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Abstract

The importance of the posterior parietal cortex (PPC) in multiple cognitive processes of the
brain has been recognized since the latter half of the 20th century. PPC of primates represents a
remarkable platform that has evolved over time to solve some of the difficult computational
challenges that we face in the everyday life, such as sensorimotor integration, spatial attention and
navigation, and early motor planning. Parietal lesions result in severe impairments in the control of
eye movements towards visual targets, in the guidance of reaching actions and of the grasping of
nearby objects, and in the ability to direct attention to visual stimuli.
With the aim of further investigating the multifaceted functional characteristics of macaque medial
PPC, we conducted three studies to explore the visuomotor, somatic, visual, and attention-related
properties of two cortical areas belonging to this brain region: V6A, a visuomotor area part of the
dorsomedial visual stream, and PE, an area strongly dominated by somatomotor input, residing
mainly on the exposed surface of the superior parietal lobule. In the first study, we tested the impact
of visual feedback on V6A grasp-related activity during arm movements towards objects of
different shapes. We observed that separate sub-populations of V6A cells are engaged during the
different task conditions: Visual cells were activated only during grasping performed in the light,
thus receiving a visual feedback of the moving arm and the object to be grasped. Motor neurons
were equally activated during grasping in the dark and in the light. Visuomotor cells were
differently activated while grasping in the dark and in the light. Our results demonstrate that V6A is
modulated by both grip type and visual information during grasping preparation, execution, and
object holding, with a predominance of cells influenced by grip type. In the second study, we
explored the influence of depth and direction information on reach-related activity of neurons in the
medial part of area PE and characterized their temporal evolution over the course of a reaching task
in darkness towards targets in the 3D space. We showed that tuning of activity by direction was

stronger at the beginning of the task, whereas depth tuning mainly occurred during movement



execution. When comparing our results with those found in the nearby areas V6A and PEc, a rostro-
caudal trend of increased convergence of depth and direction signals on single cells emerged. The
sensory signals affecting V6A, PEc and PE may explain the presence of this trend, as visual
sensitivity increases along an antero-posterior axis towards area V6A, and somatosensory
sensitivity increases in the opposite direction, towards area PE. In the third study, we used a
combined fMRI-electrophysiology experiment to investigate the neuronal mechanisms underlying
covert shift of attention processes in area VOA. Guided by fMRI maps, that showed the engagement
of area VO6A during covert shifts of spatial attention, we targeted electrophysiological recordings to
the ventral V6A of one monkey. Our preliminary results reveal that more than half of the total
recorded cells showed shift-selective activity when the monkey was covertly shifting its allocation
of attention towards the location of the visual receptive field. We also demonstrated that V6A shift-
related activity did not depend on eye movements directed towards the stimuli cuing the attention
shifts, as the monkey did not perform any significant eye deviation from the central fixation point.

All together these findings highlight the important role played by the medial PPC in integrating
information coming from different sources (vision, somatosensory and motor) and emphasize the
involvement of action-related regions of the dorsomedial visual stream in higher level cognitive

functions.
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Chapter 1

General Introduction



1. General Introduction

Here I am, sitting at my desk, in an attempt to focus on writing my PhD thesis. I am
thirsty -I didn’t have anything to drink in a while now- so I decide to leave my comfortable
seat to take a sip of fresh water. As I approach the fridge, I find myself spontaneously
hyperextending and guiding the arm in the direction of my target. Next, I shape my hand to
form the correct grip necessary to grasp the handle of the refrigerator. When I finally manage
to grab the much-desired water, I can’t help but move my focus of attention on the leftover
piece of cake from my sister’s birthday.

Reaching a target in the three-dimensional space, shaping the hand with the aim of grasping
an object, shifting the allocation of attention towards an interesting item in the visual
environment. By performing all these actions, I am pretty sure that the medial sector of my

posterior parietal cortex (PPC) has been highly engaged.

The medial PPC is part of a neuronal network involved in the association of information
coming from frontal and visual cortices (Goodale and Milner, 1992; Rizzolatti and Matelli,
2003; Galletti and Fattori, 2017). Medial PPC areas are implicated in a vast array of tasks and
operate on a multiplicity of signals, such as attentional, visual, somatosensory, vestibular,
and auditory signals, to cite only a few of them. The present thesis will examine in particular:
1) the visual, somatosensory and motor-related properties used in the arm movement control;
i1) the attention-related signals necessary for spatial information processing. To this purpose,
we performed three studies on non-human primates: the first study (2™ chapter of this thesis)
explored the relative contribution of visual information and of hand shaping for grasping to
the neuronal activity of area V6A, a visuo-motor area, also identified as part of the cortical

grasping circuit in monkey. The second study (3™ chapter of this thesis) focused on the



largely unexplored medial part of area PE, and was primarily aimed at evaluating the relative
influence of reach depth and direction signals in 3D space on the activity of medial PE cells.
In the last study (4" chapter of this thesis), we aimed to investigate the neural correlates of

covert shifts of spatial attention across visual hemifields in the ventral part of area V6A.

1.1 The Posterior Parietal Cortex

1.1.1 Anatomical organization

The PPC of primates holds a collection of association areas involved in
somatosensory and visual processing. It is located in the caudal part of the parietal lobule in
both human and non-human primates, immediately posteriorly to the postcentral gyrus,
which is the seat of the primary somatosensory cortex (Fig. 1.1). The PPC is composed of
two lobules: the inferior parietal lobule (IPL) on the lateral surface of the brain, and the
superior parietal lobule (SPL) on the medial part of the lateral surface and on the mesial
surface of the cerebral hemisphere. IPL and SPL are separated by the intraparietal sulcus,
whose walls are part of the PPC. The IPL in humans extends to the angular and
supramarginal gyrus, the regions classified as Brodmann area 39 and 40, respectively. The
parieto-occipital sulcus represents the caudal border of the SPL, dividing the PPC from the
occipital cortex, that contains the cortical visual areas. Functional and anatomical studies
showed that within the SPL there are two heavily interconnected flows of information, a
visual one moving from the posterior areas to the anterior ones, and a somatosensory one
moving in the opposite direction. The more central areas within SPL, where the two sensory

streams overlapped, are typically sensori-motor areas.
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Figure 1.1 Lateral view of a left hemisphere of a human brain showing the location the primary (S-I)
and secondary (S-II) somatosensory cortices and the posterior parietal cortex. A sagittal section
shows the distinct cytoarchitectonic regions of S-I (Brodmann’s areas 3a, 3b, 1, and 2) and the

adjacent posterior parietal cortex (areas 5 and 7) and motor cortex (area 4). From Kandel et al. 2013.

The SPL, that covers the medial part of PPC, encompasses a group of areas (Fig. 1.2) which
are particularly important for visuomotor integration and direction of attention to specific
parts of extrapersonal space: area PGm, on the mesial surface of the hemisphere, the medial
intraparietal area (MIP), hidden in the medial bank of intraparietal sulcus, areas PE and PEc,
located nearby on the exposed surface of SPL, and area V6A hidden in the parieto-occipital
sulcus, in the caudalmost part of the SPL (Pandya and Seltzer, 1982; Cavada and Goldman-
Rakic, 1989a, 1989b; Colby and Duhamel, 1991; Galletti et al., 1999; Bakola et al., 2010,
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2013). These brain areas have been identified based on their functional repertoire and
cortico-cortical connections in non-human primates and in human brain, thanks to the

development of different neurophysiological methodologies.

Figure 1.2 Dorsal view of left hemisphere (left) and medial view of right hemisphere (right) of a
Macaca  fascicularis brain reconstructed in three dimensions using Caret software
(http://brainvis.wustl.edu/wiki/index.php/Caret:Download) showing the location and extent of SPL
areas: purple VOA (Galletti et al., 1991); green: PEc (Pandya and Seltzer, 1982); orange: PE (Pandya
and Seltzer, 1982); blue: MIP/PRR, medial intraparietal area/parietal reach region (Colby and
Duhamel, 1991; Snyder et al., 1997); magenta: PGm (Pandya and Seltzer, 1982). Sulci are also
shown: as, arcuate sulcus; cal, calcarine sulcus; cin, cingulate sulcus; cs, central sulcus; ips,
intraparietal sulcus; If, lateral fissure; ls, lunate sulcus; pos, parieto-occipital sulcus; ps, principal

sulcus; sts, superior temporal sulcus. D, dorsal; P, posterior. Adapted from Fattori et al. 2017.
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1.1.2  Medial PPC as an integrative hub for multiple functions

Medial PPC, situated at the junction of multiple sensory regions, projects to several
cortical and subcortical areas and serves a crucial role in transforming sensory input into
motor output. To achieve this goal, an array of cognitive computations engages medial PCC,
including processing related to representing space, in addition to attention, transformation of
coordinate systems, and motor planning. Medial PPC lesions produce complex defects in
(peri)personal spatial perception, visuomotor integration, and selective attention (see section
1.2). The functional characteristics of the SPL areas V6A and PE, specific target regions of

the present thesis, will be described here below.

1.1.2.1 Area V64

Visual information leaves the primary visual cortex following two main pathways: a
ventral one, directed to the inferotemporal cortex, dedicated to the identification of the
objects features (also known as “what” pathway), and a dorsal one, that reaches the PPC,
involved in the guidance of actions (also known as “where/how” pathway) (Ungerleider and
Mishkin, 1982; Goodale and Milner, 1992; Milner and Goodale, 2006). In the classical view,
the dorsal stream has been further divided in at least two separate branches, which mediate
different aspects of visual behavior (Galletti et al., 2003; Rizzolatti and Matelli, 2003): a
dorsal one, traditionally proposed to control reaching actions, and a lateral circuit, proposed

to control grasping actions (Fig. 1.3).
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Figure 1.3 Widely accepted view of the division of the dorsal stream in two sub-circuits. A.
Dorsomedial pathway, linking the SPL (areas V6A, PEc, MIP) with the dorsal premotor cortex (PMd,
area F2), traditionally proposed to control reaching actions. B. Dorsolateral pathway, linking the IPL
(areas AIP, PFG, PF) with the ventral premotor cortex (PMv, area F5), traditionally associated with

grasping movements. From Galletti and Fattori (2017).

Recent discoveries seem to challenge this view of two independent pathways, supporting a
more integrated view based on the reciprocal interplay between these two streams (Nelissen

and Vanduffel, 2011; Galletti and Fattori, 2017).
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Area V6A belongs to the to the dorsomedial stream (Galletti et al., 2003; Rizzolatti and
Matelli, 2003) and is a functionally multifaceted area. It contains cells that encode the spatial
location of visual targets (Galletti et al., 1993, 1995), as well as neurons with reaching,
grasping, and oculomotor-related activity (Kutz et al., 2003; Gamberini et al., 2011; Fattori et
al., 2017). Recently, V6A has been cytoarchitectonically subdivided into a ventral (V6AV)
and a dorsal (V6Ad) portion (Luppino et al., 2005). These two portions have also shown
functional differences, mainly in the sensory domain. V6Av contains a majority of visual
cells with receptive fields that are mostly in the lower periphery; V6Ad, in contrast, shows a
higher number of cells sensitive to somatic stimulation, and the visual cells mostly represent
the central part of the visual field (Galletti et al., 1999; Gamberini et al., 2011). It has been
demonstrated that V6A grasp-related activity is modulated by different wrist orientations
(Fattori et al., 2009) and different grip types (Fattori et al., 2010, 2012) in darkness. More
recently, the modulation of V6A grasping activity by wrist orientation has been linked to the
visual feedback from the moving arm (Breveglieri et al., 2016). However, the interplay
between visual feedback and grip-related information has never been tested in V6A. In the
2™ chapter of the present thesis we investigated the relative influence of grip type and visual
condition of the grasping action on the discharge of V6A neurons. We also compared grasp-
related properties of V6A cells with those of AIP, a grasping area belonging to the
dorsolateral pathway.

