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CHAPTER 1

Introduction

1.1 The posterior parietal cortex (PPC) in primates

The posterior parietal cortex (PPC), generally refers to the part of parietal cortex posterior to Brod-

mann's Areas 3, 1, and 2 of the somatosensory areas, is a prominent feature of primate brains. PPC emerged

in early mammals and expanded signi�cantly in humans, marking it as a hallmark of primate cognitive evo-

lution (Goldring and Krubitzer, 2020). A cortical �ssure preserved in all primates, the intraparietal sulcus

(IPS), commonly serves as an anatomical landmark for PPC. Unlike some cortical areas that can be well

characterized by distinctive architectural features, complete representations of the body surface or visual

�eld, or unique neuronal properties, a clear de�nition of the PPC region remains under debate, especially in

anthropoids with enlarged PPC (Cavada, 2001; Hinkley et al., 2010).

PPC has also been termed parietal associative cortex to re�ect its role in integration of various sen-

sory modalities, which was facilitated by its location surrounded by visual, somatosensory, and auditory areas.

Mountcastle introduced the ”command function hypothesis,” proposing that functions of PPC include those

related to ”acts aimed at certain behavioral goals” (Mountcastle et al., 1975). Accumulating evidence has

indicated that PPC differs from primary sensory or motor cortex, which directly processes input information

or controls movements. Instead, investigators argue that PPC plays an essential role in transforming sensory

information into perception and generating action plans (Snyder et al., 1997; Andersen, 1997; Batista et al.,

1999; Andersen and Buneo, 2002; Cohen and Andersen, 2002). Moreover, PPC contributes to higher-level

cognitive functions such as attention, memory, and decision-making (Todd and Marois, 2004; Malhotra et al.,

2009; Katsuki and Constantinidis, 2012; Shomstein, 2012; Sestieri et al., 2017; Zhou and Freedman, 2019).

An appreciation of the correlation between structures and functions of PPC can be gained even from

a cursory examination of the literature. Complex functions attributed to PPC depend on a cortical structure

connecting multiple modules, as demonstrated by a substantial amount of anatomical work (Hyvärinen, 1982;

Andersen et al., 1990; Stepniewska et al., 2009b; Gharbawie et al., 2011; Konen et al., 2013). On the other

hand, focal damage to PPC can result in a wide range of sensorimotor defects, from different forms of apraxia

to hemispatial neglect, as evidenced by clinical syndromes in patients (Lynch, 1980; Auerbach and Alexander,

1981; Battaglia-Mayer et al., 2006; Nachev and Husain, 2006; Goldenberg, 2009; Vallar and Calzolari, 2018).

Therefore, it is important to have a thorough understanding of PPC from the anatomical perspective to better

understand its role regarding different functions and behaviors.

1



The goal of this dissertation is to expand our knowledge of the functional organization and anatomi-

cal connections of PPC. Northern greater galagos (Otolemur garnettii), members of the strepsirrhine radiation

of primates that are generally considered closely resembling early primates that emerged over 60 mya, are

used here as the research model for the advantage of their relatively less complex brain while preserving

common features of the primate brain (Kaas, 2013). Findings made in galagos can also provide valuable

data for cross-species comparison of the primate PPC, and even suggest some features of human PPC from

an evolutionary perspective. Speci�cally, Chapter 1 reviews previous works concerning the architecture and

connectivity of primate PPC, most of which were conducted on the widely used macaque monkeys, although

some studies on other primates and humans are also included for comparison. Chapter 2 reports the features

of an identi�ed action-speci�c zone of PPC as well as its cortical connections. Chapters 3 and 4 describe

thalamic connections of the rostral and caudal parts of PPC, respectively. Chapter 5 summarizes the �ndings

in the aforementioned studies and relates these �ndings to the proposed visual-motor functions of PPC with

a general discussion.

1.2 Subdivisions of primate PPC

The intraparietal sulcus (IPS) is a consistently present feature within the PPC region of human and

non-human primates, and therefore has been commonly used for parcellation of PPC by most investigators

(Brodmann, 2007; Vogt and Vogt, 1919; von Economo and Koskinas, 1925; Bonin and von Bailey, 1947;

Hyvärinen, 1982). In humans, the region dorsomedial to IPS is designated as the superior parietal cortex

(SPC), the most anterior part of which, Area 5 of Brodmann (1909), is characterized by the thick inner

granular layer 4 and large pyramidal cells in layer 5 (Zilles et al., 2003). The posterior part of SPC is

distinguished by a distinctive stripe with extremely large but loosely packed cells in deeper layer 5 in the

description of von Economo and Koskinas's PE area, which is considered equivalent to Brodmann's Area 7

(von Economo and Koskinas, 1925; Zilles et al., 2003). Brodmann noticed an architectonic gradient along

the anterior-posterior direction of this area, supporting a further subdivision alongside von Economo and

Koskinas and others (Brodmann, 2007; Vogt and Vogt, 1919; von Economo and Koskinas, 1925; von Bailey

and Bonin, 1951). The inferior parietal cortex (IPC) has been traditionally divided into two major areas, each

of which is argued to contain more subareas now (Caspers et al., 2012). The anterior area PF of von Economo

and Koskinas, coarsely corresponding to Area 40 of Brodmann, has small cells arranged in columns across

layers, and can be distinguished from surroundings by extremely thick layers 2 and 4, as well as merged

layers 5 and 6. The posteriorly seated PG (equivalent to Area 39) possesses similar characteristics to PF,

except for larger cells in the thinner layer 3 (von Economo and Koskinas, 1925; Caspers et al., 2012). Cortex

buried in human IPS, however, has barely been examined with regard to its architectonics until recent work

2



done by Zilles and colleagues, in which they identi�ed three areas with prominent layers 3 and 5 utilizing the

observer-independent method (Choi et al., 2006). The hIP1 is situated at the fundus of IPS with a broader

layer 5 and a narrower layer 3 compared to hIP2, while hIP2 occupies the rostrolateral bank of IPS with

more densely packed cells in layers 3 and 5. hIP3 basically coincides with the medial bank of IPS and is

characterized by a clearer separation between layers 2 and 3 (Scheperjans et al., 2008a, 2008b).

