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Abstract
The dorsal visual stream, the cortical circuit that in the primate brain is mainly dedicated to the visual control of actions, is 
split into two routes, a lateral and a medial one, both involved in coding different aspects of sensorimotor control of actions. 
The lateral route, named “lateral grasping network”, is mainly involved in the control of the distal part of prehension, namely 
grasping and manipulation. The medial route, named “reach-to-grasp network”, is involved in the control of the full deploy-
ment of prehension act, from the direction of arm movement to the shaping of the hand according to the object to be grasped. 
In macaque monkeys, the reach-to-grasp network (the target of this review) includes areas of the superior parietal lobule 
(SPL) that hosts visual and somatosensory neurons well suited to control goal-directed limb movements toward stationary 
as well as moving objects. After a brief summary of the neuronal functional properties of these areas, we will analyze their 
cortical and thalamic inputs thanks to retrograde neuronal tracers separately injected into the SPL areas V6, V6A, PEc, and 
PE. These areas receive visual and somatosensory information distributed in a caudorostral, visuosomatic trend, and some 
of them are directly connected with the dorsal premotor cortex. This review is particularly focused on the origin and type of 
visual information reaching the SPL, and on the functional role this information can play in guiding limb interaction with 
objects in structured and dynamic environments.

Keywords Dorsal visual stream · Sensorimotor integration · Goal-directed arm movement · Area V6 · Area V6A · Area 
PEc

Introduction

The parietal lobe of primates takes part in superior cognitive 
functions (attention, memory, language, executive functions; 
Vallar and Coslett 2018) that allow us to understand and to 
effectively interact with the world. The posterior part of the 
parietal lobe (the posterior parietal cortex that includes the 
superior and inferior parietal lobules) is largely expanded in 
primates and is involved in cognitive and perceptive abili-
ties useful to guide searching behavior (Kaas et al. 2018; 
Rizzolatti et al. 2020). For a long time, the macaque supe-
rior parietal lobule (SPL), the main target of this review, 
has been considered a somatic structure, where the body, 
in particular the limbs, and particularly the upper limbs, 
are represented (Graziano et al. 2000; Sereno and Huang 

2014; Gamberini et al. 2018). Recent research, however, has 
shown that also the visual input reaches the SPL, and today 
it is clear that visual and somatic inputs interact in the SPL 
allowing the guidance of reaching and grasping behavior. 
The analysis of this interaction, and in particular the role 
of vision in this process, is the goal of the present review.

According to the well-known model proposed by Unger-
leider and Mishkin (1982) visual information from the pri-
mary visual cortex (V1) reaches the extrastriate visual areas 
following two streams: a dorsal one (called "dorsal visual 
stream") that reaches the posterior parietal cortex and is 
involved in object location in space; and a ventral one (called 
"ventral visual stream") that reaches the inferior temporal 
cortex and is involved in object recognition (Fig. 1A). About 
10 years later, Ungerleider and Mishkin proposed that the 
dorsal visual stream was involved in 'action' while the ventral 
one in 'perception' (Goodale and Milner 1992; Milner and 
Goodale 1995). According to this view, visual information 
in the dorsal visual stream would be used to prepare and 
control visually guided actions, while in the ventral visual 
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stream it would be used to perceive and recognize objects 
presented in the visual field. Originally, visual information 
in the dorsal stream was thought to reach only the inferior 
part of the parietal lobe (the inferior parietal lobule, IPL; 
Ungerleider and Mishkin 1982), but later on it became evi-
dent that visual information reached also the SPL (Fig. 1A) 
(Milner and Goodale 1995; Jeannerod et al. 1995; Wise et al. 
1997). Considering this evidence, the dorsal visual stream 
was split into two routes, a lateral and a medial one, both 
involved in encoding different aspects of sensorimotor con-
trol of actions (Galletti et al. 2003; Rizzolatti and Matelli 
2003). The lateral route of the dorsal stream involves the 
IPL and ends in the ventral premotor cortex. It is mainly 
involved in the control of grasping and manipulation under 
perceptual and cognitive control (Borra et al. 2017) and has 
been recently named "lateral grasping network". The medial 
route of the dorsal stream, involving the SPL and ending in 
the dorsal premotor cortex, was originally described as a 
network involved only in the control of arm transport during 
reaching movements (Rizzolatti and Matelli 2003). More 
recently, however, it has been reported that the medial route 
of the dorsal stream is involved in the control of the entire 
sequence of acts during prehension, from the direction of 

arm movement to the shaping of the hand according to the 
object to be grasped (Fattori et al. 2004, 2005, 2012) and has 
been accordingly named “reach-to-grasp network” (Fattori 
et al. 2017; Galletti and Fattori 2018).

In this review, we will first summarize the functional 
properties of SPL areas, in particular the visual properties. 
Then, we will analyze the flow of visual information reach-
ing the SPL (Fig. 1B). Cortical and subcortical inputs to the 
SPL will be analyzed taking into account the more recent 
areal subdivision of this part of the parietal cortex.

Sensory properties of the superior parietal 
lobule

The SPL represents an interface between the visual and 
somatosensory domains. Accordingly, in the SPL there are 
cortical areas dominated by the visual input posteriorly, at 
the border with the occipital pole, and areas dominated by 
the somatosensory input anteriorly, at the border with the 
primary somatosensory cortex (Fig. 2A). The cortical region 
in between shows intermediate functional properties, with a 
progressive decrease of visual effectiveness moving rostrally 

Fig. 1  Subdivisions within the visual pathway from V1. Dorsal vs 
ventral visual streams and reach-to-grasp vs lateral grasping net-
works. A The dorsal visual stream is organized into two main routes: 
in the "reach-to-grasp"  network  (continuous thick arrows), visual 
information from V1 involves  parietal  areas of the superior parietal 
lobule (SPL) and reaches the dorsal premotor areas (PMd) (Fat-
tori et  al. 2017); the "lateral grasping"  network  (dashed arrows) 
involves  parietal  areas of the inferior parietal lobule (IPL) and 
reaches the ventral premotor areas (PMv) (Borra et al. 2017). In the 
ventral visual stream (double continuous thin arrows), the visual 

information from V1 reaches the inferior temporal cortex (ITc). B 
In the "reach-to-grasp" network, visual information, starting from 
V1, involves areas V6, V6A, PEc and MIP and reaches the premotor 
area F2. cs central sulcus, as arcuate sulcus,  ips intraparietal sulcus, 
lf lateral fissure, ps principal sulcus, sts superior temporal sulcus, ls 
lunate sulcus, pos parieto-occipital sulcus, V1, V6, V6A, PEc, MIP, 
F2 areas V1, V6, V6A, PEc, MIP, F2, SPL superior parietal lobule, 
IPL inferior parietal lobule, ITc inferior temporal cortex, PMd dorsal 
premotor cortex, PMv ventral premotor cortex, A anterior, V ventral
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that leaves the floor to a parallel increase of somatosensory 
responsiveness (Fig. 2B). As shown in Fig. 2A, the caudal-
most area in SPL is V6 (Galletti et al. 1999a), an extrastriate 
visual area located in the ventralmost part of the anterior 
wall and fundus of parieto-occipital sulcus (POs). Area V6 
shows a clear occipital cytoarchitectural pattern (Luppino 
et al. 2005) and belongs to the Brodmann's area 19 (Gam-
berini et al. 2020). Anterior to V6, three visuomotor areas 
are located: in the anterior bank of POs (area V6A; Gal-
letti et al. 1999b), subdivided into a ventral—V6Av—and 
a dorsal—V6Ad—subarea (Luppino et al. 2005; Gamberini 
et al. 2011), in the medial wall of the intraparietal sulcus 
(area MIP; Colby et al. 1988), and on the dorsal exposed 

surface of caudal SPL (area PEc; Pandya and Seltzer 1982) 
(Fig. 2A). All three visuomotor areas (V6A, MIP, PEc) 
show a parietal cytoarchitectural pattern (Luppino et al. 
2005), belonging to the Brodmann’s area 7 (Gamberini 
et al. 2020), and are crucial nodes of the above described 
"reach-to-grasp" network (Fig. 1B). Anterior to them, there 
is the somatosensory area PE (Fig. 2A) (Pandya and Seltzer 
1982), which belongs to the Brodmann’s area 5 (Pandya and 
Seltzer 1982).

To reach and grasp an object, it is necessary to localize 
its spatial location and recognize its visual features (shape, 
size, orientation), to move the arm (hand) in the right direc-
tion and amplitude and to shape the hand according to the 

Fig. 2  Anatomical location, sensory properties and corticocortical 
connections of the SPL areas. A Posterior view of macaque occipi-
tal and parietal lobes. The right hemisphere (posterolateral view) has 
been partially dissected at the level of the fundus of intraparietal, 
parieto-occipital, and lunate sulci to show the hidden cortex of SPL. 
The medial surface of the left hemisphere is also visible. Continuous 
lines delimit the different SPL areas (in color) described in this work. 
B Incidence of visual and somatosensory cells in areas V6, V6A 
(V6Av and V6Ad), PEc, and PE. Data are obtained by the following 
studies (Galletti et al. 1999a; Gamberini et al. 2011, 2018; De Vitis 
et  al. 2019). C Summary of cortical connections of areas V6, V6A 
(V6Av and V6Ad), PEc and PE modified from the following stud-

ies (Galletti et  al. 2001; Gamberini et  al. 2009; Bakola et  al. 2010, 
2013; Passarelli et  al. 2011). The boxes representing different areas 
are organized approximately in a caudal to rostral sequence, from 
the bottom part of the figure to the top. The proportion of neurons 
forming each connection is indicated by the thickness of the bars 
linking different areas. cal calcarine fissure, cin cingulate sulcus, V2, 
V3, V3A, V4/DP, V4T, MT, MST, V6Av, V6Ad, PEci, PGm, 31, 23, 
24, PE, PEip, S1, PIVC, OPT, PGop, PG, PFop, Ri, dMIP, VIP, LIP, 
AIP, 2, 3b, 3a, 1, 46, F1, F3, F7 areas V2, V3, V3A, V4/DP, V4T, 
MT, MST, V6Av, V6Ad, PEci, PGm, 31, 23, 24, PE, PEip, S1, PIVC, 
OPT, PGop, PG, PFop, Ri, dMIP, VIP, LIP, AIP, 2, 3b, 3a, 1, 46, F1, 
F3, F7. Others abbreviations as in Fig. 1
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features of the object to be grasped (Gottlieb 2007; Vesia 
and Crawford 2012; Land 2014). In this section, we will 
summarize the functional properties, and in particular the 
visual properties, recognized in SPL neurons that are useful 
in the control of reaching to grasp movements. The func-
tional properties of SPL neurons have been studied in awake 
non-human primates thanks to hundreds of extracellular 
microelectrode recordings (e.g.,Kalaska 1996; Galletti et al. 
2003; Battaglia-Mayer et al. 2007; Andersen and Cui 2009; 
McGuire and Sabes 2011; Caminiti et al. 2017; Galletti and 
Fattori 2018). Many thousands of neurons recorded from 
the anterior bank of the parieto-occipital sulcus, where areas 
V6 and V6A are located, have revealed a clear functional 
difference between these two areas (Galletti et al. 1999a, b; 
Gamberini et al. 2011, 2015, 2018). V6 hosts a complete and 
retinotopically organized representation of the contralateral 