Aside its implication in the control of reaching and grasping actions, the dorsal stream is also
responsible for the spatial localization of the objects, directing the gaze towards the objects
of interest in the visual environment, hence the deployment of attentional control. Thus, V6A
activity is not merely involved in visuomotor processing. This area has been recently
identified to belong to a network of cortical areas clearly activated during attention shifting

events (Caspari et al., 2015). The researchers adopted an event-related fMRI paradigm,
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closely resembling a human experiment (Molenberghs et al., 2007), that basically consisted
of two main events: i) SHIFT event, where a change in location of a relevant stimulus cued
the monkey to make a covert shift of spatial attention towards it; ii)) STAY event, where the
monkey was supposed to maintain its covert attention to the same spatial location. They
characterized a network of areas activated during spatial shifting events including parietal
areas V6/V6A, medial intraparietal area, caudo-dorsal visual areas, the most posterior portion
of the superior temporal sulcus, and several frontal areas.

Previously, there was an attempt of investigating the attention-related properties of area V6A
at a neural level. In (2010), Galletti and coworkers tested whether covert attention shifts
modulate ongoing V6A neuronal activity, using a task where the monkey was required to
shift its attention outward to a peripheral cue and inward again to a central fixation point.
They showed that V6A cells are activated during covert shifts of attention, but they could not
disengage this activity from the monkey’s behavior. The poor knowledge about the neuronal
mechanisms underlying covert shift of attention processes prompted us to perform an
electrophysiology experiment in which we aimed at further investigating attention-related
properties of VOA at a neural level. Preliminary results from one subject are reported in the

4™ chapter of this thesis.

1.1.2.2 Area PE

Area PE lies anterior to area PEc, on the exposed surface of the SPL (Fig. 1.2; Pandya
and Seltzer 1982). PE neurons are mainly activated by proprioceptive stimulation, although
some of them respond to tactile stimulation (Duffy and Burchfiel, 1971; Sakata et al., 1973;
Mountcastle et al., 1975) and receive robust somatic input information and projections from
motor and premotor cortex (Sakata et al., 1973; Jones et al., 1978; Pandya and Seltzer, 1982;

Johnson et al., 1996; Bakola et al., 2013). PE represents one of the key nodes of the reaching
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circuit of the medial PPC. Reaching movements in the real world have typically a direction
component, where the subject has to perform conjugated eye movements to foveate the target
of interest, and a depth component, where the subject makes disconjugated eye movements to
foveate the target to reach. Over the past decades, many studies have investigated the
direction influence on PE neural activity, using center-out reaching tasks (Kalaska et al.,
1983, 1990; Mackay et al., 1994; Scott et al., 1997; Menzer et al., 2014). A few studies have
found tuning by reach depth in PE, however without simultaneously addressing direction
processing (Ferraina et al., 2009; Brunamonti et al.,, 2016). Only, Lacquaniti and
collaborators (1995) made a further step by investigating the effect of the three spatial
coordinates (azimuth, distance and elevation) on PE neural responses during reaching
movements. In that experiment, the animals performed goal-directed movements towards
targets located at similar directions within three different workspaces starting from three
initial hand positions. Each of these initial hand positions was located in the middle of an
imaginary cube where at each corner a reach target was placed. The researchers found that
different neuronal populations processed the three parameters independently. However, eye
position was not monitored, and targets were distributed only between two depth planes.

In the 3™ chapter of this thesis, we aimed at: i) evaluating the relative influence of depth and
direction signals on the activity of medial PE cells during a Fixation-to-Reach task in 3D; ii)
characterizing the sensory properties, by qualitatively examining the visual and
somatosensory responses of PE neurons; iii) comparing the obtained results with those found
in the nearby areas V6A and PEc (Hadjidimitrakis et al., 2014a, 2015) to provide a picture of

the spatial information processing for reaching in the whole SPL.
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1.1.2.3 Putative human homologous of areas V6A and PE

Establishing homologies between cortical areas in animal models and humans is a key
aspect in translational neuroscience, as it expands understanding of brain structure, function
and disease, and turns this knowledge into clinical applications and novel therapies of
nervous system disorders. Recent functional MRI studies have proposed a putative human
homologue of area VOA (Pitzalis et al., 2013; Tosoni et al., 2015), which is likely located in
the medial part of the posterior parietal cortex (mPPC, Pitzalis et al., 2015), and closely
resembles the retinotopic organization and functional properties described for macaque
V6Av and V6Ad (Galletti et al., 1999; Gamberini et al., 2011). Human V6A shows a clear
over-representation of the contralateral lower visual field and responded only to visual
stimulation of the far periphery (starting from 30°, Pitzalis et al., 2013). This region responds
to pointing (Simon et al., 2002; Astafiev et al., 2003; Connolly et al., 2003; Tosoni et al.,
2008, 2015; Pitzalis et al., 2013) as well as to reaching and grasping movements (Beurze et
al., 2007, 2009; Filimon et al., 2007, 2009; Cavina-Pratesi et al., 2010; Vesia et al., 2010;
Galati et al., 2011; Gallivan et al., 2011; Konen et al., 2013). The human mPPC also plays a
critical role in transient shifts of spatial attention, producing signals independent of the
direction of the attention shift (Vandenberghe et al., 2001; Yantis et al., 2002; Molenberghs
et al., 2007; Kelley et al., 2008; Caspari et al., 2018). This evidence is supported by the fact
that people suffering from Balint's syndrome, a rare manifestation of visual and spatial
difficulties due to bilateral SPL lesions, show an impairment in detecting the displacement of
a visual stimulus (Phan et al., 2000) (see section 1.2). Recently, Caspari et al. (2018) showed
correspondences between the shift SPL-network in humans and the superior parietal network
processing attention shifts in monkeys, suggesting medial intraparietal area and V6/V6A as

functional counterparts of human medial superior parietal lobule (mSPL).
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Area PE of the monkey is often referred to as Brodmann’s area 5 (Brodmann, 1909).
According to Brodmann’s representation, area 5 is placed posteriorly to areas 3, 1, 2 in both
monkey and human brains. So far, only two groups have explored the functional properties of
a potential putative human homologous of area PE. First, Sereno and coworkers have
identified a second somatosensory homunculus in a region of the human SPL located in the
postcentral gyrus, right posterior to the primary somatosensory cortex, in a location that
matches the one of Brodmann’s area 5 (Parietal Body Area, PBA) (Huang et al., 2012;
Huang and Sereno, 2018). The PBA contains a rough topographical map of the body
resembling the one observed in macaque area PE (Seelke et al., 2012). The parietal cortex
posterior to PBA was activated by goal-directed reaching movements, but it didn’t show any
topographical organization (Huang and Sereno, 2018). In a very recent neuroimaging study,
Pitzalis et al. (2019) defined as human PE (hPE) a region within human mSPL exhibiting
significant responses during active leg movements, consisting of leg rotation and flexion, and
foot pointing towards a memorized target. These functional characteristics parallel the one
described in macaque PE (Seelke et al., 2012, see also section 3.3.4 of the present thesis).
However, the definition of a human homologous of monkey PE is still a controversial
subject, and further studies are needed to better relate the functional organization of monkey

PE with its possible human counterpart.

1.2  Effect of damage of posterior parietal cortex

The study of brain activity, either through fMRI, electrophysiology, or other methods,
tests whether cognitive processes are associated with activity in neurons, brain regions, or
networks. These techniques represent a formidable set of research tools yet cannot

differentiate between regions that are engaged during a cognitive process from those that are

18



essential for that process (Vaidya et al., 2019). Lesion of a specific brain area is one of the
techniques used by researchers in order to correlate specific dysfunctions to the brain region
involved in the lesion. Complex sensorimotor abnormalities can be observed subsequent to a
PPC lesion, including the inability to accurately process stimuli in the contralateral visual
field or contralateral half of the body. Poor motor coordination and poor eye-hand
coordination during reaching, grasping, and hand orientation lead to neglect in usage of the
hand (Bisiach and Luzzatti, 1978; Marshall and Halligan, 1995).

Lesions of the parietal lobe or parieto-temporo-occipital lobe (posterior association areas) of
either the right or left hemisphere produce a particular form of agnosia (astereognosis), which
is the inability to identify an object by active touch of the hands without other sensory input,
such as visual or sensory information (Gerstmann, 2001; O’Sullivan and Schmitz, 2007).
With the absence of vision (i.e. eyes closed), an astereognosic patient is unable to identify
what is placed in his hand based on cues such as texture, size, spatial properties, and
temperature (O’Sullivan and Schmitz, 2007). Another neurological disorder associated with
PPC damage is the contralateral neglect syndrome, characterized by a difficulty in exploring
the space and perceive or pay attention to objects, people, representations placed in the visual
hemifield contralateral to the lesion, and to act in that side of the space. The disturbance can
involve outer space, but also the peripersonal one, reachable with the gesture of a hand: it is
not rare to see patients who shave, make up or comb only the right side of their face.
Frequently, the lesion is located in the right hemisphere and the deficit manifests itself as an
inability to direct attention to the hemifield opposite to the lesion, thus to the left. In the acute
phase, patients have head and eyes deviated to the right and do not pay attention to what
happens to their left. For example, they do not respond to an interlocutor, do not collect food
on the left side of the plate, neglect the left side of their body, have difficulty in dressing, and

do not use the left limbs. In some patients the ability to copy the left side of a drawing is
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severely compromised (Bloom et al., 1985). When asked to draw a clock, the patient may
ignore the numbers on the left: their drawing might show only the numbers from 1 to 7 (Fig.
1.4), or all 12 numbers might be on the right half of the clock with the other half distorted or

blank.
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Figure 1.4 Drawings made by a patient suffering from contralateral neglect syndrome. The patient
was asked to draw a clock/house/flower by copying the figure on the left; the subject 's imitation is on

the right. From Kandel et al. 2013.

In 1909, the Austro-Hungarian neurologist Balint first described another group of behavioral

impairments specifically associated with damage to the SPL and the parieto-occipital
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junction. Since patients with such type of lesions did not show any sensory or motor deficits,
it was suggested that the impairment was at a more integrative, sensorimotor level. Balint’s
syndrome includes difficulty in executing eye movements to engage visual targets (ocular
apraxia), inability to perceive multiple objects simultaneously (simultanagnosia), and
inability in reaching for visual targets (optic ataxia). All these symptoms heavily impact
visuospatial skills, visual scanning and attentional mechanisms (Zgaljardic et al., 2011).