A similar partitioning schema has been adopted in other primate species. In macaques, for instance,

PE of SPC is characterized by a distinct layer 3 with moderately large cells and mildly myelinated �bers in

layer 4. PF of IPC is characterized by the gradual enlargement in cell size from upper to lower layer 3 and a

thin layer 5. PFG and PG of IPC show better development of the lamination with caudal progression, which is

shared by PGm of the medial SPC. PG has denser cells in layer 3 and smaller cells in layer 5 than PFG, while

both of them have evident myelination in layer 4. PEa and POa of IPS can be distinguished dorsoventrally

from each other by the density of myelination (Bonin and von Bailey, 1947; Pandya and Seltzer, 1982; Preuss

and Goldman-Rakic, 1991; Gregoriou et al., 2006). In general, PPC of macaques exhibits the conventional

six-layer structure. The architectonic appearances of PPC in prosimian galagos, on the other hand, seem to be

more homogeneous and less distinctive, though it can still be divided into a lateral zone (PPl), a dorsorostral

zone (PPr), and a dorsocaudal zone (PPc), according to different connection patterns and functions (Preuss

and Goldman-Rakic, 1991; Wong and Kaas, 2010).

1.3 Connectivity of primate PPC

As tract-tracing method remains the “gold standard” for revealing connections of the brain but is not

feasible for human studies, what we have learned so far about the anatomical connectivity of primate PPC

largely comes from the experiments conducted on non-human primates, particularly on macaque monkeys.

The following section therefore is based on tracing studies in macaques unless otherwise noted.

1.3.1 Cortical connections

Area 5a (largely corresponding to PE in a different nomenclature), the anteriormost portion of dorsal

PPC, has strong intrinsic connections with adjacent caudal, ventral, and medial portions of PPC, as well

as connections with IPS regions (Hyvärinen, 1982; Pandya and Seltzer, 1982; Seltzer and Pandya, 1986).

Area 5a connects densely to Area 2 of the somatosensory cortex and less densely to Areas 3a, 3b (S1),

1, and secondary somatosensory (S2) areas (Vogt and Pandya, 1978; Pons and Kaas; 1986; Bakola et al.,

2013; Padberg et al., 2019). It also has major connections with frontal regions, including primary motor

(M1), premotor and supplementary motor areas (SMA) of the medial surface (Petrides and Pandya, 1984;

Matelli et al., 1998; Marconi et al., 2001; Bakola et al., 2013). Additional connections have been found in
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the superior temporal, cingulate, and insular cortices; however, not much has been reported with regard to

connections with visual-related areas (Morecraft et al., 2004; Bakola et al., 2013). The posterior part, Area

5b (PEc), shares similar overall connection patterns, though Area 5b is closer to the visual cortex than Area

5a (Petrides and Pandya, 1984; Seltzer and Pandya, 1986; Bakola et al., 2010). Many of these connections

with sensorimotor cortices appear to be reciprocal and intrahemispheric, suggesting that Area 5, as a whole,

serves as a global hub of cortical sensorimotor networks, with particular relevance to somatic rather than

visual sensation.

On the inferior convexity of PPC, besides connections within PPC regions, the anterior part Area

7b (roughly corresponding to PF) connects densely with the somatosensory cortex including Areas 3a, 3b,

1, 2, S2, and supplementary somatosensory areas, as well as with the motor cortex including the ventral

premotor (PMv), ventral lateral prefrontal (vlPFC), and SMA. Few connections are found with the insular

and cingulate cortices (Stanton et al., 1977; Pandya and Seltzer, 1982; Petrides and Pandya, 1984; Neal et al.,

1987, 1990; Cavada and Goldman-Rakic, 1989a, 1989b; Andersen et al., 1990; Lewis and Van Essen, 2000;

Rozzi et al., 2006). Area 7a (PG and PFG) exhibits somewhat different connection patterns with speci�c

regions of the superior temporal sulcus (STS), PMv, SMA, vlPFC, and regions of the limbic cortex, including

cingulate, retrosplenial, and parahippocampal areas (Stanton et al., 1977; Andersen et al., 1985; Neal et al.,

1987; Cavada and Goldman-Rakic, 1989a, 1989b; Lewis and Van Essen, 2000). In contrast to Area 7b, Area

7a has prominent connections with secondary and higher-order visual areas, such as the dorsal prelunate

(DP) and parieto-occipital (PO) areas (Cavada and Goldman-Rakic, 1989a, 1989b). Area 7m on the medial

surface connects with both higher-order visual and somatosensory cortices. The connections of area 7m with

the frontal cortex are found preferentially in the dorsal rather than ventral portions of the cortex (Leichnetz,

2001; Passarelli et al., 2018).

Connections of the region within IPS are more complex, as IPS has been demonstrated to con-

tain multiple functionally distinctive zones that each display somewhat different sets of cortical connections

(Lewis and Van Essen, 2000). Commonly recognized zones include the anterior intraparietal area (AIP;

Sakata and Taira, 1994), the lateral intraparietal area (LIP; Andersen et al., 1985), the ventral intraparietal

area (VIP; Maunsell and Van Essen, 1983), the medial intraparietal area (MIP; Colby et al., 1988), and the

caudal or posterior intraparietal area (CIP/PIP; Sakata and Taira, 1994; Colby et al., 1988). AIP connects pri-

marily with LIP, Area 7, S2, STS, middle temporal gyrus, PMv, vlPFC, and additionally with ventral frontal

eye �eld (FEF) and CIP/PIP (Luppino et al., 1999; Lewis and Van Essen, 2000; Nakamura et al., 2001; Borra

et al., 2008). LIP has major connections with visual-related areas including V3, V4, DP, PO, middle superior

temporal (MST), middle temporal areas (MT), as well as with Area 7a, vlPFC, and several intratemporal

locations (Colby et al., 1988; Blatt et al., 1990; Lewis and Van Essen, 2000). Situated in the fundus of IPS,
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VIP has robust connections with MIP, Area 7m, MST, and the transitional temporal-parietal-occipital regions

involved in visual processing. Somatosensory and motor connections have also been found in S1, S2, M1,

and PMv (Colby et al., 1988; Luppino et al., 1999; Lewis and Van Essen, 2000). MIP connects with multiple

PPC areas such as Areas 7m, 7b, Pec, AIP, and VIP, as well as other regions including visual area V6, MST,

caudal cingulate, frontal and parietal motor and somatosensory areas (Lewis and Van Essen, 2000; Galletti et

al., 2001; Bakola et al., 2017). Finally, CIP/PIP has prominent connections with the extrastriate visual cortex

(Colby et al., 1988). Connections between the PPC region and other parts of the cortex are largely reciprocal

and observed in both hemispheres.

