. Detailed information on the
location of injections, tracers injected and amounts delivered is
given in Table 1 and the multiple sites of cortical injections for
each tracer are illustrated in Fig. 2. After injections, the muscles
and skin were sutured and the animal was treated during several
days with an analgesic (pills of Rymadil mixed with food; 5 mg/kg,
p.o.) and an antibiotic (amoxicillin; 10 mg/kg, p.o.). Injections of
tracers were performed 2–3 weeks before the animals were killed.
After the survival period, each monkey was pre-anesthetized with
ketamine (5 mg/kg, i.m.) and given an overdose of sodium pen-
tobarbital (Vetanarcol; 90 mg/kg, i.p.). Transcardiac perfusion of

Table 1. Summary of injection sites and tracers

Monkey Areas injected Tracers Number of
injections

Total amount
injected (�l)

MK1 Areas PEa/PE FR/BDA 7/6 2.8/6

MK2 Areas PEa/PE BDA/WGA 7/6 6/2.4
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saline (0.9%) was followed by paraformaldehyde (4% in phos-
phate buffer 0.1 M, pH 7.4), and 10, 20 and 30% solutions of
sucrose in phosphate buffer. The brain was dissected and stored
overnight in a solution of 30% sucrose in phosphate buffer.

Histological processing

Frozen sections were cut in the frontal plane (40 �m thick) with a
cryostat and collected in five series. One series was immediately
mounted on slides and stored at 4 °C for analysis of the fluores-
cent tracers. One section out of two mounted for fluorescence
analysis was later counterstained for Nissl with Cresyl Violet.
Other series were stored in 0.1 M phosphate buffer at 4 °C and
later processed to visualize BDA or WGA labeling (as previously
described in detail in Rouiller et al., 1998, 1999, 2003) as well as
for acetylcholinesterase (AChE; Geneser-Jensen and Blackstad,
1971). The labeling was examined with an Olympus light micro-
scope (Olympus, Tokyo, Japan). In the thalamus, retrogradely
labeled TC neurons were plotted on sections taken at 0.2 mm
intervals using Neurolucida (MicroBrightField, Inc., Colchester,
VT, USA). The anterogradely BDA-labeled terminals fields, corre-
sponding to dense axonal arborizations with boutons en passant
and terminaux, were also charted with Neurolucida. From the
same BDA sections, the precise locations of giant endings and of
retrogradely BDA-labeled neurons were also charted. Drawings
with plots of labeled cells and terminal fields were then exported in
the form of computer files formatted for later processing using the
software CorelDraw 12 or Adobe Illustrator 10.

In the two monkeys subjected to tracer injections (Table 1), all
series of sections were used to visualize the cells labeled with the
various tracers and to assess the parcellation of the thalamus
using AChE and Nissl staining. In the same two monkeys, Nissl
staining was also used to identify areas PE and PEa using previ-
ously established criteria (Pandya and Seltzer, 1982). To better
differentiate areas PE and PEa, sections immunostained for
SMI-32 (Campbell and Morrison, 1989; Tsang et al., 2000) derived
from two other monkeys were analyzed. To reveal SMI-32, sec-
tions were processed immunocytochemically as previously de-
scribed (Liu et al., 2002; Wannier et al., 2005).

Data analysis

Contours of Nissl-stained sections were drawn with the aid of a
drawing tube, and then adjacent sections stained for AChE were
superimposed using contours and blood vessels. These drawings
were scanned and imported in Neurolucida software and then
aligned to sections containing plots of fluorescent, WGA or BDA
labeling. The distribution of AChE, in addition to the Nissl staining
provided means for refined parcellation of thalamic nuclei (Fig. 5;
see also Morel et al., 2005).

In the present report, we first analyzed the location of antero-
gradely BDA-labeled axon terminal fields formed by small and/or
giant endings. Second, the distribution of retrogradely labeled
cells was assessed, to be confronted with the distribution of an-
terograde labeling. Furthermore, retrograde labeling was ana-
lyzed quantitatively as follows:

a) The relative contribution of inputs from different thalamic
nuclei to areas PEa and PE was assessed by counting, for each
tracer injected, the number of labeled cells in each thalamic nu-
cleus and calculating the percentage of the total number of cells
labeled with this particular tracer in the thalamus. This quantitative
analysis included the entire rostro-caudal extent of thalamus with
a regular interval between consecutive sections analyzed and, for
each of them, the entire extent of each thalamic nucleus was
systematically scanned for detection of retrogradely labeled neu-
rons. Such a procedure does not correspond to a strict stereologi-
cal method and therefore possible sampling bias cannot be ex-
cluded. However, our analysis was based on relative numbers
(percentage of retrogradely labeled neurons in each thalamic

nucleus with respect to the total number of labeled neurons in
thalamus) and possible bias will thus affect all thalamic nuclei in a
similar manner. As a consequence, our comparisons of relative
numbers of TC neurons across thalamic nuclei projecting to the
different cortical areas remain valid. A similar method has been
used to compare the relative strength of thalamic inputs to differ-
ent cortical areas (e.g. Matelli et al., 1989; Darian-Smith et al.,
1990; Hatanaka et al., 2003; Morel et al., 2005). Moreover, as the
number of labeled neurons in thalamus was relatively low, the use
of a stereological probe to estimate their number was not appro-
priate and therefore we counted all labeled neurons. This ap-
proach is considered as adequate as all samples were analyzed
using the same procedure (Lavenex et al., 2000; Geuna, 2000;
Benes and Lange, 2001).