Patients with simultanagnosia are unable to perceive multiple items in a visual display, while
preserving the ability to recognize single objects. Dalrymple and colleagues (2010) suggested
that simultanagnosia may result from an extreme form of competition between objects which
makes it difficult for attention to be disengaged from an object once it has been selected.
Patients have a restricted spatial window of visual attention and cannot see more than one
object at a time (Jackson et al., 2006). They see their world in a sparse manner. For instance,
if presented with an image of a table containing both various objects and food, a patient will
report seeing only one item, such as a spoon. If the patient's attention is redirected to another
object in the scene, such as a glass, the patient will report that they see the glass but no longer
see the spoon (Coslett and Lie, 2008). As a result of this impairment, patients with
simultanagnosia often fail to comprehend the overall meaning of a scene. Garcin et al. (1967)
were the first to report that optic ataxia can also appear as a distinct disorder in isolation. It
can occur with unilateral (Perenin and Vighetto, 1988; Karnath and Perenin, 2005) or
bilateral SPL lesion (Pisella et al., 2000, 2004; Karnath and Perenin, 2005; Khan et al.,
2005). Patients suffering from optic ataxia show a peculiar characteristic, that is the contrast
between the occurrence of spatial errors while executing reaching movements in the visual
periphery and unimpaired movements to targets in the center of the visual field (Borchers et
al., 2013). After lesions of the SPL, the parieto-occipital junction, or the intraparietal sulcus

(Karnath and Perenin, 2005; Martin et al., 2015), ataxic patients experience difficulty in
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making visually guided arm movements towards an object in the visual environment. The
impairment is severe when the target is located peripherally in the visual field, less when the
target lies in the parafoveal region, and negligible when the patient fixates the target. Figure
1.5 shows a typical behavior between ataxic patients, who misreach the non-foveated target
when guiding the limb in peripheral space (Perenin and Vighetto, 1988; Karnath and Perenin,
2005). Performance is generally worse with the hand contralateral to the lesion and in the

visual field contralateral to the lesion (Khan et al., 2005, 2007; Blangero et al., 2008).

Figure 1.5 Reaching for a target in an exemplary patient with optic ataxia. Left: the patient showed
misreaching for a target in peripheral vision (when he had to fixate the camera lens in front of him).
Right: the patient showed normal reaching under foveal vision (when he had to orient eyes and head
towards the object while reaching for it). Typically, such ataxic reaches were performed most

frequently with the contralesional hand in contralesional space. From Karnath and Perenin 2005.

Besides misreaching, optic ataxia patients also exhibit deficits in adjusting hand orienting
(Perenin and Vighetto, 1988) and shaping (Jeannerod, 1986; Jakobson et al., 1991) during
prehension of objects under visual guidance. It has been hypothesized that optic ataxia

reflects a failure to transform retinal information into appropriate spatial coordinates for
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action (Buxbaum and Coslett, 1997), and that this failure is due to the fact that the brain
damage involves the human cortical territory of area VOA (Galletti et al., 1999, 2003; Pitzalis
et al., 2013; Fattori et al., 2017). In agreement with this hypothesis, brain lesions restricted to
area V6A in monkey produce misreaching and misgrasping during visually guided
movements (Fig 1.6; Battaglini et al., 2002). In particular, V6A lesions produced
underestimation of the position of reach/grasp targets, increase of reaching and grasping
times, abnormality in conforming and orienting the hand towards to the targets. The overall
result was an inability of correctly reaching and grasping a visual target (Fig. 1.6 C-D),

especially with the arm contralateral to the lesion.

misgrasping after lesion
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Figure 1.6 Misreaching and misgrasping after lesion of monkey area V6A. A Frames from a digital
TV camera illustrating the behaviour of a normal animal in reaching and grasping food. Time below
frames is in seconds. B Reconstruction of location and extent of the brain damage in case V6M2 of
Battaglini et al. (2002). The lesion is indicated on the silhouette of monkey brain reported by
Brodmann (1909), adapted in size to match the brain of the monkey reported by Battaglini et al.
(2002). The lesion was bilateral, but here is reported (in black) only the lesion in the left hemisphere;
that in the right hemisphere was very similar in location and extent (see Battaglini et al. 2002). Dorsal
area 19 is shown in grey; its location and extent, as well as locations of areas 18 and 7, are according
to Brodmann (1909). C Misreaching after bilateral V6A lesion. Food (raisins) was distributed on a
semicircular plate placed horizontally in front of the animal, as shown in the frames at the top of the
figure. The plate is seen here from above, and the position of the monkey is indicated by the triangle.
Open circles indicate food locations. Crosses indicate the locations where the hand landed in the first
attempt to reach the food. D Frames from a video camera the anomalous rotation of the wrist that led
the fingers to close laterally rather than downward. Time below frames is in seconds. Modified from

Galletti et al. 2003.

The functional characteristics of single VOA cells are congruent with the misreaching and
misgrasping observed after VOA lesion. In fact, VOA neurons are influenced by the direction
of arm movement (Fattori et al., 2005) as well as the depth of reaching movement
(Hadjidimitrakis et al., 2014a). V6A also contains cells modulated by wrist rotation (Fattori
et al., 2009; Breveglieri et al., 2016), cells active only during grasping movements and cells
with a somatosensory receptive field located on the distal part of the arm, particularly on the
hand (Galletti et al., 2003).

In 2013, Battaglia-Mayer and collaborators reversibly inactivated the superior parietal area 5
(PE/PEc) while monkeys executed reaches and saccades to visual targets, when the target
position changed unexpectedly. After bilateral muscimol injection, researchers observed an
increase of both reaction- and movement-times necessary to adjust the trajectory towards the
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target. They interpreted these findings as a deficit in the online control similar to that
observed in optic ataxia patients.
These evidences highlight the crucial role played by the medial PPC in spatial attention and

in encoding of target location for the online control of arm movements.

1.3 Experimental techniques

1.3.1 Magnetic and Functional Magnetic Resonance Imaging

Most of the atoms that constitute the human body (including the brain) have nuclear
magnetic resonance (NMR) properties: they behave like small magnets (magnetic dipoles)
that spin around their axis and thus have a magnetic momentum. Normally protons contained
in the atoms are aligned in a random fashion (Fig. 1.7 A). When they are exposed to a strong
external magnetic field (Bo) they tend to align along the axis of the static magnetic field
either in a parallel (low energy state), or in an anti-parallel configuration (high energy state)
(Fig. 1.7 B). As the strength of the magnetic field increases (i.e. more Tesla), more and more
atoms are in the parallel state. This increase is crucial for the quality of the magnetic
resonance imaging (MRI) signal (signal-to-noise ratio). The difference of the numbers of
atoms in parallel and anti-parallel state is the net magnetic moment (M), that represents the
sum of the magnetic momenta of all atoms. The precessing frequency of the atoms (called the
Larmor frequency) depends linearly on the magnetic field strength. When a radiofrequency
(RF) pulse, By, is applied transversely to Bo, which oscillates at the Larmor frequency, the
magnetized atoms enter in the excitation phase, and this results in a perturbation of the spins

(Fig. 1.7 C).
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Figure 1.7 In the absence of a strong magnetic field (M=0), hydrogen nuclei are randomly aligned as
in (a). When a strong magnetic field (Bo) is applied, the hydrogen nuclei precess about the direction
of the field as in (b). (¢) The RF pulse, By, causes the net magnetic moment of the nuclei to tilt away
from By. (d) When the RF pulse stops, the nuclei return to equilibrium such that M is again parallel to

Bo. During realignment, the nuclei lose energy and a measurable RF signal is emitted.

The signal can be detected by a receiver coil, as the nuclei realign themselves such that their
M is again parallel with By (relaxation), delivering back the absorbed energy (Fig. 1.7 D).

The amount of released energy corresponds to the MR signal, which is composed by two
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main elements: T1 (recovery), or longitudinal relaxation time, is the time constant which
determines the rate at which excited protons return to equilibrium (i.e. realign itself with Bo);
T2 (decay), or transverse relaxation time, is a measure of the time taken for spinning protons
to lose phase coherence among the nuclei spinning perpendicular to the main field. T1 and
T2 are two independent properties of each type of tissue and allow us to distinguish between
them in an MR image. Local magnetic field inhomogeneities are usually observed in
physiological tissues, and this adds a supplementary effect that modifies the decay phase. In
this case the time constant T2 is called T2*. This latter is similar to T2, but also depends on
local inhomogeneities in the magnetic field caused, for example, by changes in blood flow
and oxygenation. These inhomogeneities cause the nuclei to de-phase quicker than normally.
In the brain, the magnitude of these inhomogeneities depends on the physiological state, the
composition of the local blood supply (Logothetis and Wandell, 2004), and the neural
activity itself.

Functional Magnetic Resonance Imaging (fMRI) scans use the same basic principles of
atomic physics as MRI, but MRI scans image anatomical structure whereas fMRI image
metabolic function. Also, for fMRI the energy emitted from the relaxation of protons is
measured, but the calculations are instead aimed at determining how the amount of
oxygenated blood flow changes (hemodynamic response). Blood Oxygen Level Dependent
(BOLD) fMRI depicts changes in deoxyhemoglobin concentration consequent to task-
induced or spontaneous modulation of neural metabolism (Ogawa et al., 1990). This can be
explained by the fact that an increase of blood flow in a specific brain region alters the local
ratio of (paramagnetic) deoxyhemoglobin to (diamagnetic) oxyhemoglobin (Fig. 1.8), thus

affecting T2 and T2*.
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Figure 1.8 Brain activation mapping with BOLD fMRI. Water magnetization in and around small
vessels is modulated by the flow of red blood cells containing paramagnetic deoxyhemoglobin.
During fMRI, T2* weighted images of the activated condition (right) are compared with the same

images during the rest condition (left). Adapted from Raichle (1994).

In response to brain activation, more oxygenated blood than required is supplied through the
cerebral blood flow to compensate for the decrease in oxygen. This reduces the concentration
of paramagnetic deoxyhemoglobin, which results in a decrease of local field
inhomogeneities, an increase of the T2* and, thus an increase in the signal intensity
associated with neural activity (Fig 1.8). The BOLD response generated from an event
occurring at a certain time is known as Hemodynamic Response Function (HRF) (see Fig.
1.9).

Later, an alternative method, sensitive to cerebral blood volume (CBV) changes, was

developed (Mandeville et al., 1998; Chen et al., 2001) to improve the sensitivity of fMRI
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This technique, known as Increased Relaxation for Optimized Neuroimaging (IRON) fMRI,
is now standard use in monkey fMRI (Vanduffel et al., 2001; Leite et al., 2002; Leite and
Mandeville, 2006; Zhao et al., 2006) and uses Monocrystalline Oxide Nanoparticle (MION)
as exogenous contrast agent. This approach has been shown to yield a better spatial
localization of the active brain regions (Mandeville and Marota, 1999; Vanduffel et al.,
2001), and has been demonstrated to yield a higher contrast-to-noise ratio compared with
experimental BOLD studies (Vanduffel et al., 2001; Leite et al., 2002). In comparison to
BOLD signals, MION contrast is negative, due to the strong paramagnetic properties of
MION, that produces a substantial increase of field inhomogeneities in the activated brain
regions. This results in a drop of signal in these areas proportional to the local increase of the
CBV. However, IRON contrast is usually reported as an inverted positive signal, as it is an
indicator of activation (blue, Fig. 1.9).

When comparing the BOLD HRF (in red) with the HRFs used in monkey (blue, inverted to
simplify comparison with the human HRF), the MION HRF peaks well earlier and decreases

with a slower rate than the BOLD one.
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Figure 1.9 Hemodynamic response functions used in humans (red) and monkeys (blue) fMRI data

analysis. Adapted from Mantini et al. 2012.

1.2.2  fMRI guided electrophysiology

fMRI is an MRI technique little more than twenty-five years old which has
revolutionized the study of the human brain functions in vivo. This technique has achieved a
scientific impact comparable to other important biomedical discoveries (Rosen and Savoy,
2012). Undoubtedly, it is a very useful research tool, but it has limitations. First, fMRI is an
indirect measure of the activity of a large population of neurons, and this casts some doubts
on the reliability of the fMRI activity maps. Moreover, each area of the brain is made up of
thousands of individual neurons, each of which might have a unique story to tell. fMRI lacks
sufficient spatial and temporal resolution to measure the responses of individual neurons
(Logothetis, 2008; Sirotin and Das, 2009). Finally, the interpretation of fMRI data can be
highly challenging and not only depends on scientific frameworks, but also on the cultural

and social context (Illes and Racine, 2005).
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For all these reasons, electrophysiological characterization of neural activity in fMRI-
identified brain regions is critically needed. Once a region of interest is localized with fMRI,
an electrode can be positioned there to record the action potentials of single or multi units
and to measure the Local Field Potential (LFP) signals. Unlike unguided electrophysiological
strategies (Bosman et al., 2012), fMRI-defined targets for electrophysiology experiments
could restrict random recordings precisely to the regions of interest (Vanduftel et al., 2014).
Because of the invasive nature of electrophysiological recordings, they cannot be performed
in healthy humans. The only exception is represented by patients that have to undergo
specific neurosurgical interventions. Therefore, non-human primates -most commonly
macaque monkeys- are often subjects of electrophysiology experiments.