Several studies on other primate species have revealed partially or entirely the connection patterns

of their PPC. For example, previous studies on prosimian galagos show that generally the rostral portion of

PPC has major connections with somatosensory areas, whereas the caudal portion has more connections with

visual areas (Stepniewska et al., 2009b, 2016). The rostral PPC can be further subdivided into several func-

tionally distinct zones, each of which has a unique set of connections. The dorsal climbing and hand-to-mouth

zones preferentially connect with the leg/arm, and arm/hand representations in the dorsal premotor, M1, S1,

S2, respectively. The posterior defensive and reaching zones have additional connections with the extrastriate

cortex. The ventral face zones connect with the eye/face representations in the motor and somatosensory

cortex. Dorsoventrally speaking, the dorsal PPC connects with the dorsal portion of the frontal, parietal and

occipital cortices, whereas the ventral PPC connects with the ventral portion (Stepniewska et al., 2009b).

Similar connectional patterns have also been reported in New World squirrel and owl monkeys (Gharbawie

et al., 2011).

1.3.2 Thalamic connections

Multiple studies have suggested that thalamic connections of PPC are topographically organized. In

SPC, PE (Area 5a) receives major inputs from the lateral posterior (LP), the ventral posterolateral (VPL),

medial and oral components of the ventral lateral (VL) and pulvinar nuclei, and additional inputs from the

central lateral (CL), central medial (CM), paracentral (PC) nuclei of the intralaminar thalamic group and the

medial dorsal nucleus (MD), while projecting to most of these nuclei as well (Hyvärinen, 1982; Yeterian and

Pandya, 1985; Schmahmann and Pandya, 1990; Cappe et al., 2007, 2009). PEc (Area 5b) basically receives

thalamic projections from the same areas as PE does, except the projections from LP and VL are stronger than

that of PE (Hyv̈arinen, 1982; Impieri et al., 2018). Area 7m on the medial surface connects with dorsal VL,

LP, lateral and medial pulvinar (PL, PM), caudal MD and CL (Leichnetz, 2001). Early studies have identi�ed

the anterior thalamus, pulvinar, CM, PC, ventral anterior and parafascicular nuclei as the sources of thalamic

projections to the inferior parietal Area 7; while the terminations of Area 7 projections were generally to VL,
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LP, and lateral dorsal nucleus (LD) (Hyvärinen, 1982; Asanuma et al., 1985; Baleydier and Morel, 1992;

Hardy and Lynch, 1992). Both SPC and IPC project to the zona incerta.

Studies with restricted injections and more precisely de�ned cortical and thalamic areas are able to

reveal �ner details of the connection patterns. For instance, the rostral part of IPC, PF (Area 7b), receives pro-

jections from the ventral thalamus, such as the ventral posteromedial nucleus (VPM) and the oral component

of pulvinar. The most caudal part of IPC, on the other hand, gets inputs mainly from the dorsal thalamus, such

as LD, the anteroventral (AV) and anteromedial (AM) nuclei (Selemon and Goldman-Rakic, 1988; Schmah-

mann and Pandya, 1990; Taktakishvili et al., 2002). PE (Area 5a) sends major outputs that originated from

layer 5 to LP, VPL and PM, whereas projections that originated from layer 6 with dense and diffuse termi-

nals, termed small endings, are present in dorsal VL, CL, and CM in addition to the aforementioned thalamic

regions (Impieri et al., 2018). Besides common projections to LP, VPL, MD, and pulvinar, the presumptive

areas of MIP and PIP also send projections with speci�c small endings to the ventral posteroinferior nucleus

(VPI), CL, and CM (Amino et al., 2001; Cappe et al., 2007).

Thalamic connections of PPC in several species of New World monkeys have also been investigated.

In capuchin monkeys, PPC subregions involved in hand/arm movements receive abundant projections from

LP, anterior and medial pulvinar (PA, PM), and sparse projections from other nuclei including VPL, VPI,

MD, CL, and PC, with slightly different strengths of projections in different subregions (Mayer et al., 2019).

Similar connection patterns are observed in squirrel and owl monkeys, except the additional dense projections

from VL (Gharbawie et al., 2010). In titi monkeys, projections to Area 5 arise in VL, PA, PM, VP, LP, and

CL, whereas projections to Area 7b are from PA, PM, LP, LD, VL, CL, and CM (Padberg et al., 2006).

Overall, patterns of connections between PPC and the thalamus in New World monkeys appear to be similar

to those in Old World macaque monkeys.

1.3.3 Other connections

Connections between PPC and the striatum, midbrain, and cerebellum have been studied broadly.

The putamen and caudate nuclei are the main targets of corticostriatal projections (Hyvärinen, 1982; Weber

and Yin, 1984; Selemon and Goldman-Rakic, 1985; Cavada and Goldman-Rakic, 1991; Yeterian and Pandya,

1993; Baizer et al., 1993), although some degree of discrepancy regarding the subregional-level projections

exist among researchers. Weber and Yin (1984) reported in stump-tailed macaque monkeys that PF projected

to the dorsolateral caudate, also known as the head region; PG projected to the rostral portion of the body

region; and most caudally, the transitional area Opt between inferior PPC and the occipital cortex projected

to the caudal body and tail regions. PF and PG projections to putamen also followed a topographical order

but to a much less degree. Opt projections to putamen were few. Cavada and Goldman-Rakic (1991) found in
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rhesus monkeys that the very caudal part of IPS projected to the head and rostral body of the caudate nucleus

and putamen as well, indicating a wider extent of these projections. Yeterian and Pandya (1993) described

predominant projections of PF to the ventral putamen and predominant projections of PG to the caudate, as

well as considerable projection of PFG to both nuclei. These somewhat inconsistent �ndings could result

from different tracing techniques and different macaque species that were used in the studies. It could also be

due to the exact locations where injections were placed. Yeterian and Pandya (1993) also reported that both

PE and PEc had major connections with the dorsal putamen, while PEc in addition projected to the caudate.

Their work suggests the progression from anterior to posterior in both SPC and IPC corresponds to the shift

of predominant projections from the putamen to the caudate. SPL projects to the dorsal putamen, while IPC

projects to the ventral putamen.

PPC also projected to the superior colliculus, reticular formation, multiple nuclei of the pons and

the cerebellum (Hyv̈arinen, 1982; May and Andersen, 1986; Clower et al., 2001; Leichnetz, 2001; Ramnani,

2012). More speci�cally, SPC projections to the pons are more widespread than those of IPC, while projec-

tions within IPC are stronger in the posterior than the anterior part (Schmahmann and Pandya, 1989). AIP,

MIP, and ventral LIP receive major indirect projections from the dentate nucleus of the cerebella (Clower et

al., 2005; Prevosto et al., 2010).