b) Another analysis aimed at measuring the degree of segre-
gation versus overlap between subpopulations of neurons labeled
by injections of tracers in areas PEa and PE. An index of overlap
was calculated according to the method described by Tanné-
Gariépy et al. (2002; see also Morel et al., 2005). In brief, on each
section of thalamus analyzed, a grid of 0.5�0.5 mm units was
aligned to the medial thalamic border. Then, the following counts
were made for the whole thalamus, without considering thalamic
nuclear boundaries: (i) number of square units containing only neu-
rons labeled with the first tracer (N1), (ii) number of square units
containing only neurons labeled with the second tracer (N2) and
(iii) number of square units containing neurons labeled with one or
the other tracer (N3). The N1, N2 and N3 values were averaged over
all or part of the thalamus. A mean “global” index of overlap was
calculated from [N3/(N1�N2�N3)�100]. A value of 0% (with N3�0)
corresponds to a complete segregation of neurons labeled by each
tracer, whereas a mean value of 100% (N3�Ntot, with N1�0 and
N2�0) corresponds to a complete overlap between the two popula-
tions of labeled neurons. This procedure was applied for the combi-
nation of tracers FR and BDA in monkey 1 (MK1) and the combina-
tion of tracers WGA and BDA in monkey 2 (MK2).

RESULTS

Localization of injections sites

Area PE occupies the surface of rostral superior parietal

lobule whereas area PEa is located in the upper bank of

the IPS (Paxinos et al., 2000). The distinction between

areas PE and PEa is based on cytoarchitectonic criteria as

initially defined in Nissl material by Pandya and Seltzer

(1982) and reported later in other studies (Seltzer and

Pandya, 1984, 1986; Matelli et al., 1998). In line with these

data (Pandya and Seltzer, 1982), Nissl-stained sections

adjacent to the injection sites in the two monkeys (Fig. 1)

allowed us to confirm that cortical layer II of area PE is

weakly differentiated, whereas layer III appears broad and

clearly distinct from the adjacent layers II and IV. Layer V

in PE contains sparse medium-sized cells, thought not

completely segregated from a modest layer VI (Fig. 1B).

Confirming previous data (Pandya and Seltzer, 1982),

area PEa can be distinguished from area PE by its less

prominent layer IV but, on the contrary, by a more devel-

oped and better defined layer VI (Fig. 1C). As observed in

two separate monkeys (see Experimental Procedures sec-

tion), immunostaining for SMI-32 provided additional crite-

ria to distinguish area PE from area PEa (Fig. 1D, E and F).

Area PE is characterized by denser staining of pyramidal

cells in layer III (Fig. 1E), whereas layer III in area PEa is

less densely stained and is formed by smaller cells (Fig.

1F). Layer V of area PE is well defined with sparse, large

3
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pyramidal cells (Fig. 1E), whereas layer V in area PEa is

less densely stained with SMI-32 (Fig. 1F). SMI-32-stained

material exhibits a rather clear transitional zone between

areas PE and PEa, as indicated by the dashed line in

Fig. 1D. A corresponding transitional zone can be seen in

Nissl material, but less distinctly. Nevertheless, based on

the Nissl staining in the two experimental monkeys, the

injections aimed for areas PE and PEa, respectively (see

below), were indeed located in the aimed areas (Fig. 2).

In each of two monkeys, we placed injections at mul-

tiple sites in the anterior bank of IPS, in one case BDA

(MK1) and in the other case WGA (MK2), aiming at area

PEa. In the same two monkeys, we injected also the

superior parietal lobule, FR in MK1 and BDA in MK2, in an

area corresponding to PE. The multiple injection sites are

reconstructed and illustrated in Fig. 2 and a summary of

the parameters of injection is listed in Table 1. As illus-

trated by the serial reconstruction of the multiple injection

Fig. 1. Cytoarchitecture of areas PE and PEa. The localization of areas PE and PEa is indicated in panel A on a frontal section of the left hemisphere

of the macaque monkey, with two rectangles pointing to the zones shown by photomicrographs of Nissl staining at higher magnification in panels B

(for PE) and C (for PEa). Panel D shows areas PE and PEa on a frontal section immunostained for SMI-32 with two rectangles painting to the location

of the zones shown at higher magnification illustrated in panels E and F. (A) Scale bar�10 mm. (B, C) Scale bar�500 �m. (D–F) Scale bar�1 mm.