Technologies to record the spikes of individual neurons in vivo have shown an
accelerating improvement over the last decades. Since their refinement in the early 1950s
(Woldring and Dirken, 1950; Dowben and Rose, 1953; Green, 1958), extracellular, single-
unit recording methods have been used to obtain a wealth of data about the properties of
central nervous system structures. When a neuron generates an action potential, the electric
current propagates through the cell, flowing in and out of the soma and axons at excitable
membrane regions. If a microelectrode is inserted into the brain (Fig. 1.10), it can record the
rate of change in voltage with respect to time. The most common types of microelectrodes
used for recording from single neurons in behaving animals are: glass micro-pipettes, that
have to be filled with an electrolyte in order to be conductive, or etched tungsten, stainless
steel, or platinum—iridium wires, insulated with glass or polymers along their whole body
except for the last 20-30 um from the tip (Humphrey and Schmidt, 1990). These types of

electrodes typically record from one neuron at a time.
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Figure 1.10 Single channel microelectrode positioned in the extracellular space.

Recent technological innovations have developed devices (i.e. multielectrode arrays)
containing multiple (tens to thousands) microelectrodes through which neural signals can be
recorded. Such arrays allow the simultaneous extracellular recording of multiple neurons
(Fig. 1.11) in several cortical and subcortical regions of the brain of awake, behaviorally
trained non-human primates (Hatsopoulos and Donoghue, 2009; Fraser and Schwartz, 2012;
Schwarz et al., 2014; Dotson et al., 2015). The advantages of these tools are multiple: the
possibility to place several electrodes at once, rather than individually; the ability to
simultaneously receive information from numerous sites, and to select different recording
sites within the array; the possibility to arrange multiple recording sites over distance of
millimeters, allowing to record simultaneously across different cortical columns or across
multiple layers in a single cortical column. Importantly, geometrically precise distribution of

recording sites also allows to investigate spatial relation between neuronal populations.
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Figure 1.11 Example 8-channel probe from Cambridge Neurotech, recording activity from different

thalamic neurons.

When recording in awake monkeys, the animal's head is usually fixed in place by a headpost
that is cemented to the skull and anchoring screws, so that movement artifacts are minimized.
This technique also allows precise measurement of the direction of gaze by monitoring eye
position, an especially valuable aspect in studies where monitoring and controlling attention
is important. Once having penetrated the dura mater, the (single or multiple channel)
electrode is slowly lowered in the brain by means of a microdrive. Once the target region is
reached, the neural signal is amplified, filtered (bandpass filter 300 Hz — 5000 Hz) and
digitized.

Thanks to high spatial and temporal resolution, extracellular recordings in awake behaving
animals have become a very powerful method to investigate the properties of individual

neurons and to characterize the functional selectivity of a brain region.

In chapters 2 and 3 of the present thesis, we based the definition of our single-cell recording
targets on the analysis of published monkey brain atlases (Paxinos et al., 2000) and post-

mortem histology of monkeys’ brains performed at University of Bologna. In the 4" chapter,
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we defined our electrophysiology targets based upon the task-related activation of an fMRI

experiment performed at the KU Leuven.

1.4 Objectives of research

The overall goal of this thesis was to investigate the heterogeneous functional nature
of monkey medial PPC. To do this, we performed three experiments involving two cortical
areas positioned at the border between visual and somatosensory systems: area V6A, a
visuomotor area located in the anterior bank of the parieto-occipital sulcus, and area PE,
residing mainly on the exposed postcentral gyrus, directly caudal to the somatosensory

cortex. The specific aims of our studies were:

1. Investigate the relative contribution of visual information and hand shape to the neuronal
activity of area V6A during a Reach-to-Grasp task performed, both in darkness and under
light conditions. This required the subjects to grasp objects of different shapes (See
chapter 2: “Interplay between grip and vision in the monkey medial parietal lobe” —

published).

2. Investigate depth and direction coding of arm reaching movements and their time course
during a Fixation-to-Reach task performed in the darkness. This required the subjects to
reach targets in the 3D space. We used the same task configuration as in our previous
studies of more caudal PPC sectors (areas VO6A and PEc, Hadjidimitrakis et al., 2014a,
2015), thus allowing a direct comparison between these three PPC areas (See chapter 3:
“The neglected medial part of macaque area PE: segregated processing of reach depth

and direction” — published).
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. Examine the neural correlates of covert shifts of spatial attention in the ventral part of
area VOA, using a covert selective spatial attention paradigm highly resembling the one
used in human (Molenberghs et al., 2007) and monkey (Caspari et al., 2015) fMRI
experiments (See chapter 4: “MRI guided electrophysiology of spatial attention shifts in

the macaque superior parietal lobule” — in preparation).
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Chapter 2

Interplay between Grip and Vision in the Monkey
Medial Parietal Lobe.

This chapter is based on:

Breveglieri R., De Vitis M., Bosco A., Galletti C., Fattori P. (2018). Interplay Between Grip

and Vision in the Monkey Medial Parietal Lobe. Cerebral Cortex. 10.1093/cercor/bhx109
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2. Interplay between grip and vision in the monkey

medial parietal lobe

2.1 Abstract

We aimed at understanding the relative contribution of visual information and hand
shaping to the neuronal activity of medial posterior parietal area V6A, a newly added area in
the monkey cortical grasping circuit. Two Macaca fascicularis performed a Reach-to-Grasp
task in the dark and in the light, grasping objects of different shapes. We found that VO6A
contains Visual cells, activated only during grasping in the light; Motor neurons, equally
activated during grasping in the dark and in the light; Visuomotor cells, differently activated
while grasping in the dark and in the light. Visual, Motor, and Visuomotor neurons were
moderately or highly selective during grasping, whereas they reduced their selectivity during
object observation without performing grasping. The use of the same experimental design
employed in the dorsolateral grasping area AIP by other authors allowed us to compare the
grasp-related properties of VO6A and AIP. From these data and from the literature a frame
emerges with many similarities between medial grasping area V6A and lateral grasping area
AIP: both areas update and control prehension, with VOA less sensitive than AIP to fine

visual details of the objects to be grasped, but more involved in coordinating reaching and

grasping.
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2.2 Introduction

Information about the physical characteristics of objects to be grasped (such as size,
shape and orientation) and their spatial location is fundamental for the correct execution of a
grasping movement. The ability to grasp objects relies on a network of areas in the parietal
and frontal cortex (Jeannerod et al., 1995; Rizzolatti, 1997; Janssen and Scherberger, 2015;
Fattori et al., 2017). Among areas involved in the grasping circuit, area VO6A has been
recently added; this area is located in the posterior parietal cortex (PPC), in the caudalmost
part of the superior parietal lobule. VOA belongs to the dorsomedial visual stream (Galletti et
al., 2003; Rizzolatti and Matelli, 2003), but is directly connected with the dorsolateral
grasping parietal area (anterior intraparietal area, AIP) (Borra et al., 2008; Gamberini et al.,
2009). Thanks to the seminal works by Sakata and collaborators (Taira et al., 1990; Sakata et
al., 1995; Murata et al., 1996, 2000), who tested AIP neurons when grasping of different
objects occurred in the light and in the dark, area AIP was proved to be involved in grasping
actions. Moreover, it was shown that some AIP neurons received both visual and grip
information (‘Visual and Motor’ neurons), some others received only visual input (‘Visual
dominant’ neurons) and others only motor-related information (‘Motor dominant’ neurons)
(Taira et al., 1990; Sakata et al., 1995; Murata et al., 2000). More recent works shed new
light on other grasp-related properties of AIP, demonstrating that its neurons are modulated
by the context of the grasping action (Baumann et al., 2009) and by directional signals of arm
movements (Lehmann and Scherberger, 2013) and that signals from AIP can be used to
decode grasping actions (Schaffelhofer et al., 2015; Schaffelhofer and Scherberger, 2016).
Even more recently, it was demonstrated that AIP cells respond to the vision of one’s own

hand in action (Maeda et al., 2015) and that they are specialized in shape processing and
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processing of object features important for grasping (Gardner et al., 2007b; Chen et al., 2009;
Schaffelhofer and Scherberger, 2016).

Thanks to the functional properties of its neurons (Fattori et al., 2017), and to its connections
with area AIP and premotor area F2 (Matelli et al., 1998; Shipp et al., 1998; Borra et al.,
2008; Gamberini et al., 2009), both containing grasping cells (Taira et al., 1990; Raos et al.,
2004), V6A has the necessary functional properties and anatomical connectivity to support,
in principle, the integration of visual and motor signals needed for visual guidance of
prehension. In other words, VOA can be assigned the role of ‘dorsomedial grasping area’. Up
to now, V6A grasp-related neurons were studied for natural grasping (Fattori et al., 2004),
and in controlled tasks testing different hand orientations (Fattori et al., 2009) and different
grip types (Fattori et al., 2010, 2012) in darkness. More recently, it has been demonstrated
that the modulation of V6A grasping activity by wrist orientation is deeply influenced by
visual feed-back (Breveglieri et al., 2016) however, the effect of visual feed-back on
modulation of V6A grasping activity by grip type has never been tested .

The main purpose of the present work was to analyze the interplay between grip type and
visual information in V6A cells, using a paradigm with several objects of different shapes
(requiring different grip types) and different visual backgrounds. Moreover, we compared
V6A grasping responses with grasping responses of area AIP studied in similar experimental
conditions (Murata et al., 2000). We also studied the grasp-related properties of V6A cells
using the same paradigm designed for AIP by Baumann and coworkers (2009) and
Schaffelhofer and Scherberger (2016) in order to compare the grip preference and temporal
evolution of neural discharges from object vision to grasp performance between V6A and

AIP.
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2.3  Materials and Methods

2.3.1 Experimental procedures

The study was performed in accordance with the guidelines of EU Directives (EU
116-92; EU 63-2010) and Italian national law (D.L. 116-92, D.L. 26-2014) on the use of
animals in scientific research. During training and recording sessions, particular attention
was paid to any behavioral and clinical sign of pain or distress.

Two male Macaca fascicularis, weighing 2.5-4.0 kg, were trained to perform a Reach-to-

Grasp task and an Observation task under controlled conditions.

2.3.2 Behavioral tasks

The monkey was seated in a primate chair (Crist Instrument) with the head fixed, in
front of a box containing a PC-controlled rotating carousel subdivided into five sectors, each
containing a different object presented one at a time, in a random order.