In summary, primate PPC is architectonically heterogeneous and is usually divided into several

subregions based on anatomical features. It has extensive connections with a wide range of cortical and

subcortical areas, many of which are notably visual-, somatosensory- or motor-related. Such connections

likely subserve the integrative functions of PPC and its contributions to visual-guided actions and sensory-

motor coordination.
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CHAPTER 2

Cortical connections of the functional domain for climbing or running in posterior parietal cortex of

galagos

The following chapter was the published work by Qimeng Wang, Chia-Chi Liao, Iwona Stepniewska,

Mariana Gabi, and Jon H. Kaas under the same title in the Journal of Comparative Neurology, 529(10),

2789-2812.

2.1 Abstract

Previous studies in prosimian galagos (Otolemur garnetti) have demonstrated that posterior pari-

etal cortex (PPC) is subdivided into several functionally distinct domains, each of which mediates a speci�c

type of complex movements (e.g., reaching, grasping, hand-to-mouth) and has a different pattern of cortical

connections. Here we identi�ed a medially located domain in PPC where combined forelimb and hindlimb

movements, as if climbing or running, were evoked by long-train intracortical microstimulation. We injected

anatomical tracers in this climbing/running domain of PPC to reveal its cortical connections. Our results

showed the PPC climbing domain had dense intrinsic connections within rostral PPC and reciprocal connec-

tions with forelimb and hindlimb region in primary motor cortex (M1) of the ipsilateral hemisphere. Fewer

connections were with dorsal premotor cortex (PMd), supplementary motor (SMA), and cingulate motor

(CMA) areas, as well as somatosensory cortex including areas 3a, 3b, and 1–2, secondary somatosensory

(S2), parietal ventral (PV), and retroinsular (Ri) areas. The rostral portion of the climbing domain had more

connections with primary somatosensory cortex than the caudal portion. Cortical projections were found

in functionally matched domains in M1 and premotor cortex (PMC). Similar patterns of connections with

fewer labeled neurons and terminals were seen in the contralateral hemisphere. These connection patterns

are consistent with the proposed role of the climbing/running domain as part of a parietal-frontal network for

combined use of the limbs in locomotion as in climbing and running. The cortical connections identify this

action-speci�c domain in PPC as a more somatosensory driven domain.

2.2 INTRODUCTION

The present study is a part of an ongoing effort to characterize the major features of functionally

distinct networks for speci�c actions that involve small regions (domains) in posterior parietal cortex (PPC)

of primates. These domains interact with functionally matched domains in motor and premotor cortex. Our
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research effort was initially motivated by the discovery by Graziano and coworkers that primary motor cortex

(M1) of macaques is divided into a number of small regions that produce different speci�c actions when elec-

trically stimulated (Graziano, A�alo, and Cooke, 2005; Graziano, Taylor, and Moore, 2002). Previously, the

functional organization of M1 was mapped by electrically stimulating many sites in M1 with short bursts of

electrical pulses delivered with microelectrodes (e.g., Gould, Cusick, Pons, and Kaas, 1986; Nudo, Jenkins,

Merzenich, Prejean, and Grenda, 1992; Nudo, Milliken, Jenkins, and Merzenich, 1996; Strick and Preston,

1982). Such maps revealed an overall crude somatotopic representation of the body parts that were involved

in the brief movements, but not the more extensive complex movements that Graziano and coworkers de-

scribed for sites in motor cortex as a result of longer 500 ms trains of electrical pulses. These more complex

movements suggested that motor cortex is subdivided into a number of small regions or domains that directly

mediate ethologically relevant behaviors such as bringing the hand to the mouth, reaching to grasp, defending

the head from a blow and “climbing”. The region where stimulation produced movements resembling “climb-

ing” was unusual, in that the electrical stimulation evoked bilateral movements of forelimbs and hindlimbs

(Graziano and A�alo, 2007; Graziano et al., 2005). In addition, those sites that evoked climbing movements

appeared to be in the supplementary motor area (SMA), while other sites that evoked complex movements

of the face or forelimbs were in M1 or premotor cortex (PMC). Our interest here was in further exploring

the cortical circuits involved in complex movements of the combination of forelimbs and hindlimbs. In our

experiments, the movements could be characterized as “climbing”, “jumping”, or “running”, as it was dif�-

cult to classify these movements as completely natural as they were evoked in anesthetized primates with the

head �xed in a head holder, and the limbs were limited somewhat in what movements were possible.

Our previous studies of action-speci�c networks in cortex have involved parts of PPC, M1, and

PMC in macaques, owl monkeys, squirrel monkeys, and prosimian galagos (Gharbawie, Stepniewska, and

Kaas, 2011; Gharbawie, Stepniewska, Qi, and Kaas, 2011; Stepniewska et al., 2011; Stepniewska, Cerkevich,

Fang, and Kaas, 2009; Stepniewska, Fang, and Kaas, 2005, 2009; Stepniewska, Gharbawie, Burish, and Kaas,

2014). The results suggested that these primates have as many as eight or more functionally distinct cortical

networks for evoking different behaviors. These networks have been most extensively investigated in galagos

for the reason that they have relatively smooth cortex without a central �ssure, so that more of the relevant

cortex is exposed on the surface of the brain. Our studies revealed an array of action-speci�c domains

in PPC in a roughly somatotopic pattern. The most medial stimulation sites evoked hindlimb movements,

with progressively more lateral sites evoking combined movements of the forelimb and hindlimb, reaching,

defensive movements of the forelimb, hand to body, grasping, and most laterally, defensive or aggressive

movements of the face as well as eye movements were evoked (Figure 2.1). Domains for most classes of

movements were found in roughly the same mediolateral order in M1 and PMC. Domains in PPC were found
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to selectively project to functionally matched domains in M1 and PMC (Stepniewska, Cerkevich, et al., 2009).

In addition, optical imaging experiments showed that stimulation of PPC domains only activated functionally

matched PMC and M1 domains (Stepniewska et al., 2011), and muscimol inactivation results showed that

inactivation of PMC and M1 domains suppressed functionally matched PPC domains while activities of

unmatched PPC domains were preserved (Stepniewska et al., 2014). These observations support the proposed

existence of parallel parietal-frontal networks for speci�c actions in primates (Kaas and Stepniewska, 2016).