Abbreviations used in the figures

AD anterodorsal nucleus
AM anteromedial nucleus
AV anteroventral nucleus
CeM central medial nucleus
Hb habenular nucleus
LD lateral dorsal nucleus
LGN lateral geniculate nucleus
Li limitans nucleus
MGN medial geniculate nucleus
MTT mammillothalamic tract
Pf parafascicular nucleus
Po posterior nucleus

R reticular nucleus of the thalamus
Rh rhomboid nucleus
Sg suprageniculate nucleus
VA ventral anterior nucleus
VLp ventral lateral posterior nucleus
VLpd ventral lateral posterior nucleus, dorsal division
VLpv ventral lateral posterior nucleus, ventral division
VM ventral medial nucleus
VPM ventral posterior medial nucleus
ZI zona incerta
X area X

4
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Fig. 2. Location of injection sites. Injections in area PE are indicated in black, injections in area PEa in red. The drawings in panels A and B show

the location of injections on a lateral view and on a frontal section of the left hemisphere, respectively. Location and photomicrographs of the FR

injection site in area PEa for MK1 (C and D), the BDA injection site in area PEa for MK2 (E and F), the BDA injection site in area PE for MK1 (G and H)

and the WGA injection site in area PE for MK2 (I and J). The photomicrographs were taken in the center of the injection site. The multiple sites of

injection were reconstructed for each tracer from several consecutive sections, arranged from rostral to caudal in left panels. (A, B) Scale bar�10 mm.
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sites on consecutive sections (Fig. 2C, E, G, I), the corre-

sponding tracer spread on all cortical layers, in each cor-

tical area injected. The total volume of cortical tissue in-

jected with each tracer (the sum of all individual injection

sites) covers a substantial portion of PE or PEa, certainly

much bigger than a single cortical column.

Thalamic parcellation

The delimitation of thalamic nuclei and their nomenclature

follow closely those introduced by Jones (Jones, 1985,

1990; Jones and Hendry, 1989). The distribution of AChE,

in addition to Nissl staining, provided further criteria to

assess nuclear borders, as illustrated for the caudal part of

thalamus in Fig. 5. Differences in AChE densities particu-

larly demarcate anterior pulvinar (PuA) and medial pulvinar

(PuM) from ventral posterior lateral nucleus (VPL) laterally

and center median nucleus (CM)–parafascicular nucleus

(Pf) and central lateral nucleus (CL) medially, or from

suprageniculate nucleus (SG)–limitans nucleus (Li) com-

plex more caudally. Also inferior pulvinar (PuI) is clearly

distinguished from adjacent lateral pulvinar (PuL) by en-

hanced AChE staining. In the anterior part of the thalamus,

delimitation of motor nuclei, in particular area X of Olsze-

wski (1952) was also more reliably assessed by combining

AChE and Nissl, as reported before (Morel et al., 2005).

CT projections

BDA is the anterograde tracer of choice to establish the CT

projections originating from areas PEa and PE, allowing

identification of two types of CT terminals, corresponding

to small (�2 �m in diameter) and giant endings (2–6 �m).

The topographical distribution of BDA axonal terminal

fields in the thalamus is shown in Figs. 3–6. Zones with

small endings are indicated by yellow spots, whereas ter-

ritories with giant endings are depicted by blue triangles.

Typical CT axonal terminal fields formed by small endings

or giant endings are illustrated in Fig. 6.

After BDA injection in area PE (MK1, Fig. 3; Fig. 5G

and H), the main CT projection formed by small endings

terminated in lateral posterior nucleus (LP), VPL and PuM.

Moreover, few additional clusters of small endings were

found in ventral lateral posterior nucleus, dorsal division,

CL and CM. Giant CT endings were observed in LP, VPL

and PuM. The injection of BDA in area PE revealed a

gradient of labeling from rostral to caudal in the thalamus,

with a more prominent labeling caudally.

After BDA injection in area PEa (MK2, Fig. 4; Fig. 5A,

C and E), the largest and densest CT terminal field formed

by small endings was located in the thalamic nuclei LP,

VPL, PuA, PuL and PuM. Additional, smaller and less

dense clusters were found in ventral posterior inferior nu-

cleus (VPI), CL, mediodorsal nucleus (MD) and CM. Giant

CT endings were observed mainly in LP, VPL, PuA and

PuM, with fewer, in MD and PuL. As for the injection in PE,

the density of the labeling was less prominent in rostral

thalamic nuclei like ventral anterior nucleus (VA) or ventral

lateral anterior nucleus (VLa) than in caudal thalamic nu-

clei like LP or PuM. To illustrate more precisely the distri-

bution of labeling caudally, additional intermediate sec-

tions of the caudal thalamus are shown in Fig. 5 (panels A,

C and E for MK2; panels G and H for MK1).

The respective distribution of the giant versus small CT

endings can be compared for MK2 in Figs. 4, 5 (A, C, E)

and 6A. Clearly, the small CT endings (yellow areas)

formed larger terminal fields than the areas where giant

endings are present (blue triangles). There are widespread

CT projection territories formed exclusively by small end-

ings, representing in extent most of the CT terminal fields.