visual field, in particular of the lower visual field, with an 
overrepresentation of the visual field periphery (Figs. 3A-C) 
(Galletti et al. 1999a). Area V6A, instead, shows an overrep-
resentation of the ventral portion of the contralateral visual 
field, with a larger representation, with respect to V6, of the 
ipsilateral visual field (Fig. 3D, E) and a poor visuotopic rep-
resentation, with the central part of the visual field mainly 
represented dorsally and the periphery ventrally, at the bor-
der with V6 (Fig. 3A), and with intermingled upper and 
lower visual field representations (Fig. 3B) (Galletti et al. 
1999b; Gamberini et al. 2011, 2015, 2018). In area PEc, the 
visual cells are a minority of neuronal population, they are 
not retinotopically organized (Breveglieri et al. 2008; Gam-
berini et al. 2018), and most of them represent the central 
30° of the contralateral visual field, particularly the lower 
hemifield (Fig. 3A, B, F), like in area V6Ad. Most visual 

Fig. 3  Visuotopic organization and visual field representation in 
macaque areas V6, V6A and PEc. Dorsal and posteromedial views 
of a 3D reconstruction of a macaque right hemisphere showing 
the locations of areas V6, V6Av, and V6Ad in the anterior bank of 
POs, and the nearby area PEc on the dorsal surface of the SPL. The 
occipital pole (highlighted in white in the dorsal view) was cut away 
to show the anterior bank of POs. A Distribution in V6A and PEc 
of visual cells with receptive fields in the central (< 30°; brown dots) 
and peripheral (> 30°; teal dots) parts of the visual field, respectively. 
Brown and teal areas in V6 indicate the progression of receptive field 
eccentricity in the different parts of V6, according to the color cod-
ing shown at the bottom. B Distribution in V6A and PEc of visual 

cells with receptive fields in the lower (blue dots) or upper (red dots) 
visual field. White dots indicate receptive fields located on the hori-
zontal meridian. Blue and red areas in V6 indicate the progression 
of visual field representation in different parts of V6 according to the 
color coding shown at the bottom. White squares and black circles 
represent the HM and VM meridians of area V6. Data obtained from 
the following studies (Gamberini et al. 2015, 2018). C–F Distribution 
of receptive fields (light blue for V6 = 492, orange for V6Av = 585, 
pink for V6Ad = 324 and green for PEc = 56) with an outline of the 
most peripheral receptive field borders. The parts of the visual field 
where the receptive fields are more numerous and superimposed are 
represented with darker colors. Other abbreviations as in Fig. 1



2955Brain Structure and Function (2021) 226:2951–2966 

1 3

cells in areas V6, V6A, and PEc are sensitive to the direc-
tion of movement of visual stimuli, but since the incidence 
of visual cells decreases from V6 to PEc, the total number 
of cells sensitive to the direction of movement decreases 
accordingly from V6 to PEc. In area MIP, only a few studies 
have investigated to date the functional properties of single 
neurons. Colby and Duhamel (1991) reported that in the 
dorsal part of MIP neurons responded well to passive and 
active somatosensory stimulation of the limbs, while deeper 
in the intraparietal sulcus neurons responded well to visual 
stimulation. In area PE, the visual cells are virtually absent 
(Duffy and Burchfiel 1971; Mountcastle et al. 1975; Padberg 
et al. 2007; De Vitis et al. 2019).

The different representation of visual field in SPL areas, 
together with the functional properties of their neurons, is 
likely tied to the functional role played by these areas. The 
retinotopic representation of the whole visual field in V6, 
including the far periphery, together with the high sensitivity 
of its neurons to the orientation, size, and direction of move-
ment (Galletti et al. 1996), and the ability of many of them 
to recognize the real movement of objects (real-motion cells; 
Galletti and Fattori 2003), are all properties well suited for 
inferring specific properties of the objects to be grasped and 
for grasping them correctly, particularly when the objects 
are in motion in the visual field. These properties are par-
ticularly useful when we are looking around while advanc-
ing through a structured environment, that is, when a lot of 
images move upon the retina, partly as a consequence of 
self-motion and partly evoked by real movement of objects 
in the visual world. The real-motion cells recognize the 
objects that really move in the visual field, everywhere in 
the field of view. We suggest that V6 provides this type of 
visual information to the visuomotor centers involved in the 
control of reaching to grasp movements, like areas V6A and 
PEc (Galletti and Fattori 2018; Gamberini et al. 2020). To 
this regard, it is worthwhile to notice that in V6, V6A, and 
PEc, the lower quadrant of the visual field is overrepresented 
(Fig. 3C–F). This part being the peripersonal space usu-
ally passed through by the limbs during reaching to grasp 
a foveated object (Fattori et al. 2017) and also the part of 
peripersonal space where we look at or attend to during 
locomotion to avoid obstacles, the overrepresentation of 
the lower hemifield is a property useful to guide and control 
goal-directed limb movements (Fattori et al. 2017; Galletti 
and Fattori 2018).

In addition to be involved in real-motion detection and 
in providing visual information for controlling reaching 
and grasping, V6 could also provide useful visual informa-
tion to other cortical areas involved in the control of loco-
motion and navigation. Indeed, V6 represents the whole 
visual field including the far periphery (Galletti et  al. 
1999a; Fattori et al. 2009), hosts plenty of direction selec-
tive and real-motion cells (Galletti and Fattori 2003), and 

is activated by optic flow mimicking self-motion through 
a structured environment (Fan et al. 2015; Pitzalis et al. 
2021) (but see Cottereau et al. 2017), all visual features 
important for navigation and visual guidance of locomo-
tion. Several recent neuroimaging studies in humans sup-
port this view. It has been found, for instance, that the 
human homolog of macaque V6 represents the whole vis-
ual field including the far periphery (Pitzalis et al. 2006, 
2015), is highly selective to the direction of movement 
(Pitzalis et al. 2006, 2010), to the real motion (Fischer 
et al. 2012a, b; Nau et al. 2018), and to the optic flow stim-
ulation mimicking self-motion (Cardin and Smith 2010, 
2011; Pitzalis et al. 2010, 2013; Di Marco et al. 2021). In 
addition, human V6 responds more to scenes/places com-
pared to faces (Sulpizio et al. 2020), another feature that 
could help in navigation and in guidance of self-motion.

In area V6A, the visual cells are not retinotopically 
organized as in V6. Neurons with receptive field located 
in different parts of the visual field are one near to the 
other, so the visuotopic organization of the area is severely 
‘blurred’. It has been suggested that this apparently chaotic 
visuotopic organization is necessary to build up the so-
called ‘real-position’ cells, that is cells whose receptive 
field remains constant in space regardless of eye position 
and movement (Galletti et al. 1993). Indeed, real-position 
cells are present in V6A, intermingled with gaze-depend-
ent visual neurons with receptive field located in different 
parts of the visual field (Fig. 4A, B), embedded in func-
tional modules well suited to encode the spatial locations 
of objects in the visual field (see Galletti et al. 1995). V6A 
neurons are also modulated by the shift of spatial atten-
tion and it has been suggested that the spatial coordinates 
encoded by real-position cells could be used to direct the 
spotlight of attention towards the attended object (Gal-
letti et al. 2010) (Fig. 4C). The presence in V6A of cells 
modulated by the direction of gaze (Galletti et al. 1995; 
Hadjidimitrakis et al. 2011; Breveglieri et al. 2012) and 
by the direction and amplitude of goal-directed arm move-
ments (Fattori et al. 2005; Hadjidimitrakis et al. 2014), as 
well as of cells modulated by the shape of hand accord-
ing to the grasped object (Fattori et al. 2012), well agree 
with the view that V6A is directly involved in the control 
of reaching to grasp actions. Recently, it has been shown 
that individual cells in V6A are modulated by most of the 
above recalled factors, showing mixed selectivity (Dio-
medi et al. 2020). This mixed selectivity that builds up 
a dynamic representation of visuospatial and visuomotor 
information has been demonstrated to be computationally 
efficient (Fusi et al. 2016) and less prone to errors than 
pure selectivity (Johnston et al. 2020). The tuning of cell 
activity to each factor is not static, but changes with time, 
indicating the sequential occurrence of visuospatial and 
visuomotor transformations occurring in V6A, a behavior 
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helpful to guide a goal-directed arm movement (Hadji-
dimitrakis et al. 2017; Diomedi et al. 2020).

In area PEc, visual neurons show functional properties 
quite similar to those of area V6A (Breveglieri et al. 2008), 
the only difference being their incidence in the total cell 
population. While in V6A visual cells represent about 60% 
of the total, in PEc they represent 40% of the total cell popu-
lation (Gamberini et al. 2018). The remaining 60% of PEc 
neurons are somatosensory or somatomotor in nature, like 
about 40% of V6A cells (Breveglieri et al. 2006). However, 
somatosensory and somatomotor neurons show remark-
able differences in the two areas. In both areas the arms are 
overrepresented, but while V6A represents only the upper 
limbs, area PEc represents both the upper and lower limbs 
(Gamberini et al. 2018). We therefore suggested that V6A 

is involved in the control of object prehension performed 
with the upper limbs, while PEc in the control of hand/
foot interaction with the objects of the environment and in 
locomotion (Gamberini et al. 2018). A recent neuroimaging 
study in humans confirms this suggestion for the homolo-
gous areas of the human brain, showing in particular that the 
putative human homolog of PEc responds to both arm and 
leg movements and to flow field visual stimulation similarly 
to macaque area PEc (Pitzalis et al. 2019).