Figure 2.1: Dorsolateral view of the left cerebral hemisphere of galago

A dorsolateral view of the left cerebral hemisphere of a galago showing the location of speci�c movement
domains identi�ed by long-train microstimulation in areas M1, PMC, and PPC. Corresponding domains in
these areas are marked with the same color. D, defensive; E, eye movements; F, face movements; G, grasping;
HB, hand to body; HL/FL, climbing; R, reaching. Abbreviations: 1–2, somatosensory areas 1 and 2; 3a,
somatosensory area 3a; 3b, primary somatosensory area; A, auditory cortex; DM, dorsomedial visual area;
DL, dorsolateral visual area; FEF, frontal eye �eld; IT, inferiortemporal cortex; M1, primary motor cortex;
MT, middle temporal cortex; PMD, dorsal premotor area; PMC, premotor cortex; PMV, ventral premotor
area; PPCc, caudal posterior parietal cortex; PPCr, rostral posterior parietal cortex; SMA, supplementary
motor area; V1, primary visual area; V2, secondary visual area. FSa, anterior frontal sulcus; FSp, posterior
frontal sulcus; IPS, intraparietal sulcus; LS, lateral sulcus; STS, superior temporal sulcus. Adapted from
Figure 5A in Kaas and Stepniewska (2016).

The goals of the present study were to de�ne and characterize the regions of parietal and frontal cor-

tex where coordinated movements of forelimbs and hindlimbs can be evoked, and determine the connections

of the forelimb/hindlimb region of PPC with other cortical areas. Features of the forelimb/hindlimb domain

have been only brie�y described (Stepniewska et al., 2005; Stepniewska, Fang, and Kaas, 2009), and the

connections of this domain have not been explored.
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2.3 MATERIALS AND METHODS

Four adult galagos (Otolemur garnetti) were examined in this study. We used long-train intracor-

tical microstimulation (LT-ICMS) to evoke movements of the limbs from PPC. In order to reveal cortical

connections, anatomical tracers were injected into locations of PPC where combined forelimb and hindlimb

movements were evoked. After the tracers being transported to neurons across cortex, the parietofrontal

region was mapped more extensively to reveal parts of PMC and M1 where movements of forelimbs and

hindlimbs together could be evoked. All experimental procedures followed the Guide for the Care and Use of

Laboratory Animals established by the National Institutes of Health and were approved by the Animal Care

and Use Committee of Vanderbilt University.

Surgery, ICMS mapping, and tracer injection

Surgical procedures were carried out under aseptic conditions with the animal's vital signs including

respiration rate, blood pressure, expiration CO2, arterial O2 saturation, and body temperature being monitored

throughout the procedure. Each galago was anesthetized with an initial intramuscular injection of ketamine

hydrochloride (20–40 mg/kg) and maintained with iso�urane (1–2%) delivered through a tracheal tube during

the surgical procedure. After the animal was �xed on the stereotaxic apparatus, craniotomy and durotomy

were performed in one hemisphere to expose the region of PPC around the intraparietal sulcus (IPS). The

opening extended rostrally to the posterior frontal sulcus (FSp) of motor cortex and dorsally to the midline.

The cortical surface was photographed and printed to allow documentation of the sites of microelectrode

placement and injections of tracers.

When proceeding to the ICMS stage during the survival surgery, the anesthesia was switched to

the intravenous administration of ketamine (20–40 mg/kg/h) supplemented with intramuscular injections of

xylazine (0.2–0.4 mg/kg) to maintain the galago at a stable surgical level. A short 40–60 min session of LT-

ICMS was then used to delineate the domain in PPC where combined forelimb and hindlimb movements

contralateral to the simulation sites were evoked. Stimuli were generated by a Master 8 stimulator (A.M.P.I,

Jerusalem, Israel) with a biphasic stimulus isolator (Bak Electronics Inc., Umatilla, FL), characterizing as

300 Hz, 500 ms trains of 0.4 ms biphasic electrical pulses. A low-impedance (1 MW) tungsten microelectrode

tilted at a 10° angle from the vertical was used to penetrate the cortex perpendicularly to deliver the current

pulses at a depth of 1.8–2.2 mm below the pial surface where the cortical layer V is located.

Anatomical tracers (cholera toxin subunit B, CTB used for retrograde tracing; �uoro-ruby, FR and

biotinylated dextran amines, BDA used for bidirectional tracing) were then injected into the electrophysio-

logically de�ned forelimb/hindlimb domain in PPC. 0.5ml of CTB (1% in distilled water, Sigma-Aldrich, St.

Louis, MO) was injected in each of three cases (17-17 LH, 18-03 LH, 18-06 LH), and 0.4ml of CTB was
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injected in case 18-19 LH. In addition, 0.5ml of FR (10% in distilled water, MW 3k and 10k, Invitrogen,

Carlsbad, CA) and a total volume of 1ml of BDA (10% in distilled water, MW 3k and 10k, Invitrogen) were

injected in case 17-17 LH and case 18-19 LH, respectively. All injections were made with Hamilton syringes

at two depths, 1.6 mm and 1 mm, below the pial surface to include the whole cortical thickness in the injection

site. The exposed cortex was then covered with gel�lm and the opening in the skull was covered with a thin

piece of hard dental cement that was �xed to the skull before suturing the skin. The galagos were given an

injection of antibiotics and closely monitored as they recovered from the anesthesia. After full recovery, they

were returned to home cages.

After a two-week period for the transportation of the tracer to neurons in cortex, a terminal ICMS

session was performed to obtain extensive functional maps of PPC, M1, and PMC regions where com-

bined forelimb and hindlimb movements could be evoked with the electrode placement at an interval of

400–800mm. The applied current amplitude was initially determined based on previous studies (Stepniewska

et al., 2005; Stepniewska, Fang, and Kaas, 2009) and was adjusted accordingly to elicit visible movements

or measure the current threshold. Amplitudes up to 300mA were applied, beyond which the stimulation site

was considered to be non-excitable if no movement was evoked. Two or three experimenters that were blind

to the location of microelectrode placement were present to observe and document the movements. To mark

the functional boundaries of cortical areas, microlesions were made at selected locations by passing 10mA

direct current via the lesion making device (Ugo Basile SRL, Gemonio, Italy) during the electrode withdrawal

from the depth of 2 mm below the pial surface. All penetration sites and electrolytic lesions were marked on

photographs of the operated cortex.