A variety of objects of different shapes were used (Fig. 2.1A). The types of grip evoked by
the various objects changed according to their physical characteristics. The two monkeys
used identical hand postures for grasping the same objects and the overall similarity of the
grips performed by the two monkeys was confirmed by comparing the video images of their
hand postures during grasping. The objects and the grip types used for grasping them (Fig.
2.1A) are as follows: “ball” (diameter: 30 mm) grasped with whole-hand prehension, with all
the fingers wrapped around the object and with the palm in contact with it; “handle”
(thickness, 2 mm; width, 34 mm; depth, 13 mm; gap dimensions, 2x28x11 mm) grasped with
finger prehension, all fingers except the thumb inserted into the gap; “ring” (external

diameter, 17 mm; internal diameter, 12 mm) grasped with the hook grip, the index finger was
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inserted into the hole of the object; “plate” (thickness, 4 mm; width, 30 mm; length, 14 mm)
grasped with the primitive precision grip, using the thumb and the distal phalanges of the
other fingers; “cylinder-in-groove” (cylinder with base diameter of 10 mm and length of 11
mm, in a slot 12 mm wide, 15 mm deep, and 30 mm long) grasped with the advanced
precision grip, with the pulpar surface of the last phalanx of the index finger opposed to the
pulpar surface of the last phalanx of the thumb.

The object selected for each trial was set up by a PC-controlled rotation of the carousel
during the intertrial period. Only the selected object was visible in each trial; the view of the
other objects was occluded. The objects were always presented in the same spatial position
(22.5 cm away from the animal, in the midsagittal plane).

Animals performed two tasks: 1) Reach-to-Grasp in the light (“visually-guided”, Fig. 2.1B)
and in darkness (“memory-guided”, Fig. 2.1B), and 2) Observation task, where no reach-to-
grasp movement was required or performed (Fig. 2.1C). All tasks began when the monkey
pressed a “home” button (2.5 cm in diameter, placed outside the animal’s field of view, 5 cm
in front of the chest, on the animal's midsagittal line), in complete darkness (Fig. 2.1B, C).
After button pressing, the animal awaited instructions in darkness (Free). It was free to look
around, though remaining in darkness. After 0.5-1 s, the fixation LED (masked by a 1.5 mm
aperture: fixation point) lit up and the monkey had to fixate on it. After a fixation period of
0.5-1 s (Fixation), two white lateral LEDs were turned on and the object was illuminated
(circular area of 8 cm diameter with the object in the center) for a period of 0.5 s (View).
These events were common to all tasks; the object presentation was the cue for all
subsequent events as it instructed the animal which object should be grasped.

The two tasks diverged after these events. In the Reach-to-Grasp task in the light, the lights
on the objects stayed on and the animal could perform visually-guided reach, grasp and hold

actions. In the Reach-to-Grasp task in darkness, the light on the object turned off and the
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monkey had to remember the required action properly. In the dark condition, the brightness
of the fixation point was reduced so that it was barely visible during the task: standing by the
monkey, the experimenter could not see the object or the monkey’s hand moving in the
peripersonal space, even after an adaptation period. Thus, in this condition we have to
exclude the possibility that the cell's modulation during grasp preparation, execution, and
object holding could be the consequence of visual stimulation evoked by the vision of the
arm moving in the visual field. Despite these differences, the timeline of the two conditions
of the Reach-to-Grasp task was the same: after a delay period of 1-1.5 s, during which the
monkey was required to maintain fixation on the fixation point without releasing the home
button (Delay), the color of the fixation point changed. This was the go-signal for the
monkey to release the button and perform a Reach-to-Grasp movement (Mov) to reach and
grasp the object, pull it and keep holding it (Hold) till the fixation point switched off (after
0.8-1.2 s). The fixation point switch-off cued the monkey to release the object (Return) and
to press the home-button again. Home-button pressing ended the trial, allowed the monkey to
receive its reward, and started another trial (Free) in which another object, randomly chosen,

was presented.
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Figure 2.1 Tested objects and tasks. A) Representation of the 5 objects tested and of the grip types
used by the monkey: from left to right, ball (grasped with the whole hand), handle (grasped with
finger prehension), ring (grasped with the index finger), plate (grasped with a primitive precision
grip), cylinder-in-groove (grasped with an advanced precision grip). B) Time course and time epochs
in the Reach-to-Grasp task in the light and in the dark. The sequence of status of the Home Button,
color of the fixation point (Fixation LED), status of the light illuminating the object (Illumination) in
dark and in light condition, and status of the Target object are shown. Below the diagram, typical
examples of eye traces during a single trial and time epochs are shown. Dashed lines indicate task and
behavioral markers: trial start (Home Button push), fixation target appearance (Fixation LED green),
eye traces entering the fixation window, object illumination onset (illumination on, both for light and
dark conditions), object illumination offset (illumination off, only in dark condition), go signal for
reach-to-grasp movement (Fixation LED red), movement onset (Home Button release), movement
offset (Target object holding), fixation target switching off (Fixation LED off), Target object release
(off, coincident with object illumination off in light condition). Rectangles below time course indicate
functional time epochs. Above the time course, cartoons of the trial sequence are shown. C) Time
course and time epochs in the Observation task. The sequence of status of Home Button, Fixation
LED, Illumination of the object (illumination), and eye traces are shown. Markers are, from left to
right: trial start (Home Button push), fixation target appearance (Fixation LED green), eye traces
entering the fixation window, object illumination on (Illumination on), go signal for home button
release (Fixation LED red), Home Button release, coincident with illumination off. All other details

as in B).

In the Observation task (Fig. 2.1C), after 1s of object illumination, a color change of the
fixation point (from green to red, Go) instructed the monkey to release the home button. The
lights illuminating the object were then turned off and monkey could break fixation,
receiving its reward. Reach and grasp actions were not required in this task, and a door at the

front of the chair blocked hand access to the object.
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All tasks (Reach-to-grasp tasks in the light and in the dark, and Observation task) were
performed in separate blocks. In each task, five objects were presented 10 times each in
random order in a block of 50 correct trials. The animal learned that the presence of the
blocking door at the beginning of the block meant that arm movement was not required.
After some training sessions in which the animal tried to perform the arm movement anyway,
and was not rewarded, it learned not to move the arm during the Observation task. The
purpose of this ‘no reach/no grasp condition’ was to change the context of the visual cue
from one of motor behavior (preparation of an appropriate hand posture for grasping) to one
of passive object viewing.

During all task conditions, the monkey was required to fixate on the fixation point. If fixation
was broken (5°x5° electronic window), trials were interrupted on-line and discarded. The
correct performance of movements was monitored by pulses from microswitches (monopolar
microswitches, RS Components, UK) mounted under the home button and the objects.
Button/object presses/releases were recorded with 1 ms resolution. For a detailed description
of the trial execution control system see Kutz et al. (2011). Monkeys’ arm movements were
continuously video-monitored by means of miniature, infrared-illumination-sensitive

videocameras.

2.3.3  Surgical and recording procedures

After training completion, a head-restraint system and a recording chamber were
surgically implanted in asepsis and under general anesthesia (sodium thiopental, 8 mg/kg/h,
i.v.) following the procedures reported in Galletti et al. (1995). Adequate measures were
taken to minimize pain or discomfort. A full program of postoperative analgesia (ketorolac

trometazyn, 1mg/kg, i.m., immediately after surgery, and 1.6 mg/kg, i.m., on the following
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days) and antibiotic care [Ritardomicina® (benzathine benzylpenicillin  +
dihydrostreptomycin + streptomycin) 1-1.5 ml/10kg every 5-6 days] followed the surgery.
Single neurons were extracellularly recorded from area V6A of the anterior bank of the
parieto-occipital sulcus. We performed single microelectrode penetrations using homemade
glass-coated metal microelectrodes, and multiple electrode penetrations using a five-channel
multielectrode recording minimatrix (Thomas Recording, GMbH, Giessen, Germany). The
recording procedures we used are described in detail in Fattori et al. (2012). Spikes were
sampled at 100 KHz and eye position was simultaneously recorded at 500 Hz using an
infrared oculometer (Dr. Bouis, Karlsruhe, Germany). Behavioral events were recorded with
a resolution of 1 ms.

Histological reconstruction of electrode penetrations was performed as described in detail in
other works (Galletti et al., 1999; Gamberini et al., 2011). Briefly, electrode tracks and the
approximate location of each recording site were reconstructed on histological sections of the
brain on the basis of marking lesions and several other cues, such as the coordinates of
penetrations within the recording chamber, the kind of cortical areas passed through before
reaching the anterior bank of the parieto-occipital sulcus and the distance of the recording

site from the surface of the hemisphere.

2.3.4 Data analysis

The analyses were performed using custom scripts in Matlab (Mathworks, Natick,
MA, US) and SPSS software.
Analysis of the neuronal activity during the Reach-to-Grasp task either in the dark or in the
light was made by quantifying the discharge recorded during each trial in the following time

epochs (Fig. 2.1B):
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* FREE: from home button pressing to the illumination of the fixation LED. This 0.5-
Is period of darkness, when gaze was unrestricted, was used to calculate baseline
firing when categorizing V6A neurons as Visuomotor, Visual, or Motor, as performed
by Murata in AIP (Murata et al., 1996).
» FIX: the first 500 ms of gaze fixation on the fixation LED. Firing rates during this
interval were used as the reference value for statistical comparison to subsequent task
epochs to determine the task-related population.

 VISG: response to object presentation, from 40 ms after object illumination to 300 ms

after it (total duration: 260 ms).

* DELAY: the last 500 ms before the go-signal. It contains the cell discharge during arm

movement preparation.

* MOV from 200 ms before movement onset (home-button release) to movement end

(object pulling). It contains the discharge of the cell during grasping execution.

* HOLD: from object pulling to 200 ms before the onset of return movement (object

release). It contains the discharge of the cell during object holding.

For the Observation task (Fig. 2.1C):

* FREE: from home button pressing to the illumination of the fixation LED.

« VIS: transient response to object presentation, from 40 ms after object illumination to

300 ms after it (total duration: 260 ms).

* LONGVIS: sustained response to object presentation, from 40 ms after object

illumination to 1000 ms after it (total duration: 960 ms).

The epochs quantifying visual responses to object illumination (VISG, VIS and LONGVIS)

start at 40 ms because visual responses in V6A have a delay of this order (Kutz et al., 2003).
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We analyzed only those units tested in at least 7 trials for each object/grip. The reasons for
these conservative criteria are dictated by the intrinsic high variability of biological responses
(Kutz et al., 2003).

We performed a 3-way ANOVA (factorl: epoch - FIX, DELAY, MOV, HOLD; factor2:
objects - 5 levels, one for each objects tested; factor3: visual condition - dark, light) on all the
recorded cells. Task-related cells were defined as cells with a significant epoch effect
followed by a significant difference between FIX and at least one of the epochs DELAY,
MOV, HOLD (post-hoc comparisons, p<0.05, Bonferroni corrected for multiple
comparisons). FIX was chosen as a reference because in this epoch no visual stimuli were
present, the animal’s gaze was still, and the monkey was not executing or preparing any arm
movement. Task-related cells were further analyzed.

Significant modulation of neural activity by the grip type or visual task conditions was
studied by a two-way ANOVA (factor 1: object (5 levels, one for each objects tested); factor
2: visual condition (2 levels, light, dark); p<0.01) in each task epoch (Fig. 2.2A).

In addition, tuning significance for grip type and visual condition was tested at multiple time
points ¢ using a two-way ANOVA on the spike count in a 200 ms window centered around ¢.
This test was repeated in time steps of 50 ms (sliding window ANOVA, Fig. 2.2B). Criteria
for significant tuning were the same as for the ANOVA analysis of the fixed time epochs.
For the purpose of comparison of V6A data with AIP in the same analytical conditions, we
also repeated the sliding ANOVA in time steps of 1ms (Fig. 2.8A).