As recalled above, in area PE the visual cells are virtually 
absent and most of the neurons respond to proprioceptive 
stimulation (Duffy and Burchfiel 1971; Mountcastle et al. 
1975; Padberg et al. 2007). This holds true not only for the 
most lateral parts of PE, the usual target of neurophysiologi-
cal investigations, but also for the most medial part of the 

Fig. 4  Details of specific functional properties in area V6A. A Recep-
tive field locations and preferred gaze directions of a cluster of cells 
recorded at different depths in area V6A, as indicated in (B), accord-
ing to the scale reported on the left. The gray area indicates the 
screen location of the visually responsive region of the real-position 
cell. RP indicates a real-position cell. In the small squares, beside cell 
numbers on the left, the direction of the gaze modulation of visual 
responsiveness is reported: upward and downward arrows indicate 
that cells were visually responsive only when the animal looked 
upward and downward, respectively; point at the center indicates that 
cells were visually responsive only when the animal looked at the 
center of the screen. B Reconstruction of a microelectrode penetra-
tion through area V6A. Numbers 1–5 along the electrode track (pn) 

indicate the locations of the cluster of neurons grouped around a 
real-position cell. C Example of spatially tuned modulations of neu-
ral activity during outward attention epoch. Each inset contains the 
perievent time histogram, raster plots and eye position signals, and is 
positioned in the same relative position as the cue on the panel. In 
the bottom part of the figure, the spike density functions (SDFs) of 
the activity for each of the eight cue positions are superimposed and 
aligned on the cue onset. The mean duration of epochs FIX and out-
ward attention is indicated below the SDFs. Neural activity and eye 
traces are aligned on the cue onset. Scale bar in perievent time histo-
grams, 70 spikes/s. Bin width, 40 ms. Eye traces: scale bar, 60°. Data 
obtained from the following studies (Galletti et al. 1995, 2010)
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area, where strong somatosensory/somatomotor responses, 
but no visual cells, have been recently found (De Vitis et al. 
2019). In PE it has been recognized a rough topographic 
representation of the body, dominated by the representation 
of the upper limbs while the legs are less represented (Pad-
berg et al. 2007; Seelke et al. 2012). Considering the main 
topic of this work, centered on the visual input to SPL, area 
PE will be here treated only for comparison with the other 
SPL areas.

Cortical connections of macaque SPL

In this section, we will describe the cortical inputs to SPL 
based on injections of retrograde neuronal tracers in separate 
areas of this structure, taking into account the recent areal 
subdivision of SPL (Fig. 2A) (Gamberini et al. 2020).

The visual area V6 shows direct cortical afferents that 
originate from the striate area V1 as well as from many 
extrastriate visual areas of the occipital lobe (Fig. 2C, blue 

lines). This visual input represents more than 70% of the 
total cortical input to area V6 (Galletti et al. 2001), which 
also receives afferents from bimodal, somatovisual parietal 
areas located in the parieto-occipital and intraparietal sulci 
(less than 30% of labeling). No labeled cells were found in 
the inferior temporal, mesial and frontal cortices.

According to the retinotopic organization of V6 (Fig. 3), 
injections of retrograde neuronal tracer in its central or 
peripheral representation produced a strong labeling in 
central or peripheral representation, respectively, of area 
V1. Labeled cells in V1 were mainly concentrated in the 
layer IVB and less evident in supragranular layers 2 and 3 
(Fig. 5A). Layer IVB belongs to the magnocellular pathway 
(Lund et al. 1975), where most of the cells are tuned for 
orientation and direction of motion of visual stimuli (Dow 
1974; Zeki 1978). Both selectivities are well represented 
also in area V6, as described in the previous section. As 
illustrated in Fig. 2C, the extrastriate visual areas connected 
with V6 were MT/V5, V3, V3A and, less strongly, V2, V4T, 
and V4/DP. All these connections respected the visuotopic 

Fig. 5  Details of specific cortical connections. A Laminar pattern of 
labeling in V1 after V6 tracer injection. Caudal part of a parasagittal 
section taken at the level indicated on the brain silhouette at the bot-
tom-right. Each single black dot represents a retrogradely labeled cell. 
The inset 'a' showing an enlargement of a part of the posterior branch 
of calcarine fissure (squared area on the section). Light blue triangles 
are single retrogradely labeled cells. Numbers and letters indicate the 
cortical layers in V1. B Frontal connections of areas PEc, V6Av, and 

V6Ad. Frontal lobe with cells (colored dots) labeled after retrograde 
tracer injection in areas PEc (green; three injections), V6Av (orange; 
two injections), and V6Ad (pink; three injections). Data obtained 
from Gamberini et  al. (2009); Bakola et  al. (2010); Passarelli et  al. 
(2011) C Parcellation of agranular frontal cortex showing, overim-
posed, the representations of various body parts. Data modified from 
the following studies: Matelli et  al. (1991); Luppino and Rizzolatti 
(2000). Other details and abbreviations as in Figs. 1 and 2
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organization of the areas. Note that the high majority of V6 
afferents (blue lines in Fig. 2C) are in the occipital cortex 
and the region of the superior temporal sulcus. Area V6 is 
also connected to the ventral part of areas V6A (V6Av) (Gal-
letti et al. 2001; Passarelli et al. 2011), to area MIP (Galletti 
et al. 2001; Bakola et al. 2017), LIPv, and VIP (Colby et al. 
1988; Baizer et al. 1991; Galletti et al. 2001). Since V6 hosts 
only visual neurons (Galletti et al. 1999a; Gamberini et al. 
2015) and does not receive any input from pure somatic 
regions of the brain (Galletti et al. 2001), we suggest that 
the type of input V6 receives from the bimodal parietal areas 
V6A, MIP, LIP and VIP is visual in nature. According to this 
view, labeled cells in V6A, MIP and LIP after V6 injection 
were confined in the ventral part of these areas, where pre-
vious functional experiments have demonstrated that cells 
were more likely activated by visual stimulations (Blatt et al. 
1990; Colby and Duhamel 1991; Gamberini et al. 2011).

We found that the distribution of labeling within areas 
VIP and LIPv did not depend on central or peripheral injec-
tions in V6, suggesting that both parietal areas are not reti-
notopically organized (Galletti et al. 2001). In literature, 
this is a contrasted result. Some functional experiments too 
reported that VIP is not retinotopically organized (Colby and 
Duhamel 1991; Colby et al. 1993), but anatomical experi-
ments revealed segregated afferents to LIP and VIP after 
injections in different parts of retinotopically organized 
areas (Colby et al. 1988; Andersen et al. 1990; Baizer et al. 
1991), suggesting for these areas an at least coarse visuo-
topic organization. Other functional studies showed that the 
dorsal part of LIP is dominated by the representation of the 
central part of the visual field and the ventral part of LIP, the 
only one connected with V6, is dominated by the representa-
tion of the periphery (Blatt et al. 1990; Hamed et al. 2001; 
Arcaro et al. 2011). Interestingly, this result mimics the 
V6–V6A connections, where only the ventral part of V6A, 
representing the far periphery of the visual field, receives 
afferents from V6 while the dorsal part of V6A, represent-
ing mostly the central part of the visual field, is not directly 
connected with V6 (Galletti et al. 2001). The other bimodal 
SPL area connected with V6 is area MIP. Peripheral V6 
injections produced labeling in the ventral portion of MIP, 
while central injections produced labeling in a dorsal portion 
of it (Galletti et al. 2001), suggesting a rough topographical 
organization for this area. In summary, all bimodal areas 
V6A, MIP, LIP, and VIP are connected with both central and 
peripheral representation of V6, but in areas V6A and MIP 
labeled cells were found in different regions whereas in LIP 
and VIP they were found in about the same cortical region. 
In other words, our connectional data suggest an at least 
coarse retinotopic organization for V6A and MIP, the former 
in agreement with previous functional experiments and the 
latter not yet investigated to this regard, and a non-retino-
topic organization for LIP and VIP, the former of which is 

in contrast to the functional and connectional data reported 
in literature. It could also be that the connections of V6 with 
these areas are dictated by rules other than the visuotopic 
ones, rules that strictly depend on the functional role these 
areas play. Further functional and anatomical experiments 
are needed to clarify this point.

As recalled above, the area V6A hosts visual and soma-
tosensory neurons, both types of cells non-topographically 
organized (Gamberini et al. 2011). The ventral part of area 
V6A (V6Av; Fig. 2) receives visual information (about 60% 
of total labeling) from the extrastriate areas of the occipital 
and temporal lobe (V2, V3, V4, MST, V6), but not from V1 
(Fig. 2C, orange lines). Area V6Av is strongly and recipro-
cally connected with the dorsal part of V6A (V6Ad; Fig. 2) 
(Gamberini et al. 2009; Passarelli et al. 2011) and with area 
MIP (Passarelli et al. 2011; Bakola et al. 2017). Both V6A 
and MIP being bimodal areas, it is likely that visual infor-
mation runs from V6Av to V6Ad and MIP and, conversely, 
somatosensory information from V6Ad and MIP to V6Av. 
Both V6Av and V6Ad (Fig. 2C, orange and pink lines) are 
connected with the other bimodal areas of the posterior pari-
etal cortex (37% of total labeling V6Av; 78% V6Ad). The 
principal sources of bimodal input are the SPL areas MIP, 
PEc, and PGm, followed by the intraparietal areas AIP, LIP, 
and VIP, and the IPL area PG. Notice that the somatosen-
sory inputs to V6A could arise from the bimodal parietal 
areas but not from the somatosensory cortex, because this 
latter was found not directly connected with V6A (Fig. 2C) 
(Gamberini et al. 2009; Bakola et al. 2010, 2017; Passarelli 
et al. 2011). Area V6Ad, but not V6Av, receives afferents 
from the frontal lobe (14% of total afferences), in particular 
from the dorsal premotor areas F2 and F7 and, more weakly, 
from area 46.

Anterior to V6A, on the convexity of SPL, there is area 
PEc (Fig. 2A), a parietal bimodal area hosting visual and 
somatosensory neurons like area V6A, but with a smaller 
incidence of visual cells and a higher incidence of soma-
tosensory cells (Gamberini et al. 2018). Like in area V6A, 
also in PEc both visual and somatosensory neurons are 
not topographically organized (Gamberini et al. 2018). As 
shown in green in Fig. 2C, PEc is strongly connected with 
areas V6A and MIP, in particular V6Ad and dMIP, that is, 
the part of the two areas more abundant in somatosensory 
neurons (Colby and Duhamel 1991; Gamberini et al. 2011). 
As recalled above, both V6A and MIP are bimodal areas 
like PEc. It is therefore likely that these areas exchange both 
types of sensory information, visual and somatic, though we 
have no tool to determine whether and where one possibly 
prevails over the other. PEc also receives strong afferents 
from inferior parietal (PG, PGop) and mesial (23, 24, 31, 
PEci) areas. The PEci is a somatosensory area (also called 
supplementary somatosensory area or SSA; Murray and 
Coulter 1981) therefore, it is likely that it exchanges with 
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PEc somatosensory information. Weak somatosensory 
inputs arise also from areas 2 and PE (about 4% of total 
connections). Finally, area PEc is well connected with the 
frontal lobe (about 17% of labeling), mainly with the premo-
tor area F2. Interestingly, the F2 afferents to PEc are comple-
mentary to those to V6A, in that PEc mainly receives input 
from the portion of F2 representing the lower limb, while 
V6A receives input almost exclusively from the premotor 
region representing the upper limb (Fig. 5B and C). This 
matches with the functional properties of these two areas, 
with V6A representing almost exclusively the upper limb 
and PEc representing both upper and lower limb.