Perfusion and tissue processing

At the end of the terminal experiments, galagos were administered a lethal dose of sodium pento-

barbital (120 mg/kg), and then perfused intracardially with 0.9% phosphate-buffered saline (PBS), followed

by 2% paraformaldehyde in phosphate buffer (�xative) and 10% sucrose in �xative. Brains were removed

from the skull. Left and right cortices were then separated from subcortical structures and manually �attened

to unfold sulci before being squeezed between two glass slides. After being post-�xed in the same �xative

for 2 h, the �attened tissues were transferred into 30% sucrose solution for cryoprotection and stored at 4°C

overnight for microtomy.

Cortices were sectioned in parallel to the pial surface at a thickness of 40mm and saved in four

series. One or two series were stained for cytochrome oxidase (CO; Wong-Riley, 1979), myelinated �bers

(Gallyas, 1979), or vesicular glutamate transporter 2 (VGluT2; Balaram, Hackett, and Kaas, 2013) to reveal

cortical architectures, particularly the primary visual (V1), somatosensory (area 3b), and auditory (A1) ar-
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eas. Other series were mounted, air-dried, and coverslipped directly for �uorescence microscopy or were

processed to reveal CTB (Angelucci, Clascá, and Sur, 1996; Liao, Gharbawie, Qi, and Kaas, 2013) or BDA

(Veenman, Reiner, and Honig, 1992) labeled pro�les. In cases for BDA-CTB double staining, sections were

�rst processed for BDA followed by CTB to visualize labeling of both tracers in different colors in the same

section. In order to visualize FR labeling pro�les under the bright�eld microscope, one series of the sec-

tions was immunoreacted as described in Chang (1993) with modi�cations. In brief, the sections were �rst

rinsed in 0.5% Triton containing 0.01 M PBS (pH 7.4, washing solution) and immersed in a blocking solution

(0.5% Triton and 5% normal goat serum in 0.01 M PBS) for 1 h, followed by being incubated in a 1:1000

dilution of the primary antibody (rabbit anti-tetramethylrhodamine, Invitrogen) in the blocking solution at

4°C for two nights. Sections were repeatedly rinsed in washing solution, and then immersed in a secondary

antibody solution of biotinylated goat anti-rabbit IgG (BA-1000, Vector Laboratories Inc, Burlingame, CA)

that was diluted at 1:300 in the same blocking solution for 1.5 h at room temperature. After three washes,

the sections were processed with a standard avidin-biotin complex (ABC) reaction. Sections were incubated

for 1.5 h in the ABC solution (PK-4005, Vector Laboratories) that was made at a ratio of 1 drop of A and 1

drop of B for every 7 ml 0.01 M PBS, and then washed and incubated for 10 min in a 3,3'-diaminbenzidine

tetrahydrochloride (DAB) solution (50 mg DAB in 100 ml 0.01 M PBS) containing 0.03% nickel ammonium

sulfate. Finally, 30% hydrogen peroxide solution was added into the DAB solution at a ratio of 1:10000 to

visualize the FR labeling, which were shown in brown color.

Antibody characterization

The primary antibodies used in the present study were mouse anti-VGluT2 (AB2187552; mon-

oclonal; cat. no. MAB5504; Millipore, Burlington, MA) in a concentration of 1:5000 for VGluT2, and

rabbit anti-tetramethylrhodamine (AB1502299; polyclonal; cat. no. A6397; Invitrogen, Carlsbad, CA) in a

concentration of 1:1000 for FR. The VGluT2 antibody was tested against galago brain tissue using standard

western blot techniques and showed a single band at 56 kDa (Baldwin, Balaram, and Kaas, 2013).

Data analysis and anatomical reconstruction

A Zeiss Axio Imager 2 microscope (Carl Zeiss AG, Oberkochen, Germany) coupled to a Dell Pre-

cision T3610 workstation (Dell Inc., Round Rock, TX) running Stereo Investigator version 2018 software

(MBF Bioscience, Williston, VT) was used to plot the injection sites and labeling. For each case, four or

�ve sections with the �xed interval across the super�cial, middle, and deep cortical layers were selected for

plotting. Retrogradely labeled neurons and anterogradely labeled axonal terminals were marked and outlined

at the 10x power and subsequently veri�ed at the 20x power. Sections of architectural staining were scanned
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with a HP Photosmart printer C4780 (HP Inc., Palo Alto, CA) and adjusted only for contrast and brightness

with Adobe Photoshop CS5 (Adobe Inc., San Jose, CA). Plots were then imported into Adobe Illustrator

CS5 (Adobe Inc., San Jose, CA) to be compiled and aligned with the architectural images based on blood

vessels and electrolytic lesions. Identi�cation of architectonic borders of cortical regions followed those of

previous studies (Preuss and Goldman-Rakic, 1991; Wong and Kaas, 2010; Wu and Kaas, 2003). In cases

where these areas were architechtonically indistinct, areal borders were estimated based on measurements

from other cases and outlined with dashed lines. Heatmaps of the cortical distributions of labeled neurons

were created with a Python script that was designed to calculate and visualize the density of distribution of

labeled neurons.

2.4 RESULTS

The results are presented in two parts. First, we brie�y describe the microstimulation results, includ-

ing the general characteristics of the evoked movements of forelimb and hindlimb combination, and pro�le of

the cortical domains in PPC, PMC, and M1 where stimulation sites evoking such movements formed clusters.

Second, we show the patterns of intracortical and interhemispheric connections of the PPC domain that was

devoted to combined forelimb and hindlimb movements as revealed by tracer injections in detail.

2.4.1 Climbing movements and the climbing domains

Combined forelimb and hindlimb movements evoked by LT-ICMS were recognized in experiments

as complex movements that involved multiple body parts and were coordinated across multiple joints dur-

ing most or all of the stimulation period. These movements were characterized as some combinations of

�exion or extension of the elbow, shoulder, hip, or knee causing retraction or protraction of the forelimb

and hindlimb contralateral to the stimulated side. In two stimulation sites, bilateral limb movements were

observed. However, as we focused on monitoring contralateral limb movements, it is likely that ipsilateral

and bilateral movements might have occurred at more sites. Although some movement components (e.g.,

forelimb downward pushing or hindlimb kicking) might be missed due to the restraint of the animal in the

stereotaxic apparatus, the combined limb movements that were observed in the experiments resembled those

of an animal trying to climb, jump, or run. The key feature of these movements was the involvement of

both the forelimb and hindlimb, different from previously reported or observed forelimb reaching, defensive

movements, grasping or hindlimb movements. We therefore viewed them as a distinct class of ethologically

relevant actions and termed them “climbing movements” attempting to be consistent with early classi�cations

of Graziano (2009).