Population responses of tested neurons were computed as average spike density functions
(SDFs). An SDF was calculated (Gaussian kernel, half-width 40 ms) for each neuron
included in the analysis. SDF was averaged across all trials for each tested grip, separately
for light and dark conditions. We found the peak discharge rate of the neuron during the

epoch of interest, and used it to normalize SDF. The normalized SDFs were then averaged to
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derive population responses (see Marzocchi et al. 2008). We statistically compared the
population SDFs in dark and light conditions with a permutation test (10,000 iterations)
comparing the sum of squared errors of the actual and randomly permuted data. We ran the
permutation test in the epochs VISG, DELAY, MOV and HOLD, as already defined. In the
permutation test, post-hoc comparisons were performed, thus correcting for multiple
comparisons.

We also performed demixed principal component analysis (dPCA, for details see Kobak et

al. 2016), by the free code available at: http://github.com/machenslab/dPCA. In contrast to
PCA, dPCA reduces the dimensionality of the data, taking task parameters (i.e., sensory and
motor variables controlled or monitored by the experimenter) into account. Consequently,
this technique avoids mixed selectivity from remaining in the data even after the
dimensionality reduction step, impeding interpretation of the results. Thus, the most
important advantage of dPCA, compared to standard PCA, is that each component does not
show mixed selectivity, but they result ‘demixed’. This demixing simplifies exploration and
interpretation of neural data, as shown by Kobak and collaborators (2016). The time courses

of dPCA signals were compared by a permutation test (see Fattori et al. 2010).

2.4 Results

To study the contribution of visual feedback and hand shaping on the activity of V6A
neurons during grasping of three-dimensional, graspable objects, we employed a Reach-to-
Grasp task in which the monkeys reached to and grasped objects of different shapes in the
dark and in the light (Fig. 2.1B). In both visual conditions, the Reach-to-Grasp task required
the monkey to move its hand from a position near the body to a fixed position in the

peripersonal space where the object was presented. In the task performed in the dark, the
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object had to be grasped in darkness after a brief visual presentation. In the task performed in
the light, the object and the working space were illuminated during grasping preparation,
execution, and object holding. Each trial randomly presented one of 5 objects shown in Fig.
2.1A. Each object was grasped with a distinct hand posture (Fig. 2.1A), allowing us to equate
object shape to hand grip.

Single-unit activity was recorded from 317 neurons of area V6A in two monkeys (case 1,
N=134; case 2, N=183). Results were consistent between animals (Chi-squared test, p>0.05),
and are thus presented jointly. A three-way ANOVA was used to assess whether a cell was
task-related (see Materials and Methods). Epochs of interest were: 1) movement preparation
(epoch DELAY, the last 500 ms before the instruction signal to Reach-to-Grasp the object),
2) grasping execution (epoch MOV, from 200 ms before the movement onset to movement
end) and 3) object holding (epoch HOLD, from the onset of object holding to 200 ms before
the return movement onset). 276 of the 317 recorded cells (87%) showed task-related
activity.

Furthermore, two-way ANOVA analysis (p<0.01) revealed that both visual condition (dark
vs light) and grip type (specific object shape) significantly influenced the firing rates of the
majority of task-related neurons in each of the three epochs (Fig. 2.2A, VISUAL
CONDITION&GRIP). 41% of the task-related cells were modulated during grasping
preparation (DELAY), 59-60% during movement execution (MOV) and object holding
(HOLD). The individual factors (VISUAL CONDITION or GRIP) influenced only a
minority of V6A cells (about 10-20% depending on the epoch).

To investigate the tuning for grip type and visual condition over time, without constraining
the analysis to fixed epochs, we extended the 2-way ANOVA on a sliding window approach
(width: 200 ms, step: 50 ms). As shown in Fig. 2.2B, this analysis revealed that, right after

object illumination and after movement onset, the percentage of cells modulated by grip was
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higher than the percentage of cells modulated by visual condition. During DELAY, before

movement execution, the influence of the two factors was similar.
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Figure 2.2 Population data. A) Distribution of the incidence of significant effects modulating V6A
cells during the time-course of the task. Histograms show the results of two-way ANOVA as

incidence of modulated cells during the grasping preparation (epoch DELAY), execution (epoch
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MOV) and object holding (epoch HOLD). The results are shown with respect to effect complexity,
that is, from left to right, the main effects and the effect of both factors. Numbers of modulated cells:
effect of visual condition: N= 57 (DELAY), N= 36 (MOV), N= 39 (HOLD); effect of grip type: N=
34 (DELAY), N= 52 (MOV), N= 42 (HOLD); effect of both visual condition and grip type: N= 113
(DELAY), N= 163 (MOV), N= 165 (HOLD); no effect (not shown in the figure): N= 71 (DELAY),
N=25 (MOV), N=30 (HOLD). B) Percentage of tuned cells by grip type (continuous line) and visual
condition (dashed line) in a sliding window ANOVA (width: 200 ms, centered on each data point).
Trials are aligned on the 2 arrowheads: illumination of the object (light onset) and movement onset.

Rectangles below each plot indicate the functional time epochs (VISG, DELAY, MOV, HOLD).

2.4.1 Visual Motor and Visuomotor cells

We divided V6A neurons modulated in MOV (N=238) into three categories
(Visuomotor, Visual, and Motor) based on firing rates during the MOV epoch during visually
and memory guided trials in the light and dark, respectively. Murata and collaborators used
the same classification scheme to study AIP (Murata et al., 2000), thus enabling a direct
comparison of V6A with AIP neurons. Visuomotor neurons had different grasp-related firing
rates in the light and the dark, and both rates were significantly higher than the responses in
the baseline interval (FREE). Visual neurons showed grasp-related firing in the light but not
in the dark. Motor neurons fired at similar rates in the light and the dark during grasping. A
total of 39% were Visuomotor cells (N= 92/238), 31% were Visual cells (N= 74/238), and
30% were Motor cells (N=72/238).

Those Visual and Visuomotor neurons that were also tested with the Observation task
(N=125) were further subdivided into two classes similarly to what was reported for AIP
neurons (Taira et al., 1990; Sakata et al., 1995; Murata et al., 2000): ‘Object-type’ neurons, if

the neurons also responded to the passive vision of the object in the Observation task
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(Student’s t-test between FREE and VIS, p<0.05) without any possibility to grasp it;
‘Nonobject-type’ neurons, if they did not respond to the passive vision of the object (p>0.05).
We found that the majority of Visual and Visuomotor neurons were Object-type (N= 76/125,
61%). The remaining 59 cells were Motor cells and were not further subdivided, as done in
AIP (Murata et al., 2000).

A neuron was classified as ‘Visual’ if its discharge during MOV was significantly higher
than the discharge during FREE in the light but not in the dark (Student’s t-test, p<0.05). The
cell shown in Figure 2.3A is an example of Visual neuron. The activity was on average
higher in light than in dark conditions. The neuron discharged strongly during the vision of
the object (V in the figure) and during the execution of Reach-to-Grasp actions (M) in the
light, with a preference for advanced precision grip and whole-hand prehension (1% and 3™
panels). This cell discharged weakly (or not at all) for the other three grasps. No activations
were present, even in the light, during DELAY. The stronger responses during grasping
observed only in the light and in MOV were likely caused by the vision of the hand
approaching and grasping the objects. The fact that this response in the light occurred after
the hand has left the home button (second alignment) corroborates a visually driven
explanation of this discharge. This view is also supported by the fact that the 2 preferred
actions did not share anything from the point of view of motor control, the advanced
precision grip and the whole hand prehension being at the 2 extremes of grasping difficulty.
Interestingly, the cell response during object observation is different in the dark and in the
light, as reported for the population discharge (Fig. 2.5A left, see below).

A neuron was classified as ‘Motor’ if its discharge during MOV: 1) was significantly
different with respect to the discharge during FREE in both the dark and the light (Student’s
t-test, p<0.05) and ii) was similar in the dark and in the light (Student’s t-test, p>0.05). In

these cells, adding the visual information did not consistently modify the discharge during
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grasping execution. The cell in Figure 2.3B is a Motor neuron. This cell fired strongly for
grasping all the objects tested, with a preference for grasping the handle and the plate (2™
and 4™ panels), that share a flat shape. The lack of effect of the light upon the grasp-related
discharge led us to suggest that a tactile or proprioceptive input from the arm (known to
affect VOA discharges, (Breveglieri et al., 2002; Gamberini et al., 2011; Fattori et al., 2017)
or an efference copy of the motor command (justified by the demonstrated anatomical input
of the dorsal premotor cortex to V6A; (Matelli et al., 1998; Shipp et al., 1998; Gamberini et
al., 2009) may be responsible for this discharge during grasping.

A neuron was classified as ‘Visuomotor’ if its discharge during MOV: 1) was significantly
different with respect to the discharge during FREE in the dark, or in both the dark and the
light (Student’s t-test, p<<0.05) and ii) was different between the dark and the light (Student’s
t-test, p<0.05). Fig. 2.4 shows two examples of Visuomotor cells, the most represented class
of grasping cells in V6A. Figure 2.4A and B reports an example of Visuomotor ‘Object-type’
neuron. This cell was strongly activated during preparation and execution of grasping both in
light and in dark conditions, although it discharged more in the light (Student’s t-test, p<0.05,
Fig. 2.4A). The cell showed a clear grip sensitivity, discharging more strongly for the
preparation and execution of finger prehension, whole-hand prehension and primitive
precision grips (2", 3™ and 4" panels). It is worth noting that also the DELAY activity (D in

the figure) of this cell was modulated consistently with grasping activity.
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Figure 2.3 Example of the discharge of a VO6A Visual neuron (A) and of a Motor neuron (B) to five
different grips and to two visual backgrounds. A) Top: type of handgrips. Middle: peristimulus time
histograms. Horizontal scale: 200 ms/div. Vertical scale bar on histogram: 37 spikes/s; eye traces:
60°/division. Rectangles below histograms indicate the duration of the epochs FREE (Fr), FIX (F),
VISG (V), DELAY (D), MOV (M), HOLD (H). Data collected in the dark are depicted in black,
those collected in the light are in red. Below histogram: raster displays of impulse activity. Behavioral
markers are depicted in different colors: green: fixation point onset; yellow: illumination onset; black:
illumination offset, in the dark condition; red: go signal; blue: movement onset: brown: movement
end. Bottom: record of horizontal (upper trace) and vertical components (lower trace) of eye
movements, shown with the same alignment as the neural activity. The activity of cells in each plot
was aligned twice, on fixation onset and on arm movement onset (two continuous vertical lines), with
a dashed vertical line indicating the interruption of the trials to obtain the double alignment. (B) All

conventions are as in A, vertical scale on histogram: 77 spikes/s.
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During the Observation task (Fig. 2.4B), the response to the object presentation (‘V’ in the
figure) was consistent with the visual response shown by the cell in the grasping task:
strongest response for observation of the handle, weakest for the cylinder in the groove. This
cell also showed a sustained visual response (LV) coherent with the transient visual response
(V). This sustained visual response that follows the brisk response to object presentation may
reflect object affordance (Fattori et al., 2012; Breveglieri et al., 2015). In other words, we
suggest that V6A Visuomotor cells encode visuomotor parameters even when an explicit
motor activation is not required. The fact that the activity in the DELAY is tuned according
to the grasping sensitivity but is different in the light and in the dark suggests that the cell
receives somatosensory/motor-related and visual information. In summary, this Visuomotor
cell was modulated by grasping in the dark, by hand-object vision, and by object observation
outside the grasping context.