As shown in Fig. 2A, area PE is located in the most 
anterior part of SPL and does not receive any visual input 
(Fig. 2B). Figure 2C (yellow lines) shows that PE receives 
strong somatosensory input from the primary somatosensory 
cortex, in particular area 2, and from some areas of the pari-
etal cortex of both superior and the inferior parietal lobules. 
PE also receives strong motor afferents from the primary 
motor area F1 and the premotor area F3 (Bakola et al. 2013).

Notice that overall the afferents to SPL are in strict agree-
ment with the functional gradient observed in this structure, 
with the caudalmost part dominated by visual properties and 
visual afferents, and the most anterior part dominated by 
somatosensory properties and afferents.

Thalamic connections of macaque SPL

It has been known for decades that the macaque SPL receives 
a strong thalamic input from the pulvinar complex and the 
lateral posterior nucleus, as well as a weaker input from sev-
eral other thalamic nuclei (Yeterian and Pandya 1985, 1997; 
Schmahmann and Pandya 1990; Grieve et al. 2000). In the 
light of a recent description of areal subdivision in the SPL 
(see Fig. 2A), we will describe in the following the specific 
thalamic afferents to the SPL areas V6, V6A, PEc, and PE.

As shown in Fig. 6A (light blue columns), the major tha-
lamic projections to area V6 (about 60% of labeling) arise 
from pure visual nuclei, in particular the lateral (PuL) and 
inferior (PuI) portions of the pulvinar complex (Gamberini 
et al. 2016). These results are in good agreement with a 
previous report (Shipp et al. 1998). A minor visual projec-
tion to V6 also comes from the lateral geniculate nucleus 
(LGN), specifically from the interlaminar layers of this 
nucleus. The distribution of labeled cells we found in LGN 
followed the topography of the visual field represented in 
this structure, thus the central representation in V6 receives 
from the central representation in LGN and the periphery 
in V6 from the peripheral representation in LGN. While 
peripheral injections in V6 showed afferents limited to PuL, 
PuI and LGN, after central injections labeled cells were also 
found in mediodorsal (MD), intralaminar (Pcn nucleus) and 

periventricular (CdC nucleus) nuclei. These nuclei strongly 
contribute to the thalamic afferents to SPL, representing 
more than 30% of the total input, but their specific func-
tions are still not completely understood. However, accord-
ing to the few studies focused on their functional properties 
(Huerta and Kaas 1990; Watanabe and Funahashi 2004; 
Hsu and Price 2007; Hsu et al. 2014), this thalamic input 
would bring to V6 visual and oculomotor related signals that 
matched the functional properties typical of area V6 (see the 
above section on the functional properties of V6).

The major thalamic afferents to V6A come from LP and 
medial pulvinar (PuM) nuclei (Gamberini et al. 2016). In 
particular, V6Av receives about 98% of its thalamic affer-
ents from these two nuclei and V6Ad about 75% (Fig. 6A, 
orange and pink columns, respectively). Since LP and PuM 
are multimodal associative nuclei (Ma et al. 1999; Kam-
ishina et al. 2008, 2009), these thalamic inputs likely bring 
to V6A both visual and somatic information. These types 
of inputs well agree with the integrative, visuomotor role 
of area V6A described above. Minor thalamic motor inputs 
to V6A come from the ventrolateral nucleus (VL) (Ilinsky 
and Kultas-Ilinsky 1987), that should bring somatomotor 
information (Vitek et al. 1994; Mai and Forutan 2012). 
The majority of VL input (about 14%) reaches V6Ad and 
a minority (about 2%) V6Av. The different incidence of 
visual, somatosensory, and somatomotor thalamic inputs to 
the two cortical areas mimics their functional differences, 
with V6Av being more visual and less somatomotor than 
V6Ad. Differently to the cortical afferents, where V6Av 
receives direct visual information from the extrastriate area 
V6, both sectors of V6A do not receive pure visual thalamic 
inputs. V6Ad, but not V6Av, receives also afferents from 
MD, which is a thalamic nucleus known to be involved in 
the control of the direction of gaze and the spotlight of atten-
tion (Schlag and Schlag-Rey 1984; Schlag-Rey and Schlag 
1984; Watanabe and Funahashi 2004). As described above, 
area V6A takes part in the guidance of intentional motor 
acts (Galletti et al. 2003; Gamberini et al. 2011; Fattori et al. 
2017) and has been reported to be influenced by the shift of 
spatial attention, both in monkeys (Galletti et al. 2010; Cas-
pari et al. 2015) and humans (Ciavarro et al. 2013; Caspari 
et al. 2018). Interestingly, these functional properties well 
agree with the thalamic inputs described above. Additional 
weak thalamic afferents to V6Ad, but not to V6Av, arise 
from Pcn and CdC nuclei that provide visual and oculomo-
tor inputs to the cortex (Huerta and Kaas 1990; Hsu and 
Price 2007; Hsu et al. 2014). Surprisingly, V6Ad mainly 
represents the central 30° of the visual field (see Fig. 3A) 
and these same thalamic nuclei (Pcn and CdC) also pro-
ject to the central representation of area V6 (see Fig. 6A). 
These common thalamic afferents of central V6 and V6Ad 
seem to be useful for the functional roles played by the two 
cortical areas. Indeed, we suggested that visual and gaze 
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signals are used by these cortical areas to foveate visual tar-
gets and to control arm/hand movements to reach and grasp 
those targets (Gamberini et al. 2011; Fattori et al. 2017; 
Galletti and Fattori 2018). Area V6Av that receives strong 
visual input from peripheral V6 and projects to V6Ad could 
be involved in bringing on the fovea the image of objects 
located in the periphery of the visual field, to allow a direct 

visual control of grasping movements. Interestingly, the cells 
encoding location in space regardless of gaze direction (the 
real-position cells; Galletti et al. 1993) are segregated in 
V6Av (Galletti et al. 1999b). The output of real-position 
cells could reach V6Ad to guide the shift of the spotlight 
of attention (and the shift of gaze) toward the objects of 
interest. According to this hypothesis, it has been reported 

Fig. 6  Thalamocortical connections of the SPL areas. A Average 
percentages of labeled cells in thalamic nuclei after tracer injections 
in areas V6, V6Av, V6Ad, PEc, and PE. Only labeling that repre-
sented > 1% of the thalamic afferents are reported. B Coronal sec-
tion, left, taken approximately at the center of the thalamus shown 
on the right. Schematic representation of the thalamus with continu-
ous lines delimiting the different thalamic nuclei: nuclei highlighted 
with different shades of gray are highly (more than 30% of thalamic 
afferents), moderately (> 5 < 30% of thalamic afferents), or weakly 
(less than 5% of thalamic afferents) connected with SPL areas. Data 

obtained from Gamberini et al. (2016) and Impieri et al. (2018). MD 
medial dorsal, VA ventral anterior, VL ventral lateral, VPL ventral 
posterior lateral, VPM ventral posterior medial, CL central lateral, 
CM/PF centromedian/parafascicular, Pcn paracentral, Cdc central 
densocellular, LD lateral dorsal, LP lateral posterior, PuM medial 
subdivision of pulvinar, PuL lateral subdivision of pulvinar, PuI infe-
rior subdivision of pulvinar, LGN lateral geniculate nucleus, MGL 
medial geniculate nucleus. Other details and abbreviations as for 
Figs. 1 and 2
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that V6A is strongly activated during the shifts of spatial 
attention (Caspari et al. 2015). A similar activation has been 
recently reported also in the homologous brain region in 
humans (Caspari et al. 2018).

Thalamic inputs to areas PEc and PE mostly originate 
from LP and PuM (42% of total thalamic connections to PEc 
and 49% to PE), from the ventral posterior lateral nucleus 
(VPL) (27% to PEc and 30% to PE), and from VL (22% to 
PEc and 10% to PE) (Impieri et al. 2018) (Fig. 6A, green and 
yellow columns, respectively). As reported above, the LP 
and PuM inputs should bring associative visuosomatic infor-
mation (Ma et al. 1999; Kamishina et al. 2008, 2009), VPL 
somatosensory information (Rausell et al. 1998), and VL 
somatomotor information (Vitek et al. 1994; Mai and Foru-
tan 2012). Surprisingly, these thalamic inputs do not mimic 
the functional properties of the two SPL areas, with PEc 
being a bimodal, visuosomatic area and PE an almost pure 
somatic one. However, we actually do not know whether 
the associative visuosomatic nuclei of the thalamus project 
to PEc and PE the same type of input, visual, somatic, or 
mixed. A possibility is that the thalamic input to PE is only 
somatic in nature. Alternatively, PE neurons may be modu-
lated also by visual stimulations not yet tested to date. Future 
experiments will hopefully clarify this point. Finally, after 
PEc and PE tracer injections, weak labeling (around 4%) was 
found in MD and VA, two nuclei involved in the motor con-
trol (Schlag and Schlag-Rey 1984; Schlag-Rey and Schlag 
1984; Mushiake and Strick 1995; Middleton and Strick 
2000; Sommer 2003; Watanabe and Funahashi 2004). This 
thalamic input seems to be in line with the somatomotor 
nature of both these parietal areas.

In summary, all the five SPL areas here taken into account 
receive thalamic afferents from LP and pulvinar complex, 
with some peculiar specificity. As shown in Fig. 6A, LP 
sends strong projections to V6A and weaker inputs to V6, 
PE and PEc; PuM sends strong inputs to all SPL areas but 
V6; PuI/PuL sends strong projections to V6 but not to the 
other areas of SPL. As summarized in Fig. 6B, LP and 
pulvinar complex afferents together represent the strongest 
thalamic input to SPL. Moderate input to SPL arises from 
VPL and VL nuclei: VPL sends strong projections to PE and 
PEc; VL to V6A, PE, and PEc. Neither VPL nor VL send 
thalamic input to V6. Very weak connections to SPL areas 
arise from MD, VA, intralaminar nuclei and LGN.