Climbing movements were observed from 203 out of 599 stimulation sites (33.9%) in PPC, M1, and
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PMC across four animals, with no systematic differences in movement components or sequences observed

among those movements elicited from different cortical areas. In 12 sites, climbing movements were also

accompanied by rotation of the contralateral wrist or ankle, �exion or extension of the contralateral digits

or toes, or twitch of the trunk. Threshold values for consistently evoking climbing movements were usually

much higher in PPC (104 sites across four individuals, median = 120mA, mean = 121.54mA) than those in

M1 (56 sites across three individuals, median = 30mA, mean = 36.25mA). Variations of threshold values in

the same cortical area were possibly resulted from differences in anesthesia levels.

The stimulation sites from which climbing movements were evoked tended to cluster to form a

domain in PPC, identi�ed here as the PPC “climbing domain”. The PPC climbing domain was situated

2.2–2.8 mm above the IPS, extending 3–5 mm rostrocaudally, and 1–2 mm dorsoventrally in general (larger

extension in cases 17-17 LH and 18-19 LH than cases 18-03 LH and 18-06 LH). It was bordered ventrally

by forelimb-movement-alone domains (defense, reaching or hand-to-body; see Stepniewska et al., 2005)

and bordered dorsally by hindlimb-movement-alone domains (hindlimb �exion or extension or foot rotation;

Figure 2.2). This arrangement was recognized not only in PPC, but similarly in M1 and PMC of all examined

cases. A matching climbing domain was delineated above the anterior frontal sulcus (FSa), sandwiched

between hindlimb-movement-alone domains and forelimb-movement-alone domains, as shown in cases 17-

17 LH and 18-06 LH (Figure 2.2(a),(b),(e)–(f)). Our mapping results conform to those of Stepniewska, Fang,

and Kaas (2009) in that the rostral portion of PPC (PPCr) in galagos is functionally organized in a roughly

somatotopic fashion, with domains involved in hindlimb movements located more medially and domains

involved in forelimb movements more laterally.

Overall, as a class of behaviorally distinct movements, climbing movements, characterized by com-

bined retraction or protraction of both forelimb and hindlimb of the contralateral side, were evoked by LT-

ICMS in PPC, M1, and PMC. The cortical representations of the climbing movements clustered into domains

that �t somatotopically in the motor maps of parietal and frontal cortex.

2.4.2 Connection patterns of the PPC climbing domain

Tracers were injected into the de�ned climbing domain in PPC to reveal intracortical and inter-

hemispheric connections. The locations of injection sites in relation to the electrophysiologically identi�ed

movement domains in each case are shown in Figure 2.2. Examples of the injection sites, architectonic

boundaries as well as labeled neurons, and axonal terminals are shown in Figure 2.3. Overall distributions

of labeled neurons and axonal terminals in eight cortical hemispheres are presented in surface views of the

manually �attened cortices in Figures 2.4-2.14.
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Figure 2.2: Speci�c movement domains mapped by microstimulation

The location of speci�c movement domains as de�ned by long-train microstimulation in the left hemisphere
(LH) of frontal (a) and parietal cortex (b) of galago 17-17, parietal cortex of galagos 18-03 (c) and 18-19
(d), and frontal (e) and parietal cortex (f) of galago 18-06. Stimulation sites are color-coded according to
the type of evoked movements. Sites where more than one type of movement was observed during the
same stimulation train are marked with multi-color concentric symbols. Clusters of the same symbol are
shaded in the corresponding color, roughly depicting the speci�c movement domains. Cortical areas that
represent limb and trunk movements are arranged in a crude somatotopic fashion in PPC, M1, and PMC.
Representations of combined forelimb and hindlimb movements are sandwiched between more medially
located representations of hindlimb-only movements and more laterally located representations of forelimb-
only movements. Injection cores of anatomical tracers are outlined. Dashed lines mark contours of sulci and
estimated areal boundaries. For abbreviations see list. Scale bars = 1 mm
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Figure 2.3: Photomicrographs of tracer injection sites and labeled neurons

Photomicrographs of �attened cortical sections showing (a) CTB and (b) FR injection sites of case 17-17
LH. (c) Photomicrograph of a �attened cortical section immunoreacted for vesicular glutamate transporter 2
(VGluT2) showing area 3b of case 18-03. Dashed lines mark estimated boundaries of area 3b. The arrow
indicates the presumptive hand-face border. Photomicrographs of �attened cortical sections showing (d)
CTB-labeled neurons of case 18-06 LH, (e) FR-labeled neurons and sparse terminals of case 17-17 LH and
(f) BDA-labeled neurons and dense terminals of case 18-19 LH.
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Determination of the areal borders

Areal borders of the cortex were de�ned by physiological and architectonic criteria. Physiologi-

cally, values of the threshold current were lowest for M1 (typically below 40mA) while highest for PPC

(up to 300mA). Architectonically, primary sensory areas were easier to distinguish than other areas in the

�attened sections stained for CO, myelinated �bers and VGluT2. In all of these preparations, the primary so-

matosensory area 3b stood out as a dark stripe extending mediolaterally and curving rostrally (Figure 2.3(c)),

as previously reported (Wong and Kaas, 2010; Wu and Kaas, 2003). Anteriorly adjoining area 3a and poste-

riorly adjoining area 1–2 were usually lighter in color. The IPS, FSa, and FSp were apparent in the �attened

sections as depressions in some cases, which were used as landmarks for PPC and M1 respectively. Among

other areas, V1 was easily distinguished by blobs in CO and VGluT2 preparations (Rockoff, Balaram, and

Kaas, 2014). A1 and the middle temporal visual area (MT) in some cases were recognized by dark patches

outstanding from surrounding areas (Kaskan and Kaas, 2007; Lyon and Kaas, 2002; Wong and Kaas, 2010).

Cortical connections of the ipsilateral hemisphere

Eight tracer injections used for retrograde and anterograde labeling were made in different locations

of the PPC climbing domain of four galagos.

Case 18-06 LH

A CTB injection was placed in the center of the delineated climbing domain in PPC (Figure 2.2(f)).

The injection core involved most of the climbing domain while extending somewhat laterally into the forelimb

defense domain and medially into the hindlimb movement domain. The plot details the locations of labeled

neurons (Figure 2.4(a)), and the heat map re�ects the density of distributions of labeled neurons (Figure

2.4(b)).