Such large areas composed exclusively of small CT end-

ings can be seen especially in LP (e.g. section 85 in Fig.

5A), PuA (section 87 in Fig. 4), VPL (section 89 in Fig. 5C

and section 90 in Fig. 6) and in PuL (section 91 in Fig. 4).

The CT terminal fields containing giant endings are, in

nearly all cases, mixed terminal fields as they correspond

to restricted territories where both types of terminals are

present (see Fig. 6D and the overlap of blue triangles onto

yellow areas in Figs. 4, 5 and 6). There is a general

tendency for giant endings to be located at the periphery of

the larger terminal fields formed by small endings. Typi-

cally, on a given thalamic section, giant endings are dis-

tributed into multiple small zones of projection, most often

across distinct thalamic nuclei. For instance, in section 87

(Fig. 4), giant endings were seen in LP, PuA and VPL and,

more caudally, in VPL, PuA and PuM (section 90 in Fig. 6).

The CT projection formed by giant endings is restricted to

multiple, small territories but widely dispersed across several

thalamic nuclei, representing an important feature regarding

their possible role for processing and transfer of information

(see discussion). In MK1 (Fig. 3), although less clearly visible

due to a generally less dense CT projection, high magnifica-

tion drawings (not shown) confirmed these features, with a

broader distribution of small CT endings than giant endings,

the latter forming small territories overlapping the terminal

fields formed by small endings at their periphery. Giant CT

endings were seen mainly in LP and PuM in MK1.

TC projections

The distribution of retrogradely labeled neurons in thala-

mus after injections of tracers in areas PE and PEa is

shown in Figs. 3 (for MK1), 4 (for MK2) and 5 (both

monkeys). The consecutive frontal sections of thalamus

show only sparse retrograde labeling rostrally, at levels of

motor thalamic nuclei VA, VLa, ventral medial nucleus or

X. In contrast, a high number of neurons projecting to area

PEa were found in the caudal thalamic nuclei LP, VPL,

PuM and PuL. This was also true, except for PuL, for the

neurons projecting to area PE. Considering the whole

thalamus, the labeling for TC projections to areas PEa and

PE was densest in LP, VPL and PuM. For PuL, the retro-

grade labeling was dense only after injection in area PEa.

A few BDA retrogradely labeled neurons are visible in

panel C of Fig. 6 (arrows), whereas FR- and WGA-labeled

TC neurons are illustrated in panels E and F of Fig. 6.

More quantitatively, Fig. 7A and 7C shows that the

majority of TC projections to area PEa originate from sev-

eral thalamic nuclei such as LP (36% of TC connections for

MK1 and 42% for MK2), PuM (18% for MK1 and 18% for

MK2), PuL (especially for MK1 with 27% of TC connec-
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Fig. 3. Distribution of anterograde (small and giant CT endings) and retrograde (TC neurons) labeling in the thalamus, after injections of BDA (open

black circles) and FR (open red squares) in areas PE and PEa, respectively, in MK1. The anterograde labeling (yellow areas and blue triangles) applies

only for the BDA injection in area PE. Sections are arranged from rostral to caudal (75–119) and intervals between two consecutive sections are

0.2 mm. Additional sections (101, 104) in the main zone of interest are shown for the same animal in Fig. 5 (panels G and H). The corresponding

stereotaxic levels (in mm) of monkey brain atlas (Paxinos et al., 2000) are indicated in parentheses for the most rostral and caudal sections. See list
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tions, 3% only for MK2) and VPL (3% for MK1 and 18% for

MK2). Less dense TC projections to area PEa originate

from the thalamic nuclei CL, MD and PuA (for MK2). The

TC projections to area PE are quantitatively shown in Fig.

Fig. 4. Distribution of anterograde (small and giant CT endings) and retrograde (TC neurons) labeling in MK2 in the thalamus after injections of WGA

(open black circles) and BDA (open red squares) in areas PE and PEa, respectively. The anterograde labeling applies only for the BDA injection in

area PEa. Same conventions as in Fig. 3. Additional sections (85, 89, and 93) in the main zone of interest are shown for the same animal in Fig. 5

(panels A, C and E).
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Fig. 5. Additional sections to illustrate more precisely the distribution of CT and TC labeling in the caudal part of the thalamus (A, C and E for MK2;

G and H for MK1). Photomicrographs of sections adjacent to those in A, C and E, and stained for AChE, are shown in B, D and F. Same conventions

as in Figs. 3 (panels G, H) and 4 (A, C, E).
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7B and 7D, with the main thalamic nuclei of origin being LP

(57% of TC connections for MK1 and 36% for MK2), PuM

(14% for MK1 and 10% for MK2), VPL (11% for MK1 and

12% for MK2) and MD (5% for MK1 and 9% for MK2).