Conclusions

The SPL areas receive sensorimotor afferents that are useful 
for their functional properties. A comparison of Fig. 2B with 
Fig. 7 is impressive to this regard. Figure 2B summarizes the 
sensory properties of SPL areas, and Fig. 7 the functional 
properties of cortical and thalamic afferents to these areas. 

The afferents in Fig. 7 are grouped according to the func-
tional properties of neurons in the cortical or thalamic region 
of origin. Five functional categories are used to classify the 
inputs: ‘visual’, ‘bimodal’, ‘somatosensory’, ‘somatomotor’, 
and ‘oculomotor’. There is clearly a functional trend in the 
SPL from the visual input posteriorly, in V6 (Brodmann’s 
area 19), to the somatosensory/somatomotor input anteri-
orly, in PE (Brodmann’s area 5). Notice, however, that the 
‘pure’ visual area V6 does not receive only visual inputs, 
but also inputs from bimodal cortical areas and thalamic 
nuclei. Similarly, the somatosensory area PE receives affer-
ents from both somatosensory and bimodal cortical areas 
and thalamic nuclei. Why the visual areas receive also soma-
tosensory inputs and the somatosensory areas also visual 
inputs is at present unknown. It could be that only the visual 
neurons from the bimodal regions send projection to V6 
and, similarly, that only somatosensory inputs reach area PE 
from the bimodal regions, but currently we have no tools to 
verify this hypothesis. An issue apart regards the oculomo-
tor input. Many cortical areas projecting to SPL host neu-
rons influenced by the direction of gaze, or by saccades, but 
it was very difficult to quantify these effects from the data 
reported in literature, so they are not reported in Fig. 7A. 
In spite of this, it was clear from literature that the gaze 
effect is more important in visual and bimodal areas than in 
somatosensory and somatomotor ones. About the thalamic 
oculomotor input, it was easier to extract its incidence from 
the literature, since for some thalamic nuclei oculomotor 
activity has been specifically reported. The thalamic input 
related to the gaze effect, for instance, is high in the visual 
areas of SPL, particularly in area V6, as shown in Fig. 7B. 
Figure 7 also shows that the SPL areas V6Av, V6Ad, and 
PEc, which according to Gamberini and co-authors (2020) 
belong to the ‘associative’ Brodmann’s area 7, receive strong 
afferents from bimodal cortical and thalamic regions and 
represent the most integrative part of the SPL, where infor-
mation about the body state (in particular limb position) 
and visual environment merged together to allow and refine 
reach-to-grasp actions and locomotion (Galletti and Fattori 
2018; Gamberini et al. 2020).

About possible homologies between macaque and human 
SPL, it is a common view that they are not homologous 
structures, because the macaque SPL is almost completely 
occupied by Brodmann’s area 5, whereas the human SPL 
is mainly occupied by area 7 (Fig. 8). Recently, a different 
interpretation has been proposed by Gamberini and cowork-
ers (Gamberini et al. 2020). Since Brodmann (1909) did not 
specify the extent of areas in the depth of brain sulci, and 
since based on functional and anatomical criteria (see Gam-
berini et al. 2020) the cortical regions hidden in the parieto-
occipital and intraparietal sulci (areas V6A and MIP) likely 
belong to area 7, the hypothesis was advanced that area 
7 in macaque monkey is larger than previously indicated, 
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including areas V6A, MIP, PEc, and PGm (Fig. 8). Accord-
ing to this hypothesis, the human and monkey SPL would be 
organized in a similar way (as shown in Fig. 8), with a large 
area 7 posteriorly and a smaller area 5 anteriorly. Also the 
functional comparison between macaque and human SPL 
as reviewed in the present work seems to strongly support 
this similarity.

The unpredicted anatomical and functional similarity 
between macaque and human SPL could have important 
relapses. It could help, for instance, in understanding the 
controversial neurological origin of the optic ataxia disease. 
In optic ataxia patients, in fact, the caudal aspect of SPL is 
typically affected by brain damage (Perenin and Vighetto 

1988; Karnath and Perenin 2005). As reviewed here, cau-
dal SPL neurons encode the location in space of objects, 
direction of arm movement, and shaping of the hand during 
grasping. It is therefore logical that a lesion of this part of 
the brain produces reaching and grasping impairments, as 
typically observed in optic ataxia patients. Furthermore, the 
knowledge of functional properties and anatomical circuits 
that characterize the SPL of primates, together with the view 
that this structure has the same anatomical and functional 
organization in human and non-human primates, could allow 
to build up an artificial interface able to guide human neu-
roprosthetic devices acting in dynamic environments in a 
natural, smooth, and fast way.

Fig. 7  Patterns of cortical and thalamic input to SPL areas. A The 
pattern of cortical connections to SPL areas includes: "visual", striate 
and extrastriate visual areas; "bimodal", parietal areas located in the 
superior and inferior parietal lobule and on the mesial surface of the 
hemisphere; "somatosensory", somatosensory primary and secondary 
areas as well as multimodal areas in the insular cortex; "somatomo-
tor", frontal, premotor and prefrontal cortex. B The pattern of tha-

lamic afferents to SPL areas includes: "visual", the lateral and inferior 
subdivisions of pulvinar nucleus together with the lateral geniculate 
nucleus; "bimodal", the lateral posterior and the medial portion of 
the pulvinar nucleus; "somatosensory", the ventral posterior lat-
eral nucleus; "somatomotor", the ventral lateral and ventral anterior 
nuclei; "oculomotor", medial nucleus together with intralaminar and 
periventricular nuclei with oculomotor related activity



2963Brain Structure and Function (2021) 226:2951–2966 

1 3

Acknowledgements We thank M. Verdosci and F. Campisi for expert 
technical assistance.

Author contributions MG wrote the original draft of the manuscript. 
MG, CG, and PF contributed to editorial changes in the manuscript. 
LP and MF contributed to technical and computational analysis. All 
authors contributed to editing the manuscript and approved the final 
version of the manuscript.

Funding Open access funding provided by Alma Mater Studiorum 
- Università di Bologna within the CRUI-CARE Agreement. This 
work was supported by grants from Ministero dell’Università e della 
Ricerca (2017KZNZLN), Fondazione Cassa di Risparmio di Bologna 
(Bando Internazionalizzazione), Italy, and by the European Commis-
sion funded project H2020-EIC-FETPROACT-2019-951910-MAIA. 
The support is gratefully acknowledged.

Availability of data and material Not applicable.

Code availability Not applicable.

Declarations 

Conflicts of interest The authors declare that they have no conflict of 
interest.

Ethics approval This article does not contain any new, previously 
unpublished study with human participants or animals performed by 
any of the authors.

Consent to participate Not applicable.

Consent for publication Not applicable.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Andersen RA, Cui H (2009) Intention, action planning, and decision 
making in parietal-frontal circuits. Neuron 63:568–583. https:// 
doi. org/ 10. 1016/j. neuron. 2009. 08. 028

Andersen RA, Asanuma C, Essick G, Siegel RM (1990) Corticocor-
tical connections of anatomically and physiologically defined 
subdivisions within the inferior parietal lobule. J Comp Neurol 
296:65–113. https:// doi. org/ 10. 1002/ cne. 90296 0106

Arcaro MJ, Pinsk MA, Li X, Kastner S (2011) Visuotopic organiza-
tion of macaque posterior parietal cortex: a functional magnetic 
resonance imaging study. J Neurosci 31:2064–2078

Baizer JS, Ungerleider LG, Desimone R (1991) Organization of visual 
inputs to the inferior temporal and posterior parietal cortex in 
macaques. J Neurosci 11:168–190

Bakola S, Gamberini M, Passarelli L et al (2010) Cortical connec-
tions of parietal field PEc in the Macaque: linking vision and 
somatic sensation for the control of limb action. Cereb Cortex 
20:2592–2604. https:// doi. org/ 10. 1093/ cercor/ bhq007

Bakola S, Passarelli L, Gamberini M et al (2013) Cortical connectivity 
suggests a role in limb coordination for macaque area PE of the 
superior parietal cortex. J Neurosci 33:6648–6658. https:// doi. 
org/ 10. 1523/ JNEUR OSCI. 4685- 12. 2013

Bakola S, Passarelli L, Huynh T et al (2017) Cortical afferents and 
myeloarchitecture distinguish the medial intraparietal area (MIP) 
from neighboring subdivisions of the macaque cortex. eNeuro. 
https:// doi. org/ 10. 1523/ ENEURO. 0344- 17. 2017

Battaglia-Mayer A, Mascaro M, Caminiti R (2007) Temporal evolution 
and strength of neural activity in parietal cortex during eye and 
hand movements. Cereb Cortex 17:1350–1363

Ben HS, Duhamel J-R, Bremmer F, Graf W (2001) Representation 
of the visual field in the lateral intraparietal area of macaque 
monkeys: a quantitative receptive field analysis. Exp Brain Res 
140:127–144

Blatt GJ, Andersen RA, Stoner GR (1990) Visual receptive field organ-
ization and cortico-cortical connections of the lateral intrapari-
etal area (area LIP) in the macaque. J Comp Neurol 299:421–445

Borra E, Gerbella M, Rozzi S, Luppino G (2017) The macaque lateral 
grasping network: a neural substrate for generating purposeful 
hand actions. Neurosci Biobehav Rev 75:65–90. https:// doi. org/ 
10. 1016/j. neubi orev. 2017. 01. 017

Fig. 8  Comparison between monkey and human SPLs. Left, dorsal 
view of the left hemisphere of macaque brain showing the location 
and extent of a number of SPL areas: the region colored in light blue 
is the visual cortex (that includes area V6) and belongs to Brod-
mann’s area 19; the region colored in orange, which includes areas 
PEc, V6A, MIP, and PGm, is responsive to both visual and soma-
tosensory stimulations and belongs to Brodmann’s area 7; the region 
colored in blue (that includes area PE) is responsive to somatosen-
sory stimulation but not to visual stimulation, and belongs to Brod-
mann’s area 5. Right, dorsal view of the left hemisphere of the human 
brain showing the location and extent of Brodmann’s areas 5 (blue), 7 
(orange), and 19 (light blue). Modified from Gamberini et al. (2020)

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.neuron.2009.08.028
https://doi.org/10.1016/j.neuron.2009.08.028
https://doi.org/10.1002/cne.902960106
https://doi.org/10.1093/cercor/bhq007
https://doi.org/10.1523/JNEUROSCI.4685-12.2013
https://doi.org/10.1523/JNEUROSCI.4685-12.2013
https://doi.org/10.1523/ENEURO.0344-17.2017
https://doi.org/10.1016/j.neubiorev.2017.01.017
https://doi.org/10.1016/j.neubiorev.2017.01.017


2964 Brain Structure and Function (2021) 226:2951–2966

1 3

Breveglieri R, Galletti C, Gamberini M et al (2006) Somatosensory 
cells in area PEc of macaque posterior parietal cortex. J Neurosci 
26:3679–3684. https:// doi. org/ 10. 1523/ JNEUR OSCI. 4637- 05. 
2006

Breveglieri R, Galletti C, Monaco S, Fattori P (2008) Visual, soma-
tosensory, and bimodal activities in the macaque parietal area 
PEc. Cereb Cortex 18:806–816. https:// doi. org/ 10. 1093/ cercor/ 
bhm127

Breveglieri R, Hadjidimitrakis K, Bosco A et al (2012) Eye position 
encoding in three-dimensional space: integration of version and 
vergence signals in the medial posterior parietal cortex. J Neuro-
sci 32:159–169. https:// doi. org/ 10. 1523/ JNEUR OSCI. 4028- 11. 
2012

Brodmann K (1909) Vergleichende Lokalisationslehre der 
Groβhirnrinde in ihren Prinzipien dargestellt auf Grund des 
Zellenbaues.