Dense distributions of labeled neurons were found around the injection site, suggesting strong in-

trinsic connections within PPC. Other dense patches of neurons were found along the upper bank of the

lateral sulcus (LS), where higher-order somatosensory areas including secondary somatosensory (S2), pari-

etal ventral (PV), and presumptive retroinsular (Ri) areas were located (Wu and Kaas, 2003). Compared to

areas 1–2 where numerous neurons were labeled, areas 3b and 3a contained much fewer labeled neurons,

most of which were distributed in the dorsomedial portion of the region. A great number of neurons were

also labeled in the dorsal and medial frontal cortex, most likely the limbs and trunk representations of M1,

dorsal premotor (PMd), and supplementary motor areas (SMA). Several foci of labeled neurons were present

in the caudal portion of cingulate cortex (CgC) and cingulate motor areas (CMA), as well as in ventral M1

and ventral premotor area (PMv) below the level of FSa-FSp. Other labeled neurons were in prefrontal cortex

(PFC). Sparse distributions of labeled neurons were observed in the caudal portion of PPC (PPCc), dorsal
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Figure 2.4: Ipsilateral cortical distribution of labeled neurons in case 18-06

Distribution of labeled neurons (a) and a heat map of labeled neuron density (b) after a CTB injection in the
PPC climbing domain of case 18-06 LH, shown in �attened cortex. (a) The injection site is outlined with black
and �lled with blue. Each blue dot indicates the location of a labeled neuron. Estimated areal boundaries
drawn from histological results are indicated by thin lines, while those drawn from physiological results and
measurements are indicated by dotted lines. Thick gray dashed lines mark the dorsal conjunction with the
medial wall. Region of torn tissue marked in black. (b) In the heat map, the lighter color indicates higher
density of labeled neurons. The injection core is marked in white. CTB-labeled neurons are extensively
distributed in frontal and parietal cortex, with the highest density adjacent to the injection site, and in dorsal
frontal motor areas and caudal somatosensory areas of the LS. M, medial; R, rostral.
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third visual (V3d), dorsomedial visual (DM) areas, and retrosplenial (RS) cortex (Wong and Kaas, 2010). A

few neurons were scattered in MT, inferior temporal cortex (IT), A1 and surrounding regions. V1, on the

other hand, was free of label.

Distributions of CTB-labeled neurons in M1, PMC, and PPC in relation to movement domains that

de�ned by LT-ICMS are also illustrated in this case (Figure 2.5). Labeled neurons spread into hindlimb

movement, climbing, defensive and hand-to-body domains of PPC (Figure2.5(c)). In the frontal cortex, a

great number of labeled neurons fell into the matching climbing domain, as well as hindlimb movement and

hand-to-body domains. Less but still numerous labeled neurons were seen in the defensive domain of PMC

and M1 (Figure 2.5(b)).

Figure 2.5: Distribution of labeled neurons aligned to movement domains in case 18-06

Reconstruction of the movement map and the label distribution of case 18-06 LH shown in �attened cortex,
with photomicrographs of electrophysiologically mapped regions superimposed (a). The alignment of delin-
eated movement domains and identi�ed CTB-labeled neurons in frontal sensorimotor areas (b) and PPC (c)
are illustrated. The core of the CTB injection is outlined in panel (a) and �lled in panel (c).
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Case 18-19 LH

CTB and BDA were injected 4 mm apart rostrocaudally in the climbing domain of PPC (Figures

2.2(d) and 2.6(a)). The connection pattern revealed by the CTB injection placed in the caudal part of the

climbing domain was similar to that of case 18-06 LH (Figures 2.6(a),(c) and 2.4). Most CTB-labeled neurons

were found in the PPC region surrounding the injection site with a higher density in the dorsomedial portion

than the ventrolateral portion, suggesting stronger intrinsic connections with the representations of limb and

trunk movements than those of face movements. Considerable numbers of labeled neurons concentrated in

the frontal motor areas (the dorsal region of M1, PMd and SMA), as well in CMA and the caudal portion of

CgC. PFC and PMv also contained some small patches of labeled neurons. Numerous neurons were labeled

in the higher-order somatosensory areas of the LS including S2, PV, VS, the parietal rostral area (PR) and

Ri; however, very few neurons were labeled in the somatosensory areas 3a, 3b, and 1–2. In this case, we

found a cluster of CTB-labeled neurons in the sections of deep layers of the rostroventral part of the frontal

cortex, likely corresponding to the orbital frontal (OF) and claustral (CLI) areas of Wong and Kaas (2010).

In addition, sparse cells were labeled in the dorsomedial extrastriate visual areas including the dorsal second

area (V2d) and V3d, RS and IT.

Three focal BDA injections close to each other were placed in the most rostral part of the climbing

domain (Figures 2.2(d) and 2.6(a)), forming an injection core at the approximate border of PPCr and area

1–2. The BDA injection produced a more restricted distribution of labeled neurons compared to that of the

CTB injection in the same case (Figure 2.6(b),(c)). BDA-labeled neurons were primarily concentrated around

the injection site, while extending rostrally to the dorsal regions of areas 1–2, 3b, and 3a. A relatively dense

cluster of neurons were labeled in the medial portion of PPCr. Sparsely scattered neurons were also labeled

in the dorsal portion of M1, SMA, CMA, and CgC. More ventrally, some patches of labeled neurons were

observed in areas 1–2 and 3b at the approximate level of the IPS, supposedly above the hand-face border

(Kaas, Qi, and Iyengar, 2006; Wong and Kaas, 2010). Many neurons were also labeled in S2, PV, VS, and Ri.

This injection may have extended slightly into a climbing domain in area 1–2 (see Gharbawie, Stepniewska,

Qi, and Kaas, 2011 for a grasping domain in area 2).

Anterograde labeling from the BDA injection was also acquired from this case (Figures 2.6(a) and

2.7(a)). Major patches of dense labeled terminals were seen in the dorsal portion of areas 3a, 3b, 1–2, and

PPCr. Several patches were present in the ventral portion of areas 3b and 1–2 as well. BDA-labeled terminal

�elds were also observed in CMA and somatosensory areas of the LS (S2, PV, VS, and Ri). In addition, a few

small patches of terminals were labeled in the dorsal region of M1. The overlapping distribution of labeled

cells and axonal terminals revealed reciprocal connections between the PPC climbing domain and multiple

motor and somatosensory areas, including the climbing domain in frontal cortex.
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