Fig. 6. Photomicrographs of CT endings (B, C and D). Small CT endings correspond to the yellow territories shown in panel A (same conventions

as in Fig. 3). Examples of giant endings are shown with white arrowheads (C and D). Panel B corresponds to the square area in panel A. Panels C

and D are high magnification of the region pointed by an arrow in panel B. BDA-labeled TC neurons are pointed by black arrows in panel C. Panel

E illustrates retrogradely labeled neurons in the thalamus after injection of FR in area PEa (MK1), and panel F, labeled neurons in the thalamus as

a result of WGA injection in area PE (MK2).
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Fewer neurons in CL, CM and PuA (for MK2) project to

area PE. Overall, the main thalamic nucleus projecting to

both areas PEa and PE is clearly LP accompanied by

significant input coming from PuM and VPL. Moreover, as

for CT connections, TC projections to areas PEa and PE

are densest in the caudal thalamic nuclei.

Overlap versus segregation of TC projections

to areas PE and PEa

The distribution of retrogradely labeled neurons after mul-

tiple tracer injections in areas PE and PEa, as represented

in Figs. 3, 4 and 5, shows at first glance that the degree of

overlap versus segregation between thalamic projections

to these two parietal cortical areas varies across thalamic

nuclei (or groups of nuclei). In order to estimate more

quantitatively the degree of overlap versus segregation of

these TC projections, an index of overlap between two

populations of labeled neurons was calculated for the two

tracers injected in areas PE and PEa in each monkey (as

explained in Experimental Procedures). For methodologi-

cal reasons, this calculation was applied to the entire thal-

amus, without considering nuclear boundaries. Fig. 7E and

F displays the degree of overlap between the TC connec-

tions of areas PE and PEa along the rostrocaudal axis of

thalamus. The average percentage of overlap of the TC

projections directed to areas PE and PEa on the entire

thalamus is 20% for MK1 and 11% for MK2. However,

considering only the caudal part of thalamus (from the

rostral limit of LP and VPL nuclei to the caudal extent of

PuM), the average overlap rises up to 36% for MK1 and

26% for MK2.

DISCUSSION

Location of injection sites

Two distinct sub-areas of the posterior parietal cortex were

injected in the superior parietal lobule. The region injected

in the anterior bank of IPS corresponds to area PEa

(named also area 5v) whereas the region injected in the

anterior bank surface of IPS is area PE (named also area 5d),

as referred to in previous studies (Pandya and Seltzer, 1982;

Seltzer and Pandya, 1984, 1986; Matelli et al., 1998).

Fig. 7. Quantitative distribution of TC projections directed to areas PE and PEa. (A–D) Histograms of the percentages of labeled cells in each thalamic

nucleus with respect to the total number of cells in thalamus labeled by each of the injected cortical areas. Panels A and B are histograms for TC

projections to areas PEa and PE, respectively, for MK1. Panels C and D are histograms for TC projections to areas PEa and PE, respectively, for MK2.

For each histogram, the sum of all bins is 100%. (E, F) Overlap versus segregation of TC projections to areas PE and PEa, plotted as a function of

the rostro-caudal location of the corresponding section of the thalamus in MK1 (E) and MK2 (F). Sections are numbered 1–50, from rostral to caudal,

and intervals between sections are 200 �m. Arrows indicate the position of sections illustrated in Fig. 3 for panel E and in Fig. 4 for panel F.
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Topography of TC projections

The distributions and relative proportions of labeled cells in

different thalamic nuclei after tracer injections in areas PEa

and PE were quantified in the two monkeys (Fig. 7). There

is variability between MK1 and MK2, especially for the

projections to area PEa originating from PuL and VPL. This

variability is probably due to some variations of injection

sites: in contrast to the injection in area PEa for MK1,

which was restricted to this area, the injection site for MK2

was slightly more caudal than for MK1 and possibly spread

to area MIP. It is also possible that there was an uptake of

the tracer in the area VIP in the fundus of IPS for the

injection in PEa for MK1. These spreadings could explain

that retrograde labeling was higher in PuL but less dense

in VPL for MK1 than for MK2 (see Baleydier and Morel,

1992).

Overall, our main findings are that TC projections to

area PEa originate mainly from LP, PuM and VPL and from

LP, PuM, VPL and MD to area PE. Less dense, but stable

across monkeys, TC projections to areas PE and PEa

originate from CL. In the monkey, few previously available

retrograde tracing studies for area PE yielded contrasting

results: whereas Pearson et al. (1978) and Jones et al.

(1979) found projections originating only from LP, CL and

PuA, Miyata and Sasaki (1983) as well as Avendano et al.