Caminiti R, Borra E, Visco-Comandini F et al (2017) Computational 
architecture of the parieto-frontal network underlying cogni-
tive-motor control in monkeys. eNeuro. https:// doi. org/ 10. 1523/ 
eneuro. 0306- 16. 2017

Cardin V, Smith AT (2010) Sensitivity of human visual and vestibu-
lar cortical regions to egomotion-compatible visual stimulation. 
Cereb Cortex 20:1964–1973

Cardin V, Smith AT (2011) Sensitivity of human visual cortical area 
V6 to stereoscopic depth gradients associated with self-motion. 
J Neurophysiol 106:1240–1249

Caspari N, Janssens T, Mantini D et al (2015) Covert shifts of spatial 
attention in the macaque monkey. J Neurosci 35:7695–7714

Caspari N, Arsenault JT, Vandenberghe R, Vanduffel W (2018) Func-
tional similarity of medial superior parietal areas for shift-selec-
tive attention signals in humans and monkeys. Cereb Cortex 
28:2085–2099

Ciavarro M, Ambrosini E, Tosoni A et al (2013) rTMS of medial pari-
eto-occipital cortex interferes with attentional reorienting during 
attention and reaching tasks. J Cogn Neurosci 25:1453–1462. 
https:// doi. org/ 10. 1162/ jocn_a_ 00409

Colby CL, Duhamel JR (1991) Heterogeneity of extrastriate visual 
areas and multiple parietal areas in the macaque monkey. 
Neuropsychologia 29:517–537. https:// doi. org/ 10. 1016/ 0028- 
3932(91) 90008-V

Colby CL, Gattass R, Olson CR, Gross CG (1988) Topographical 
organization of cortical afferents to extrastriate visual area PO 
in the macaque: a dual tracer study. J Comp Neurol 269:392–413

Colby CL, Duhamel JR, Goldberg ME (1993) Ventral intraparietal area 
of the macaque: anatomic location and visual response proper-
ties. J Neurophysiol 69:902–914

Cottereau BR, Smith AT, Rima S et al (2017) Processing of egomotion-
consistent optic flow in the rhesus macaque cortex. Cereb Cortex 
27:330–343

De Vitis M, Breveglieri R, Hadjidimitrakis K et al (2019) The neglected 
medial part of macaque area PE: segregated processing of reach 
depth and direction. Brain Struct Funct 224:2537–2557. https:// 
doi. org/ 10. 1007/ s00429- 019- 01923-8

Di Marco S, Fattori P, Galati G et al (2021) Preference for locomotion-
compatible curved paths and forward direction of self-motion in 
somatomotor and visual areas. Cortex 137:74–92

Diomedi S, Vaccari FE, Filippini M et al (2020) Mixed selectivity in 
macaque medial parietal cortex during eye-hand reaching. Isci-
ence 23:101616

Dow BM (1974) Functional classes of cells and their laminar distribu-
tion in monkey visual cortex. J Neurophysiol 37:927–946

Duffy FH, Burchfiel JL (1971) Somatosensory system: organizational 
hierarchy from single units in monkey area 5. Science 172:273–
275. https:// doi. org/ 10. 1126/ scien ce. 172. 3980. 273

Fan RH, Liu S, DeAngelis GC, Angelaki DE (2015) Heading tuning in 
macaque area V6. J Neurosci 35:16303–16314

Fattori P, Breveglieri R, Amoroso K, Galletti C (2004) Evidence for 
both reaching and grasping activity in the medial parieto-occipi-
tal cortex of the macaque. Eur J Neurosci 20:2457–2466. https:// 
doi. org/ 10. 1111/j. 1460- 9568. 2004. 03697.x

Fattori P, Kutz DF, Breveglieri R et al (2005) Spatial tuning of reach-
ing activity in the medial parieto-occipital cortex (area V6A) of 
macaque monkey. Eur J Neurosci 22:956–972. https:// doi. org/ 10. 
1111/j. 1460- 9568. 2005. 04288.x

Fattori P, Breveglieri R, Marzocchi N et al (2009) Hand orientation 
during reach-to-grasp movements modulates neuronal activity 
in the medial posterior parietal area V6A. J Neurosci 29:1928–
1936. https:// doi. org/ 10. 1523/ JNEUR OSCI. 4998- 08. 2009

Fattori P, Breveglieri R, Raos V et al (2012) Vision for action in the 
macaque medial posterior parietal cortex. J Neurosci 32:3221–
3234. https:// doi. org/ 10. 1523/ JNEUR OSCI. 5358- 11. 2012

Fattori P, Breveglieri R, Bosco A et al (2017) Vision for prehension in 
the medial parietal cortex. Cereb Cortex 27:1149–1163. https:// 
doi. org/ 10. 1093/ cercor/ bhv302

Fischer E, Bülthoff HH, Logothetis NK, Bartels A (2012a) Human 
areas V3A and V6 compensate for self-induced planar visual 
motion. Neuron 73:1228–1240

Fischer E, Bülthoff HH, Logothetis NK, Bartels A (2012b) Visual 
motion responses in the posterior cingulate sulcus: a comparison 
to V5/MT and MST. Cereb Cortex 22:865–876

Fusi S, Miller EK, Rigotti M (2016) Why neurons mix: high dimen-
sionality for higher cognition. Curr Opin Neurobiol 37:66–74

Galletti C, Fattori P (2003) Neuronal mechanisms for detection of 
motion in the field of view. Neuropsychologia 41:1717–1727

Galletti C, Fattori P (2018) The dorsal visual stream revisited: stable 
circuits or dynamic pathways? Cortex 98:203–217. https:// doi. 
org/ 10. 1016/j. cortex. 2017. 01. 009

Galletti C, Battaglini PP, Fattori P (1993) Parietal neurons encod-
ing spatial locations in craniotopic coordinates. Exp Brain Res 
96:221–229

Galletti C, Battaglini P, Fattori P (1995) Eye position influence on 
the parieto-occipital area PO (V6) of the macaque monkey. Eur 
J Neurosci 7:2486–2501. https:// doi. org/ 10. 1111/j. 1460- 9568. 
1995. tb010 47.x

Galletti C, Fattori P, Shipp S, Zeki S (1996) Functional demarcation 
of a border between areas V6 and V6A in the superior parietal 
gyrus of the macaque monkey. Eur J Neurosci 8:30–52. https:// 
doi. org/ 10. 1111/j. 1460- 9568. 1996. tb011 65.x

Galletti C, Fattori P, Gamberini M, Kutz DF (1999a) The cortical 
visual area V6: brain location and visual topography. Eur J Neu-
rosci 11:3922–3936. https:// doi. org/ 10. 1046/j. 1460- 9568. 1999. 
00817.x

Galletti C, Fattori P, Kutz DF, Gamberini M (1999b) Brain location and 
visual topography of cortical area V6A in the macaque monkey. 
Eur J Neurosci 11:575–582. https:// doi. org/ 10. 1046/j. 1460- 9568. 
1999. 00817.x

Galletti C, Gamberini M, Kutz DF et al (2001) The cortical connec-
tions of area V6: An occipito-parietal network processing visual 
information. Eur J Neurosci 13:1572–1588. https:// doi. org/ 10. 
1046/j. 0953- 816x. 2001. 01538.x

Galletti C, Kutz DF, Gamberini M et al (2003) Role of the medial 
parieto-occipital cortex in the control of reaching and grasping 
movements. Exp Brain Res 153:158–170. https:// doi. org/ 10. 
1007/ s00221- 003- 1589-z

Galletti C, Breveglieri R, Lappe M et al (2010) Covert shift of atten-
tion modulates the ongoing neural activity in a reaching area of 
the macaque dorsomedial visual stream. PLoS ONE 5:e15078. 
https:// doi. org/ 10. 1371/ journ al. pone. 00150 78

Gamberini M, Passarelli L, Fattori P et al (2009) Cortical connections 
of the visuomotor parietooccipital area V6Ad of the macaque 
monkey. J Comp Neurol 513:622–642. https:// doi. org/ 10. 1002/ 
cne. 21980

https://doi.org/10.1523/JNEUROSCI.4637-05.2006
https://doi.org/10.1523/JNEUROSCI.4637-05.2006
https://doi.org/10.1093/cercor/bhm127
https://doi.org/10.1093/cercor/bhm127
https://doi.org/10.1523/JNEUROSCI.4028-11.2012
https://doi.org/10.1523/JNEUROSCI.4028-11.2012
https://doi.org/10.1523/eneuro.0306-16.2017
https://doi.org/10.1523/eneuro.0306-16.2017
https://doi.org/10.1162/jocn_a_00409
https://doi.org/10.1016/0028-3932(91)90008-V
https://doi.org/10.1016/0028-3932(91)90008-V
https://doi.org/10.1007/s00429-019-01923-8
https://doi.org/10.1007/s00429-019-01923-8
https://doi.org/10.1126/science.172.3980.273
https://doi.org/10.1111/j.1460-9568.2004.03697.x
https://doi.org/10.1111/j.1460-9568.2004.03697.x
https://doi.org/10.1111/j.1460-9568.2005.04288.x
https://doi.org/10.1111/j.1460-9568.2005.04288.x
https://doi.org/10.1523/JNEUROSCI.4998-08.2009
https://doi.org/10.1523/JNEUROSCI.5358-11.2012
https://doi.org/10.1093/cercor/bhv302
https://doi.org/10.1093/cercor/bhv302
https://doi.org/10.1016/j.cortex.2017.01.009
https://doi.org/10.1016/j.cortex.2017.01.009
https://doi.org/10.1111/j.1460-9568.1995.tb01047.x
https://doi.org/10.1111/j.1460-9568.1995.tb01047.x
https://doi.org/10.1111/j.1460-9568.1996.tb01165.x
https://doi.org/10.1111/j.1460-9568.1996.tb01165.x
https://doi.org/10.1046/j.1460-9568.1999.00817.x
https://doi.org/10.1046/j.1460-9568.1999.00817.x
https://doi.org/10.1046/j.1460-9568.1999.00817.x
https://doi.org/10.1046/j.1460-9568.1999.00817.x
https://doi.org/10.1046/j.0953-816x.2001.01538.x
https://doi.org/10.1046/j.0953-816x.2001.01538.x
https://doi.org/10.1007/s00221-003-1589-z
https://doi.org/10.1007/s00221-003-1589-z
https://doi.org/10.1371/journal.pone.0015078
https://doi.org/10.1002/cne.21980
https://doi.org/10.1002/cne.21980