Figure 2.4C, D shows an example of Visuomotor Nonobject-type neuron. In the Reach-to-
Grasp task (Fig. 2.4C) the activity of this cell was not tuned for objects during grasping
preparation (D). It was tuned during grasping execution (M), showing very low grip
sensitivity and higher activity in light conditions no matter what type the grasping was. In the
Observation task (Fig. 2.4D), this cell was not activated during viewing of any object,
showing neither a transient (V) nor a sustained (LV) visual response. In summary, this
neuron was sensitive to information related to the arm movement and to visual information
related to the occurrence of the grasping, but it was not sensitive to the visual features or

affordance of the object to be grasped.
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Figure 2.4 Neuronal examples of Visuomotor neurons. A-B) Example of a VOA Visuomotor Object-
type neuron. Neural discharge in the Reach-to-Grasp task (A) and in the Observation task (B).
Vertical scale bar on histogram: 60 spikes/s. C-D) Example of a VO6A Visuomotor Nonobject-type
neuron. Discharge in the Reach-to-Grasp task (C) and in the Observation task (D). Vertical scale bar
on histogram: 118 spikes/s. In the Observation task, rectangles below histograms indicate the duration
of the epochs VIS (V) and LONGVIS (LV) that capture the transient and the sustained visual
response to object presentation. Rasters, histograms and recordings of x and y components of eye
position are aligned (vertical bar) on the onset of the Reach-to-Grasp movement (A, C) and on the

object illumination (A, B, C, D). Other conventions as in Fig. 2.3.
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To examine whether and to what extent visual feed-back affected the activity of Visual,
Motor, and Visuomotor neurons, we calculated the average normalized SDFs for each visual
condition, separately for the different classes. They are illustrated in Figure 2.5. As expected,
Visuomotor neurons (Fig. 2.5A, left panel) discharged significantly more in the light than in
the dark for all the epochs of interest (permutation test, p<0.05),including object presentation
(VISQG). Visual cells (Fig. 2.5B, left panel) showed stronger activity in the light than in the
dark in all the epochs considered (permutation test for DELAY, MOV and HOLD, p<0.05).
It is worth noting that in the light these cells had a stronger discharge also at object
presentation (permutation test, p<0.05), though the visual stimulation was the same as in dark
condition (see Fig. 2.1B).

The Motor neurons (Fig. 2.5C) showed activities that were not significantly different in light
and dark conditions in all epochs considered (permutation test, n.s., p>0.05). The small peak
of activity recorded at object presentation before grasping (VISG) in light and in dark
conditions (significantly different from the baseline activity, permutation test p<0.05)
prompted us to check how many Motor neurons showed this ‘visual’ response. We found a
complex frame. Some Motor neurons were responsive to object illumination (VISG) in the
Reach-to-grasp task in the dark (44%), and 28% in the Reach-to-grasp task in the light. The
remaining 56% of Motor cells were not responsive during VISG in the dark, and 72% in the
light.

To better define these unexpected ‘visual’ responses of Motor neurons to object presentation,
we compared the response to object presentation before the grasp (VISG) with the response
to object presentation in the observation task (VIS): 39% of Motor cells did not respond to
object presentation either in the Reach-to-grasp task (VISG) or in the Observation task (VIS),
thus confirming their complete motor/somatosensory nature. Another portion of Motor cells

(28%) showed a significant response to object illumination both in the Reach-to-grasp task
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(VISG, t-test, p<0.05) and in the Observation task (VIS, t-test, p<0.05), suggesting that they

received visual information on the observed object. Finally, 33% of Motor neurons showed a

response to object illumination only in the Observation task (VIS), indicating a possible

context-dependent discharge, as discussed below.
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Figure 2.5 Population activity of different categories of VOA cells. Visuomotor (A, N= 92, 39%) and

Visual (B, N= 74, 31%), population discharges, divided into Object and Nonobject-type, and Motor

(C, N= 72, 30%), expressed as averaged spike density functions (SDFs), where red lines indicate

neural activity recorded in the light; black lines indicate activity in the dark. The thin lines indicate

the variability band (SEM). Lines above epoch rectangles indicate epochs where the permutation test

(p<0.05) was significant. All other conventions are as in Fig. 2.3.
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2.4.2  Relative weight of visual information and grip type on neuronal modulation

Area V6A is known to encode multiple factors related to the control of prehension (see for a
review Fattori et al. 2015). In the current study, we employed a task where multiple objects
and two visual conditions were used, increasing potential confounds in the interpretation of
the data. To represent the main factors influencing the neural population, we used the
demixed principal component analysis (dPCA, see Kobak et al. 2016), a dimensionality
reduction method for extracting low-dimensional linear combinations of a population that
represents specific task features. Figure 2.6 shows the results of dPCA of task-related units.
As shown in Figure 2.6A, the amount of variance explained by dPCA was very similar to that
extracted by classical PCA, suggesting that the dPCA method can properly extract the most
relevant task features from our population of cells. The principal dPCA component
explaining the most variance overall was a condition-independent signal (Figure 2.6B) that
begins right before the movement onset, as shown by the analysis of its time course (Fig.
2.6C). This component may reflect signals present in V6A and common to all the conditions
tested in this task design. An example of a condition-independent signal may be related to the
transport phase of the arm movements performed in the current task, as it is well known that
reaching signals do influence V6A cells (Fattori et al., 2005; Hadjidimitrakis et al., 2014a).
In any case, the variance captured by the condition-independent variable is present in other
neurophysiological data (see Kobak et al. 2016); indeed in our case the influence of the

condition-independent signal was lower.
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Interestingly, grip type represented an important component (31%, Fig. 2.6B). The timing of
the first component of grip type (Component #4, Fig. 2.6D) revealed that the components of
grip types were well separated from movement planning up to grasping execution, with the
highest separation at the end of delay and onset of grasping execution. In addition, the signal
related to the handle grasping was separated from the other signals during grasping
preparation and execution (permutation test, p<0.05), but not during object holding where all
the curves converge. The dPCA also shows the low influence of visual information (14%,
Fig. 2.6B). The timing of this signal shows that light and dark signals were well separated for

the entire task, since the beginning of the delay (Fig. 2.6E).

2.4.3 Comparison with AIP

To better identify whether V6A plays similar or different functional roles with respect
to the classic PPC grasping area AIP, we compared our results with those obtained by other
labs on AIP (Murata et al., 2000; Baumann et al., 2009; Schaffelhofer and Scherberger,
2016), using the same experimental design and analyses.

The results of the comparison (Fig. 2.7A) showed that the incidence of Visual, Motor, and
Visuomotor cells (Object- and Nonobject-type) was statistically not different in areas V6A
and AIP (Chi-squared test, p>0.05). To examine whether Visual, Motor, and Visuomotor
neurons exhibit a grip selectivity similar to that reported by Murata and collaborators in AIP
(Murata et al., 2000), thus enabling a direct comparison of V6A with AIP, we analyzed the
activity of neurons during MOV when grasping the five objects in the light. In agreement
with the analysis performed by Murata et al. (2000) in AIP, we excluded those neurons that
were not studied with the Observation task and those neurons that were not tuned by grip
type (I-way ANOVA, p>0.05). The remaining 140 Visual, Motor, and Visuomotor neurons

were further subdivided according to their degree of selectivity for the objects (the Student-
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Bonferroni procedure, 2-tail; p<0.01). We classified them as highly selective, when the
activity of the neurons for one object was significantly higher than that for all the other
objects, or moderately selective, when, despite the cells being tuned for objects according to
ANOVA, not all the posthoc comparisons were significant (Student-Bonferroni procedure,
n.s.). The remaining neurons that did not show any significant difference in the activity level
for the five objects were classified as nonselective (Student-Bonferroni procedure, n.s.). To
evaluate the selectivity for the passive observation of the object, we performed the same
analysis considering the discharge during the epochs VIS and LONGVIS in the Observation
task (the Student-Bonferroni procedure, 2-tail; p<0.01). The selectivity for ‘active’ object
observation (observation in the Reach-to-Grasp task) was evaluated using epoch VISG.

As shown in Figure 2.7B, C, the distribution of V6A and AIP cells based on their selectivity
was similar in the two areas (Chi-squared test, p>0.05). Considering all neuronal categories
together (Fig. 2.7 B and C), the incidence of highly selective cells (38%) was slightly smaller
than that of moderately selective cells (44%) in V6A, a result similar to AIP.

The most interesting result regarding the cell categories is related to the selectivity of these
cells for objects observed in the Observation task (Table 2.1). The discharge for passive
object observation was nonselective in the overwhelming majority of Object-type cells
(about 80% VIS, see Table 2.1), whereas in the Reach-to-Grasp task the active vision of the
object (VISG) gave rise to a higher incidence of selective (highly or moderately) neurons. In
other words, most of the cells significantly tuned for object presentation during grasping in
the light lost their object selectivity when simply observing the object without any grasping

preparation.
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Figure 2.7 Comparison of cell categories between VOA and AIP. A) Incidence of different categories
of cells. Distribution of Visual (Object-type, Nonobject-type), Visuomotor (Object-type, Nonobject-
type) and Motor cells in VOA (black bars) and in AIP (white hatched bars) (Chi-Squared test: n.s.).
Data of area AIP were derived by averaging the data reported in studies of AIP from Sakata’s lab
(Sakata et al., 1995; Murata et al., 1996, 2000). B-C) Distribution of different categories of cells on
the basis of their selectivity in VOA (B) and AIP (C) (Chi-Squared test: n.s.). Data of area AIP were

taken from Murata et al., (2000).
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To make a direct comparison with AIP, we have to take into account the late, sustained part

of the visual response to object observation (LONGVIS), as done by Murata (Murata et al.,

2000). Doing this (Table 2.1), the selectivity in V6A Visual Object neurons increases to 53%,

similarly to AIP (at least 57%, (Murata et al., 2000); in contrast, the percentage of selective

neurons among V6A Visuomotor category is 43%, much less than those in AIP (at least 81%;

Murata et al., 2000).

Differently from AIP (Murata et al., 2000), not only were there very few neurons in V6A

selective for objects in the Reach-to-Grasp and Observation tasks , but also in just a minority

of them (3/11 in VIS and 12/29 in LONGVIS) there was the same object preference between

object observation and grasping. Consistency was, instead, a rule for AIP (Murata et al.,

2000).

Type of cell Highly Moderately | Nonselective Total
selective selective
VIS (Observation task)
Visuomotor Object 4 (9%) 4 (9%) 36 (82%) 44 (100%)
Visual Object 1 (5%) 2 (11%) 16 (84%) 19 (100%)
LONGVIS (Observation task)
Visuomotor Object 9 (20%) 10 (23%) 25 (57%) 44 (100%)
Visual Object 3 (16%) 7 (37%) 8 (47%) 19 (100%)
VISG (Reach-to-grasp task)
Visuomotor Object 7 (22%) 9 (28%) 16 (50%) 32 (100%)
Visual Object 2 (11%) 3 (17%) 13 (72%) 18 (100%)

Table 2.1. Selectivity for objects of visually responsive grasp-related neurons during object viewing

with (Reach-to-grasp task) and without grasping (Observation task). For each type, the number and

incidence (in brackets) is indicated.
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To further compare the contribution of AIP and V6A to grasp encoding, we evaluated the
incidence of grip tuned cells in the two areas. For the sake of comparison, we used only V6A
data recorded in the dark and AIP data recorded with the set of objects (called “mixed
objects”) of Schaffelhofer and Scherberger (2016) more similar to ours, so as to better match
the two studies. In addition, we performed the sliding window ANOVA in time steps of 1ms
and set the significance level at 0.01, to use the same conditions applied by Schaffelhofer and
Scherberger (2016) in AIP. The comparison is shown in Figure 2.8A: during object
illumination, the incidence of grip tuned cells in AIP and V6A was similar (about 40%);
during grasping preparation, the incidence of tuned cells decreased in AIP while in V6A it
remained more or less constant; during grasping execution, the incidence of grip tuned cells
rose to about 60% in V6A while the increase in AIP was much less pronounced. These data
show a similar involvement of neural populations in the two areas at the beginning of the
trial, when object shape is encoded to drive the subsequent grasping, but later in the trial
V6A remains higher when action needs to be launched and monitored inflight.