(1990) observed major projections from LP and PuA, ac-

companied by moderate to heavy projections from VL, CL,

PuM, VPL, CM and a modest contribution from MD, VPI

and PuL. In general agreement, Pons and Kaas (1985)

observed retrograde labeling in VPL, LP and PuA after

injection in area 5. Another study (Acuna et al., 1990)

reported TC projections to area 5 originating from different

thalamic nuclei such as LP, PuL, PuA and very few from

PuM, MD and CM, but not from PuL. Our results (Fig. 7)

are in general agreement with Miyata and Sasaki (1983),

Avendano et al. (1990) and Acuna et al. (1990) with how-

ever some discrepancies in the respective weight of the

projections, such as sparse labeling in PuA and a quite

dense labeling in PuM (thus diverging from Acuna et al.,

1990). These quantitative differences in origin of TC pro-

jections may be explained by the differences in the precise

location of the injection sites. Indeed, the injection sites

performed by Avendano et al. (1990) were more medial

than our injections. The injection sites reported by Pearson

et al. (1978) were more rostral than our injections. More-

over, in contrast to these studies, we performed several

injections (up to seven) in area PE. Compared with the

injection sites performed by Acuna et al. (1990), our injec-

tion sites clearly covered a larger rostro-caudal extent.

The present study and others (Miyata and Sasaki,

1983; Pons and Kaas, 1985; Avendano et al., 1990) on TC

connections of area 5 show clearly the existence of pro-

jections from VPL to area 5. The ventroposterior nucleus

has been shown to have a somatotopic organization

(Welker, 1974; Kaas et al., 1984; Kaas and Pons, 1988;

Rausell et al., 1998). In the present study in particular,

retrograde labeling was found in VPL after injections in

areas PE and PEa dorsally. The labeled part of VPL cor-

responds most likely to trunk representation. As we did not

perform an injection of two different tracers in the same

area (areas PE or PEa) in the same animal, the present

data are not suitable to address the issue of the somato-

topic representation in these sub-regions of area 5. The

present study demonstrates that areas PE and PEa share

several common properties regarding the origin of their TC

projections. At the level of corticocortical connections,

many studies have investigated the cortical network of

areas PE and/or PEa. First of all the two areas are inter-

connected. In addition, both areas have reciprocal cortico-

cortical connections with the primary motor cortex (Leich-

netz, 1986), area 6 (in particular SMA-proper) (Petrides

and Pandya, 1984; Luppino et al., 1993; Matelli et al.,

1998), frontal eye field (FEF) (Stanton et al., 1995, 2005)

and with areas 1, 2 and 3a (DeFelipe et al., 1986; Burton

and Fabri, 1995) (see also Pons and Kaas, 1986, for

review). Areas PE and PEa have also their own separate

network: area PE projects to dorsal area 4 (Petrides and

Pandya, 1984) whereas the motorcortical larynx area

projects to area PEa (Simonyan and Jürgens, 2002).

Moreover, area PEa receives input from the ventral and

caudal superior parietal lobule (areas PE and PEc) as well

as from the medial surface of the parietal lobule (area

PGm) (Seltzer and Pandya, 1986). Finally, area PEa has a

small projection to the parieto-occipital area V6A (Caminiti

et al., 1999; Marconi et al., 2001), while area PE is recip-

rocally connected with area PG (7a) (Neal et al., 1990).

Overall, the corticocortical connections of areas PE and

PEa are established predominantly with motor and so-

matosensory areas of the neocortex.

On a functional point of view, microstimulation of pos-

terior parietal cortical areas, including area 5, evokes eco-

logically relevant behaviors including defensive move-

ments, hand to mouth movements, facial grimaces and

aggressive movements (Cooke et al., 2003; Stepniewska

et al., 2005). Furthermore, an electrophysiological study

(Acuna et al., 1990) in area PE and in the LP and pulvinar

nucleus (Pu) of thalamus in a monkey executing reaching

limb movements showed that the majority of cells in area

PE were classified as reaching related cells. The lateral–

posterior and pulvinar cells were also reaching related

neurons but depended more on the intentionality of move-

ment than cells in area PE. Parietal ablations in monkeys

have confirmed involvement of area PE in reaching move-

ments (Ettlinger and Kalsbeck, 1962; Lamotte and Acuna,

1978). Area PE and the LP–Pu complex have reciprocal

connections. In line with the present study, area PE was

reported to receive its thalamic input mainly from the

LP–Pu complex (see also Trojanowski and Jacobson,

1976; Yeterian and Pandya, 1985). A cooperation between

area PE and the Pu during goal-directed movements is

thus likely. Moreover, in monkey, lesions in area PE and

area 7 decreased the precision of visually guided move-

ment (Fabre-Thorpe et al., 1986). On the other hand, area

PEa has been shown to play a role in eye–hand coordi-

nation during reaching movements (Marconi et al., 2001)

and has connections with parietal areas V6A and PEc, as

well as with motor cortex. In conclusion, areas PE and
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PEa, classically known as sensorimotor association areas,

participate also in the control of visually guided movements

(Pandya and Seltzer, 1982; McGuire et al., 1989) and, in

particular, area PE is involved in egocentric representation

of reaching in monkeys (Acuna et al., 1990; for review, see

Lacquaniti et al., 1995; Kalaska, 1996). Moreover, in a

recent electrophysiological study in area 5 (Gardner et al.,

2006) conducted on macaque monkeys trained to a pre-

hension task, it was found that the activity of 88% of

task-related neurons was influenced during approach, con-

tact and grasp of the object in area 5.