2965Brain Structure and Function (2021) 226:2951–2966 

1 3

Gamberini M, Galletti C, Bosco A et al (2011) Is the medial posterior 
parietal area V6A a single functional area? J Neurosci 31:5145–
5157. https:// doi. org/ 10. 1523/ JNEUR OSCI. 5489- 10. 2011

Gamberini M, Fattori P, Galletti C (2015) The medial parietal occipital 
areas in the macaque monkey. Vis Neurosci 32:E013. https:// doi. 
org/ 10. 1017/ S0952 52381 50001 03

Gamberini M, Bakola S, Passarelli L et al (2016) Thalamic projections 
to visual and visuomotor areas (V6 and V6A) in the Rostral Bank 
of the parieto-occipital sulcus of the Macaque. Brain Struct Funct 
221:1573–1589. https:// doi. org/ 10. 1007/ s00429- 015- 0990-2

Gamberini M, Dal Bò G, Breveglieri R et al (2018) Sensory prop-
erties of the caudal aspect of the macaque superior parietal 
lobule. J Neurosci 223:1863–1879. https:// doi. org/ 10. 1007/ 
s00429- 017- 1593-x

Gamberini M, Passarelli L, Fattori P, Galletti C (2020) Structural con-
nectivity and functional properties of the macaque superior pari-
etal lobule. Brain Struct Funct 225:1349–1367. https:// doi. org/ 
10. 1007/ s00429- 019- 01976-9

Goodale MA, Milner AD (1992) Separate visual pathways tor percep-
tion and action. Trends Cogn Sci 15:20–25. https:// doi. org/ 10. 
1016/ 0166- 2236(92) 90344-8

Gottlieb J (2007) From thought to action: the parietal cortex as a bridge 
between perception, action, and cognition. Neuron 53:9–16. 
https:// doi. org/ 10. 1016/j. neuron. 2006. 12. 009

Graziano MSA, Cooke DF, Taylor CSR (2000) Coding the location of 
the arm by sight. Science 290:1782–1786

Grieve KL, Acuña C, Cudeiro J (2000) The primate pulvinar nuclei: 
vision and action. Trends Neurosci 23:35–39. https:// doi. org/ 10. 
1016/ s0166- 2236(99) 01482-4

Hadjidimitrakis K, Breveglieri R, Placenti G et al (2011) Fix your eyes 
in the space you could reach: neurons in the macaque medial 
parietal cortex prefer gaze positions in peripersonal space. PLoS 
ONE 6:e23335. https:// doi. org/ 10. 1371/ journ al. pone. 00233 35

Hadjidimitrakis K, Bertozzi F, Breveglieri R et al (2014) Body-cen-
tered, mixed, but not hand-centered coding of visual targets in 
the medial posterior parietal cortex during reaches in 3D space. 
Cereb Cortex 24:3209–3220. https:// doi. org/ 10. 1093/ cercor/ 
bht181

Hadjidimitrakis K, Bertozzi F, Breveglieri R et al (2017) Temporal sta-
bility of reference frames in monkey area V6A during a reaching 
task in 3D space. Brain Struct Funct 222:1959–1970. https:// doi. 
org/ 10. 1007/ s00429- 016- 1319-5

Hsu DT, Price JL (2007) Midline and intralaminar thalamic connec-
tions with the orbital and medial prefrontal networks in macaque 
monkeys. J Comp Neurol 504:89–111

Hsu DT, Kirouac GJ, Zubieta J-K, Bhatnagar S (2014) Contributions 
of the paraventricular thalamic nucleus in the regulation of stress, 
motivation, and mood. Front Behav Neurosci 8:73

Huerta MF, Kaas JH (1990) Supplementary eye field as defined by 
intracortical microstimulation: connections in macaques. J Comp 
Neurol 293:299–330. https:// doi. org/ 10. 1002/ cne. 90293 0211

Ilinsky IA, Kultas-Ilinsky K (1987) Sagittal cytoarchitectonic maps 
of the Macaca mulatta thalamus with a revised nomenclature 
of the motor-related nuclei validated by observations on their 
connectivity. J Comp Neurol 262:331–364. https:// doi. org/ 10. 
1002/ cne. 90262 0303

Impieri D, Gamberini M, Passarelli L et al (2018) Thalamo-cortical 
projections to the macaque superior parietal lobule areas PEc 
and PE. J Comp Neurol 526:1041–1056. https:// doi. org/ 10. 1002/ 
cne. 24389

Jeannerod M, Arbib MA, Rizzolatti G, Sakata H (1995) Grasping 
objects: the cortical mechanisms of visuomotor transformation. 
Trends Neurosci 18:314–320. https:// doi. org/ 10. 1016/ 0166- 
2236(95) 93921-J

Johnston WJ, Palmer SE, Freedman DJ (2020) Nonlinear mixed selec-
tivity supports reliable neural computation. PLoS Comput Biol 
16:e1007544

Kaas JH, Qi H-X, Stepniewska I (2018) The evolution of parietal cortex 
in primates. Handb Clin Neurol 151:31–52

Kalaska JF (1996) Parietal cortex area 5 and visuomotor behavior. 
Can J Physiol Pharmacol 74:483–498. https:// doi. org/ 10. 1139/ 
y96- 040

Kamishina H, Yurcisin GH, Corwin JV, Reep RL (2008) Striatal pro-
jections from the rat lateral posterior thalamic nucleus. Brain 
Res 1204:24–39. https:// doi. org/ 10. 1016/j. brain res. 2008. 01. 094

Kamishina H, Conte WL, Patel SS et al (2009) Cortical connections of 
the rat lateral posterior thalamic nucleus. Brain Res 1264:39–56. 
https:// doi. org/ 10. 1016/j. brain res. 2009. 01. 024

Karnath H-O, Perenin M-T (2005) Cortical control of visually guided 
reaching: evidence from patients with optic ataxia. Cereb Cortex 
15:1561–1569. https:// doi. org/ 10. 1093/ cercor/ bhi034

Land MF (2014) Do we have an internal model of the outside world? 
Philos Trans R Soc B Biol Sci 369:20130045

Lund JS, Lund RD, Hendrickson AE et al (1975) The origin of efferent 
pathways from the primary visual cortex, area 17, of the macaque 
monkey as shown by retrograde transport of horseradish peroxi-
dase. J Comp Neurol 164:287–303

Luppino G, Rizzolatti G (2000) The organization of the frontal motor 
cortex. Physiology 15:219–224. https:// doi. org/ 10. 1152/ physi 
ology online. 2000. 15.5. 219

Luppino G, Ben Hamed S, Gamberini M et al (2005) Occipital (V6) 
and parietal (V6A) areas in the anterior wall of the parieto-
occipital sulcus of the macaque: a cytoarchitectonic study. Eur 
J Neurosci 21:3056–3076. https:// doi. org/ 10. 1111/j. 1460- 9568. 
2005. 04149.x

Ma TP, Lynch JC, Donahoe DK et al (1999) Organization of the 
medial pulvinar nucleus in the macaque. Anat Rec 250:220–
237. https:// doi. org/ 10. 1002/ (SICI) 1097- 0185(199802) 250:2% 
3c220:: AID- AR12% 3e3.0. CO;2-Q

Mai JK, Forutan F (2012) Chapter 19—Thalamus. In: Mai JK, Paxi-
nos GBT (eds) The human. Academic Press, San Diego, pp 
618–677

Matelli M, Luppino G, Rizzolatti G (1991) Architecture of superior and 
mesial area 6 and the adjacent cingulate cortex in the macaque 
monkey. J Comp Neurol 311:445–462. https:// doi. org/ 10. 1002/ 
cne. 90311 0402

McGuire LMM, Sabes PN (2011) Heterogeneous representations in the 
superior parietal lobule are common across reaches to visual and 
proprioceptive targets. J Neurosci 31:6661–6673. https:// doi. org/ 
10. 1523/ JNEUR OSCI. 2921- 10. 2011

Middleton FA, Strick PL (2000) Basal ganglia and cerebellar loops: 
motor and cognitive circuits. Brain Res Rev 31:236–250

Milner AD, Goodale MA (1995) Oxford psychology series, No. 27. 
The visual brain in action

Mountcastle VB, Lynch JC, Georgopoulos A et al (1975) Posterior 
parietal association cortex of the monkey: command func-
tions for operations within extrapersonal space. J Neurophysiol 
38:871–908. https:// doi. org/ 10. 1126/ scien ce. 172. 3980. 273

Murray EA, Coulter JD (1981) Organization of corticospinal neurons 
in the monkey. J Comp Neurol 195:339–365. https:// doi. org/ 10. 
1002/ cne. 90195 0212

Mushiake H, Strick PL (1995) Pallidal neuron activity during sequen-
tial arm movements. J Neurophysiol 74:2754–2758

Nau M, Schröder TN, Bellmund JLS, Doeller CF (2018) Hexadirec-
tional coding of visual space in human entorhinal cortex. Nat 
Neurosci 21:188–190