As described above, the thalamic inputs to areas PE

and PEa originate principally from LP. Such predominant

projection from LP to area 5 has been reported earlier by

Pons and Kaas (1985). The nucleus LP is also closely

interconnected with area 7 (Burton and Jones, 1976), in-

cluding the three visually mapped dorsomedial, medial and

posterior parietal areas (Graham et al., 1979). Another

substantial source of input to areas PE and PEa appears to

be the nucleus VPL, known as the main somatosensory

relay (Kaas and Pons, 1988, for review). The third main

input to areas PE and PEa comes from PuM. PuM projects

also to the cortical areas FEF, V4, MT, infero-temporal

area (IT), area 7, the belt and the parabelt of the auditory

cortex, the prefrontal cortex and the cingular cortex (see

Stepniewska, 2004, for review) and could be implicated in

the control of visually guided movements (Fabre-Thorpe et

al., 1986). Otherwise, rostral portions of the dorsal thala-

mus, generally associated with motor processing (Vitek et

al., 1994, 1996), also provide input to the areas PE and

PEa, as well as MD (particularly to area PE), CL and PuA.

Thus, the present study confirms that areas PE and PEa

are sensorimotor areas in general, with a particular role in

visually guided movements.

Overlap versus segregation of TC projections

to areas PE and PEa

The overlap between zones of origin of the TC projections

to areas PE and PEa is considerable, especially in the

caudal thalamus. Indeed, both areas receive their main

thalamic inputs from the caudal thalamic nuclei LP, PuM

and VPL. In addition, but to a lesser extent, areas PE and

PEa receive both TC inputs from the thalamic nuclei PuL,

CL and MD. On a quantitative point of view, the degree of

overlap of the TC projections to areas PE and PEa

amounts to 36% for the caudal thalamic nuclei, which can

be compared, using the same criteria, to that between TC

projections to the rostral (PMv-r) and caudal (PMv-c) parts

of ventral premotor cortex (38%) or to the rostral (PMd-r)

and caudal (PMd-c) parts of dorsal premotor cortex (39%)

in the rostral thalamus (Morel et al., 2005). For further

comparison, the TC overlap found here for areas PE and

PEa (36%) is higher than that found for pre-SMA and

SMA-proper (20%, see Morel et al., 2005).

The large overlap of the zones of origin of the TC

projections to areas PE and PEa opens the possibility that

a single TC neuron may send a diverging projection to both

PE and PEa. Such diverging TC projection would be rep-

resented by double-labeled cells. Unfortunately, this issue

could not be addressed here as the combination of the two

tracers in the same animal (FR and BDA in MK1; WGA and

BDA in MK2) did not allow the visualization of double

labeling as each marker was revealed and analyzed on

distinct series of sections.

Morphology and topography of CT endings

The dual pattern of CT projections refers to the presence of

small and giant endings, as well as to the pattern of ar-

rangement of giant endings. The present study is the first

report on the distribution of small and giant CT endings

originating from the posterior parietal areas PE and PEa.

Small endings were more widely distributed and numerous

than giant endings, in line with previous observations for

the motor, auditory, somatosensory and visual systems

(Rouiller and Welker, 2000 for review). Thus, the present

data extend the concept of a dual morphology and topog-

raphy of the CT terminals to the associative parietal cortex.

In monkeys, the duality of small and giant CT endings is

well established concerning the primary cortical areas,

such as M1 (Rouiller et al., 1998), V1 (Rockland, 1996), 3b

(Darian-Smith et al., 1999), considered as S1 “proper”

(Kaas, 1983; Kaas and Pons, 1988) and A1 (Rouiller and

Durif, 2004). The dual CT projection was also shown for

area 1, area 7a and area Opt, the caudalmost area of the

intraparietal lobe (Darian-Smith et al., 1999; Taktakishvili

et al., 2002), and therefore the present study confirms the

existence of a dual pattern of CT endings also for nonpri-

mary parietal cortical areas, area 5 in the present case.

In terms of topographical organization of CT connec-

tions, our data show a distribution of both small and giant

endings from area PEa in the thalamic nuclei LP, VPL,

PuA, PuM, MD and PuL and from area PE in LP, PuM, and

VPL. These results are in agreement with previous study of

the CT connections of posterior parietal regions (Yeterian

and Pandya, 1985).

Reciprocity of CT and TC projections

In general, most studies report that TC and CT systems of

projection largely overlap in thalamus, thus implying that

the territories formed by CT small and giant endings gen-

erally match the clusters of TC neurons. This general

match of CT terminals and TC neuronal clusters was re-

ported for the primary auditory cortex in the cat (Winer and

Larue, 1987) as well as in motor cortex in monkeys

(Rouiller et al., 1998, 2003). However, more detailed ob-

servations provided evidence for some mismatch, al-

though non-overlapping territories were spatially relatively

restricted. A non-strict reciprocity of CT and TC projections

has also been observed for the posterior parietal cortex

(Darian-Smith et al., 1999 and Taktakishvili et al., 2002). At

first sight, TC and CT matching zones are also present

here as a result of BDA injection in areas PE and PEa,

more so after injection in area PEa (Fig. 3; Fig. 5 panels A,

C and E) than in area PE (Fig. 4; Fig. 5 panels G and H).