Padberg J, Franca JG, Cooke DF et al (2007) Parallel evolution of 
cortical areas involved in skilled hand use. J Neurosci 27:10106–
10115. https:// doi. org/ 10. 1523/ JNEUR OSCI. 2632- 07. 2007

https://doi.org/10.1523/JNEUROSCI.5489-10.2011
https://doi.org/10.1017/S0952523815000103
https://doi.org/10.1017/S0952523815000103
https://doi.org/10.1007/s00429-015-0990-2
https://doi.org/10.1007/s00429-017-1593-x
https://doi.org/10.1007/s00429-017-1593-x
https://doi.org/10.1007/s00429-019-01976-9
https://doi.org/10.1007/s00429-019-01976-9
https://doi.org/10.1016/0166-2236(92)90344-8
https://doi.org/10.1016/0166-2236(92)90344-8
https://doi.org/10.1016/j.neuron.2006.12.009
https://doi.org/10.1016/s0166-2236(99)01482-4
https://doi.org/10.1016/s0166-2236(99)01482-4
https://doi.org/10.1371/journal.pone.0023335
https://doi.org/10.1093/cercor/bht181
https://doi.org/10.1093/cercor/bht181
https://doi.org/10.1007/s00429-016-1319-5
https://doi.org/10.1007/s00429-016-1319-5
https://doi.org/10.1002/cne.902930211
https://doi.org/10.1002/cne.902620303
https://doi.org/10.1002/cne.902620303
https://doi.org/10.1002/cne.24389
https://doi.org/10.1002/cne.24389
https://doi.org/10.1016/0166-2236(95)93921-J
https://doi.org/10.1016/0166-2236(95)93921-J
https://doi.org/10.1139/y96-040
https://doi.org/10.1139/y96-040
https://doi.org/10.1016/j.brainres.2008.01.094
https://doi.org/10.1016/j.brainres.2009.01.024
https://doi.org/10.1093/cercor/bhi034
https://doi.org/10.1152/physiologyonline.2000.15.5.219
https://doi.org/10.1152/physiologyonline.2000.15.5.219
https://doi.org/10.1111/j.1460-9568.2005.04149.x
https://doi.org/10.1111/j.1460-9568.2005.04149.x
https://doi.org/10.1002/(SICI)1097-0185(199802)250:2%3c220::AID-AR12%3e3.0.CO;2-Q
https://doi.org/10.1002/(SICI)1097-0185(199802)250:2%3c220::AID-AR12%3e3.0.CO;2-Q
https://doi.org/10.1002/cne.903110402
https://doi.org/10.1002/cne.903110402
https://doi.org/10.1523/JNEUROSCI.2921-10.2011
https://doi.org/10.1523/JNEUROSCI.2921-10.2011
https://doi.org/10.1126/science.172.3980.273
https://doi.org/10.1002/cne.901950212
https://doi.org/10.1002/cne.901950212
https://doi.org/10.1523/JNEUROSCI.2632-07.2007


2966 Brain Structure and Function (2021) 226:2951–2966

1 3

Pandya DN, Seltzer B (1982) Intrinsic connections and architectonics 
of posterior parietal cortex in the rhesus monkey. J Comp Neurol 
204:196–210. https:// doi. org/ 10. 1002/ cne. 90204 0208

Passarelli L, Rosa MGP, Gamberini M et al (2011) Cortical connec-
tions of area V6Av in the macaque: a visual-input node to the 
eye/hand coordination system. J Neurosci 31:1790–1801. https:// 
doi. org/ 10. 1523/ JNEUR OSCI. 4784- 10. 2011

Perenin M-T, Vighetto A (1988) Optic Ataxia: a specific disruption in 
visuomotor mechanisms. Brain 111:643–674. https:// doi. org/ 10. 
1093/ brain/ 111.3. 643

Pitzalis S, Galletti C, Huang R-S et al (2006) Wide-field retinotopy 
defines human cortical visual area V6. J Neurosci 26:7962–7973

Pitzalis S, Sereno MI, Committeri G et al (2010) Human V6: the 
medial motion area. Cereb Cortex 20:411–424

Pitzalis S, Sdoia S, Bultrini A et al (2013) Selectivity to translational 
egomotion in human brain motion areas. PLoS ONE. https:// doi. 
org/ 10. 1371/ journ al. pone. 00602 41

Pitzalis S, Fattori P, Galletti C (2015) The human cortical areas V6 
and V6A. Vis Neurosci 32:E007. https:// doi. org/ 10. 1017/ S0952 
52381 50000 48

Pitzalis S, Serra C, Sulpizio V et al (2019) A putative human homo-
logue of the macaque area PEc. Neuroimage 202:116092. https:// 
doi. org/ 10. 1016/j. neuro image. 2019. 116092

Pitzalis S, Hadj-Bouziane F, Dal Bò G et al (2021) Optic flow selectiv-
ity in the macaque parieto-occipital sulcus. Brain Struct Funct 
1–20

Rausell E, Bickford L, Manger PR et al (1998) Extensive divergence 
and convergence in the thalamocortical projection to monkey 
somatosensory cortex. J Neurosci 18:4216–4232

Rizzolatti G, Matelli M (2003) Two different streams form the dorsal 
visual system: anatomy and functions. Exp Brain Res 153:146–
157. https:// doi. org/ 10. 1007/ s00221- 003- 1588-0

Rizzolatti G, Gerbella M, Rozzi S (2020) 420—the posterior parietal 
cortex. Fritzsch BBT-TSACR, 2nd edn. Elsevier, Oxford, pp 
333–348

Schlag J, Schlag-Rey M (1984) Visuomotor functions of central thala-
mus in monkey. II. Unit activity related to visual events, target-
ing, and fixation. J Neurophysiol 51:1175–1195. https:// doi. org/ 
10. 1152/ jn. 1984. 51.6. 1175

Schlag-Rey M, Schlag J (1984) Visuomotor functions of central thala-
mus in monkey. I. Unit activity related to spontaneous eye move-
ments. J Neurophysiol 51:1149–1174. https:// doi. org/ 10. 1152/ 
jn. 1984. 51.6. 1149

Schmahmann JD, Pandya DN (1990) Anatomical investigation of pro-
jections from thalamus to posterior parietal cortex in the rhesus 
monkey: a WGA-HRP and fluorescent tracer study. J Comp Neu-
rol 295:299–326. https:// doi. org/ 10. 1002/ cne. 90295 0212

Seelke AMH, Padberg JJ, Disbrow E et al (2012) Topographic maps 
within Brodmann’s area 5 of macaque monkeys. Cereb Cortex 
22:1834–1850. https:// doi. org/ 10. 1093/ cercor/ bhr257

Sereno MI, Huang R-S (2014) Multisensory maps in parietal cortex. 
Curr Opin Neurobiol 24:39–46. https:// doi. org/ 10. 1016/j. conb. 
2013. 08. 014

Shipp S, Blanton M, Zeki S (1998) A visuo-somatomotor pathway 
through superior parietal cortex in the macaque monkey: cortical 
connections of areas V6 and V6A. Eur J Neurosci 10:3171–3193. 
https:// doi. org/ 10. 1046/j. 1460- 9568. 1998. 00327.x

Sommer MA (2003) The role of the thalamus in motor control. Curr 
Opin Neurobiol 13:663–670

Sulpizio S, Del Maschio N, Del Mauro G et al (2020) Bilingualism as a 
gradient measure modulates functional connectivity of language 
and control networks. Neuroimage 205:116306

Ungerleider LG, Mishkin M (1982) Two cortical visual systems. In: 
Anal Vis Behav

Vallar G, Coslett HB (2018) The parietal lobe. Academic Press
Vesia M, Crawford JD (2012) Specialization of reach function in 

human posterior parietal cortex. Exp Brain Res 221:1–18. https:// 
doi. org/ 10. 1007/ s00221- 012- 3158-9

Vitek JL, Ashe J, DeLong MR, Alexander GE (1994) Physiologic 
properties and somatotopic organization of the primate motor 
thalamus. J Neurophysiol 71:1498–1513. https:// doi. org/ 10. 1152/ 
jn. 1994. 71.4. 1498

Watanabe Y, Funahashi S (2004) Neuronal Activity Throughout the 
Primate Mediodorsal Nucleus of the Thalamus During Oculo-
motor Delayed-Responses. II. Activity Encoding Visual Versus 
Motor Signal. J Neurophysiol 92:1756–1769. https:// doi. org/ 10. 
1152/ jn. 00995. 2003

Wise SP, Boussaoud D, Johnson PB, Caminiti R (1997) Premotor and 
parietal cortex: corticocortical connectivity and combinatorial 
computations. Annu Rev Neurosci 20:25–42. https:// doi. org/ 10. 
1146/ annur ev. neuro. 20.1. 25

Yeterian EH, Pandya DN (1985) Corticothalamic connections of the 
posterior parietal cortex in the rhesus monkey. J Comp Neurol 
237:408–426. https:// doi. org/ 10. 1002/ cne. 90237 0309

Yeterian EH, Pandya DN (1997) Corticothalamic connections of 
extrastriate visual areas in rhesus monkeys. J Comp Neurol 
378:562–585

Zeki SM (1978) Functional specialisation in the visual cortex of the 
rhesus monkey. Nature 274:423–428

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1002/cne.902040208
https://doi.org/10.1523/JNEUROSCI.4784-10.2011
https://doi.org/10.1523/JNEUROSCI.4784-10.2011
https://doi.org/10.1093/brain/111.3.643
https://doi.org/10.1093/brain/111.3.643
https://doi.org/10.1371/journal.pone.0060241
https://doi.org/10.1371/journal.pone.0060241
https://doi.org/10.1017/S0952523815000048
https://doi.org/10.1017/S0952523815000048
https://doi.org/10.1016/j.neuroimage.2019.116092
https://doi.org/10.1016/j.neuroimage.2019.116092
https://doi.org/10.1007/s00221-003-1588-0
https://doi.org/10.1152/jn.1984.51.6.1175
https://doi.org/10.1152/jn.1984.51.6.1175
https://doi.org/10.1152/jn.1984.51.6.1149
https://doi.org/10.1152/jn.1984.51.6.1149
https://doi.org/10.1002/cne.902950212
https://doi.org/10.1093/cercor/bhr257
https://doi.org/10.1016/j.conb.2013.08.014
https://doi.org/10.1016/j.conb.2013.08.014
https://doi.org/10.1046/j.1460-9568.1998.00327.x
https://doi.org/10.1007/s00221-012-3158-9
https://doi.org/10.1007/s00221-012-3158-9
https://doi.org/10.1152/jn.1994.71.4.1498
https://doi.org/10.1152/jn.1994.71.4.1498
https://doi.org/10.1152/jn.00995.2003
https://doi.org/10.1152/jn.00995.2003
https://doi.org/10.1146/annurev.neuro.20.1.25
https://doi.org/10.1146/annurev.neuro.20.1.25
https://doi.org/10.1002/cne.902370309

	Vision for action: thalamic and cortical inputs to the macaque superior parietal lobule
	Abstract
	Introduction
	Sensory properties of the superior parietal lobule
	Cortical connections of macaque SPL
	Thalamic connections of macaque SPL
	Conclusions
	Acknowledgements 
	References