However, in both monkeys, although more prominently in

MK1, there are large zones of thalamus with labeled TC

neurons but devoid of anterograde labeling (outside the

yellow zones in Figs. 3–5). In other words, the TC territo-
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ries appear larger than the CT ones, a mismatch that

seems to be more pronounced for areas PE and PEa than

for other cortical areas such as primary auditory (Rouiller

and Durif, 2004), primary motor and premotor cortical ar-

eas (Rouiller et al., 1998, 2003). Each cortical area was

injected at multiple sites, which cover the different cortical

layers if we considered all these sites (see Fig. 2). How-

ever, it cannot be excluded that the BDA injections did not

cover an equal volume of cortex in layers III/IV, targets of

TC projection, and in layers V/VI, sources of CT projec-

tions. This could be a part of the explanation of the mis-

match. Another possible reason for substantial mismatch

is that, as apparent in Fig. 2, the BDA injection may not be

restricted to the same single cortical columns for the dif-

ferent layers (III/IV versus V/VI) and therefore distinct tha-

lamic territories will be labeled for the TC and CT projection

thus introducing mismatch.

Functional significance of the small and giant

endings CT projections

Different roles for the CT projections were proposed in

previous studies (Welker et al., 1988; Rouiller and Welker,

1991; Rouiller et al., 2003) and reviewed extensively by

Rouiller and Welker (2000) and Sherman and Guillery

(2005). Small CT terminals (originating from layer VI neu-

rons) are typically present in the projection serving the

feedback control of cerebral cortex on the thalamic nucleus

from which it receives its main inputs and is typically as-

sociated to a modulatory function. In contrast, giant termi-

nals (originating from layer V neurons) are involved in

feedforward projections by which activity from a cortical

area is distributed, via the thalamus, to other parts of

cerebral cortex. Functionally, the giant endings CT projec-

tion is considered as a driving activity. This functional

disparity (modulator versus driver) is supported by electro-

physiological data derived from in vitro preparations (Li et

al., 2003; Reichova and Sherman, 2004). The most com-

mon EPSPs, produced by stimulation of layer VI neurons,

showed a graded, long latency response with slower rise

time than the less frequently encountered EPSPs (arising

from layer V stimulation) characterized by large, all or none

response with shorter latency.

The cross-species and cross-systems comparison re-

veals differences in the mode of feedforward projections,

which may be involved in the activation of other parts of the

same cortical area or of other, remote cortical areas. It is

interesting to note that at the level of the neocortex, the

cortico-cortical feedback connections have also been de-

scribed as more widespread than feedforward ones

(Maunsell and Van Essen, 1983). Like the feedforward

connections in the cortex, the CT projections formed by

thick fibers and terminating with giant endings represent

the support for fast, secure, transthalamic interactions be-

tween distant cortical regions (see also Feig and Harting,

1998; Sherman and Guillery, 2002; van Horn and Sher-

man, 2004). Although, one may expect the giant CT end-

ings to be strictly segregated from the small CT endings,

thus corresponding to a clear functional separation of the

driving and modulatory influences of the cortex onto the

thalamus, it is usually not the case. Indeed, in general,

giant CT endings co-localize with some small CT endings,

an observation that was also true here for area 5 in the

thalamic nuclei LP, PuM, PuA and VPL. These thalamic

nuclei send TC projections to cortical areas remote from

area 5, such as somatosensory areas 3b and 1, area 7, the

lateral intraparietal area (LIP), the prefrontal cortex, the

FEF, the IT, the auditory cortex (parabelt) and the motor

cortex. If the CT and TC territories in the thalamus overlap,

they represent a possible an anatomical support for rapid

and secure transthalamic transmission of information from

area 5, via LP, PuA, PuM and VPL to the abovementioned

cortical areas, in other words to remote cortical regions in

the parietal, temporal and frontal lobes.

CONCLUSION

In conclusion, the present study supports the notion that

area 5 in the macaque monkey comprises two cytoarchi-

tectonally distinct sub-areas, PE and PEa, as assessed in

Nissl- and SMI-32 stained material. The areas PE and PEa

have largely comparable patterns of TC and CT projec-

tions, mainly with the caudal thalamus, more specifically

with the nuclei LP, PuM and VPL. The thalamic territories

projecting to areas PE and PEa overlap to a significant

extent, as much as those directed to the two subdivisions

of the dorsal premotor cortex (PMd-c and PMd-r) or the

ventral premotor cortex (PMv-c and PMv-r). Finally, the

present TC and CT projections observed for the areas PE

and PEa represent a possible anatomical substrate for

transthalamic, multisensory and sensorimotor integration

processes involving area 5 in primates.
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