To perform another direct comparison between the functional properties of V6A and AIP, we
analyzed task-related cells of VOA tested in the dark with the same grips (finger prehension
and advanced precision grip) used in another study of AIP (Baumann et al., 2009). The
results are shown in Fig. 2.8B, C. Fig. 2.8B shows the ratio of cells preferring precision vs
power grip in V6A (top) and AIP (bottom). The ratio was similar (half of the cells preferred
precision and half power grip) in VIS, quite similar in DELAY, and clearly different in
MOV, where power grip was preferred in VO6A and precision grip in AIP.

Fig. 2.8C shows the changes of preference of individual V6A and AIP cells along the time-
course of the task. In V6A, about 40% of the cells changed their preference, passing from
VISG to DELAY, whereas about 70% of cells maintained the same preference, passing from

DELAY to MOV. In AIP, instead, the tuning preference remained more constant, passing
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from about 60% between VIS and DELAY to about 70% between DELAY and MOV.
Overall, the distributions of these AIP and V6A data are statistically different (Chi-squared

test, p<0.05).
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Figure 2.8 Comparison between grasp-related properties of V6A and AIP. A) Percentage of tuned
cells in a sliding window one-way ANOVA in time steps of 1ms in V6A (thick black; N= 276) and
AIP (thin black). The plot of AIP was redrawn from Fig. 2.3B of Schaffelhofer and Scherberger
(2016). Plots are aligned on object illumination onset and on movement onset (vertical lines). B)
Preferred grip types in VOA (top) and AIP (bottom). Pie charts show the distribution of preferred grip
type in various task epochs. The percentage of cells preferring precision grip is represented in white,
the power grip in black/hatched black. C) Grip type tuning consistency across task epochs in V6A
(left) and AIP (right), data from Fig. 2.7A in Baumann et al. (2009). Histogram bars indicate the
percentage of cells that stay tuned for the same grip (black-hatched black), change preference to the
opposite grip (grey-hatched gray) or lose their tuning (white) when transitioning between consecutive
task epochs (Visg/Delay and Delay/Mov). Significance level was chosen as 0.01, as performed by
Baumann et al. (2009). AIP data were taken from Fig. 2.8 of Baumann et al. (2009). The terms CUE-
PLAN-MOVE used for AIP are those of Baumann et al. (2009), but are qualitatively similar to VISG-

DELAY-MOV used for V6A.

2.5 Discussion

In this work, we investigated the relative influence of grip type and visual condition
of the grasping action on the discharge of neurons in area V6A, a visuomotor area located in
the medial PPC. We also compared the functional properties of grasp-related cells of V6A
with those of AIP, the grasping area of the lateral PPC. The present study demonstrates that
the majority of V6A neurons are modulated by both grip type and visual information, from
grasping preparation up to execution and object holding. As shown by the dPCA and sliding
window analyses, grip type influences the discharge of V6A cells more than visual
information available when grasping is prepared and accomplished. The higher grip-related

than visual-related selectivity found in VOA may suggest that, despite its name starting with
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the letter “V”, V6A should not be counted among the extrastriate visual areas, but among the
posterior parietal grasping areas.

In our Reach-to-Grasp task, each tested object was grasped with a distinct grip. Thus, grip
type is not dissociated from object feature/affordance, and we cannot distinguish which of the
two is encoded by the cells. In a previous work, we demonstrated that the response of V6A
neurons to the presentation of objects to be grasped does reflect the object affordance
(Breveglieri et al., 2015). The present findings suggest that the response to object
presentation may include, together with an encoding of the visual attributes of the object and
of its affordance, context-dependent factors too. As context-dependent responses have been
found in ventrolateral prefrontal cortex and pre-SMA (Bruni et al., 2015; Simone et al., 2015;
Lanzilotto et al., 2016), which are directly connected to V6A (Gamberini et al., 2009;
Lanzilotto et al., 2016), we speculate that context-dependent information could impinge upon
V6A cells and be responsible for at least some of the behavior we observed in the present
paper, like the response to object illumination of Motor neurons only in the Observation task.
This complex visual encoding performed by V6A, together with the influx of attentional
shifts on V6A discharges (Galletti et al., 2010; Ciavarro et al., 2013), suggest that V6A
provides critical visual and cognitive information to motor structures controlling hand action
(see Fattori et al. 2017).

The present data, as well as previous reports from our laboratory (Fattori et al., 2010, 2012),
have shown that V6A cells were deeply influenced by grip type during movement execution
and object holding. In a recent study measuring hand kinematics during grasping,
Schaffelhofer and Scherberger (2016) reported that the first principal component of hand
movements could be attributed to wrist orientation and the second principal component to
grip aperture. Although there are no doubts that V6A cells encode wrist orientation used for

grasping (Fattori et al., 2009; Breveglieri et al., 2016), as all the objects were grasped with a
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constant wrist orientation in the present task (see Figure 2.1A), one would expect more
convergence of firing rates for the different grasps than is reported here if the cells were only
modulated by wrist orientation. Actually, the high percentage of cells modulated by grip type
(around 70-80%) during grasping execution and object holding suggests that V6A cells are
not only modulated by wrist orientation, but also by hand shaping.

This study demonstrates that several V6A neurons are strongly modulated by grip type
during DELAY, i.e. during the period in which the monkey withholds the grasping action.
This activity could be related to grasping preparation, or, especially in darkness, to the
memory of the object to be subsequently grasped. This feature makes V6A similar to
premotor area F2 (Raos et al., 2004), and to parietal area AIP, where limited set-related
activity and extensive memory-related activity was found (Murata et al. 1996; Schaffelhofer
et al. 2015; Schaffelhofer and Scherberger 2016). However, our task does not make it
possible to ascertain what is encoded by V6A in the delay between object observation and
action execution, because there is a one-to-one correspondence between object shape and
grip type. Our previous work with the grasping performed only in the dark showed that in the
delay before grasping, V6A cells started encoding object features and then switched to
encoding grip type (see Fig. 8 of Fattori et al., 2012). Further work is needed to disentangle
what is encoded in the delay epoch by V6A neurons.

The use of objects with different shapes, that require different grips, allowed us to investigate
the presence of Motor, Visual, and Visuomotor neurons, similarly to what has been
previously done in AIP (Sakata et al., 1995; Murata et al., 2000). The present data show that
V6A contains 30% of Motor cells, 31% of Visual cells, and 39% of Visuomotor neurons. We
suggest that, while Visual neurons receive only visual signals, the Visuomotor neurons
incorporate both visual and somatosensory/motor efferent copy signals and integrate them in

guiding prehension. The Motor neurons do not receive visual information about hand/object
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interaction, because they show the same response in MOV in the dark and in the light. Some
of them, however, may receive visual information about the observed object.

About 40% of the V6A cells were the ‘Object-type’ because they discharged also on passive
observation of the object. The Object-type neurons likely represent visual physical
characteristics of the objects. However, since in V6A the object selectivity of this type of
neuron found when the monkey observed the objects at the beginning of the grasping trials
was reduced during passive object observation (i.e., observation outside the grasping
context), we believe that these neurons did not encode the visual features of the objects,
useful for object recognition. We suggest, instead, that they encoded the visual information
useful for the subsequent grasping action (the visual affordance; Breveglieri et al., 2015). The
‘Nonobject-type’ neurons are influenced by visual information only during movement
execution — not before - (see Fig. 2.5) and this could be useful for the online control of reach-
to-grasp movements, including the adjustment of grip around the object.

The discharge stronger in the light than in the dark conditions in Visual and Visuomotor cells
deserves some considerations. As pointed out above, it is worth noting that before and at
object presentation the visual stimulation was the same in the two visual conditions (View,
see Fig. 2.1B). Thus, what is the reason for a stronger discharge in the light? The fact that the
phenomenon is present in Object-type but not in Nonobject-type cells (fig SA and B, center
and right panels) excludes the possibility that it is caused by the block design. Interestingly,
while Nonobject-type neurons show a significant difference only during the execution of
grasping action, Object-type neurons start differentiating the discharge between light and
dark conditions at object vision, and continue through the delay up to grasping execution.
Since in the dark, monkeys had to memorize the object to be grasped and likely had to pay
more attention because they knew that the information about the object would not be

available for the rest of the trial, it could be that the difference in discharge in the two
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conditions is due to the attentional level, with an inhibitory effect tied to the attentional
enhancement. This view is supported by the report that many V6A neurons are inhibited
when the animal starts to work in a fixation task (see Fig. 16 in Galletti, 1996).

As an alternative explanation, it could be that a higher likelihood of shifts of attention in the
light compared to the dark may be responsible for the higher activity we observed in the
light. In support of this attentional shift hypothesis is the report that V6A activity is strongly
modulated by the shifts of attention (Galletti et al., 2010; Ciavarro et al., 2013), a finding
recently confirmed by Caspari et al (2015).

The dPCA analysis of the present data allowed us to measure the relative influence of visual
information and of grip type. We found that the influence of visual information in V6A is
quite weak (14%), and lower than the influence of grip type (31%, see Fig. 2.6B). This result
is surprising, given that the majority of V6A cells are visual neurons (Galletti et al., 1999;
Fattori et al., 2017). However, this might have some functional explanations. For example, in
humans it has been demonstrated that the impact of a specific source of sensory information
(visual, haptic) on the sensorimotor transformation is regulated to satisfy task requirements
(Safstrom and Edin, 2004). Since in our experiments the animals were overtrained to perform
Reach-to-Grasp tasks in light and in dark conditions, the visual information available during
grasping in light was not necessary to allow task completion. Hence, the neural modulations
we observed in V6A during grasping could be strictly tied to the strong somatosensory/motor
activities because they are behaviorally relevant in our conditions. Further, specific

experiments are needed to confirm this suggestion.
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2.5.1 Medial versus lateral parietal grasping areas

The use of the same experimental protocol used in AIP studies allowed us to compare
the grasping properties of the lateral parietal area AIP with those of the medial parietal area
V6A. In a comparison with Sakata’s work, V6A shows a similar incidence of grasp-related
cells with respect to AIP (78% vs. 67%, Taira et al. 1990). In a direct comparison of the
current results with those of Scherberger and coworkers, it emerges that at the object
presentation VOA and AIP recruit a similar amount of cells (see Fig. 2.8A), whereas during
the subsequent grasping preparation and execution V6A seems to recruit more cells than AIP.
Of course, this comparison is only suggestive, as the data come from different laboratories
and from different recording apparatuses (chronic arrays for AIP, vs single electrodes for
V6A). However, a possible explanation for the higher incidence of grasp-related cells in V6A
could be the presence of somatosensory cells in this area, but not in AIP (Murata et al., 2000;
Breveglieri et al., 2002). Somatosensory cells related to the arm (as they are in V6A,;
Breveglieri et al. 2002) fire immediately before arm movement, when the muscles start
contracting, and during reach-to-grasp execution and hand-object interaction.

The incidence of Visual, Motor, and Visuomotor neurons, as well as that of Object and
Nonobject-type neurons is similar in V6A and AIP (see Fig. 2.7A) (Sakata et al., 1995;
Murata et al., 1996, 2000). However, the discharge of the subset of V6A Motor neurons at
object presentation is different from that of AIP motor neurons, that ‘..were not activated
during the fixation period of the manipulation task in the light...” (Murata et al., 2000). For
all the other aspects, the three classes of neurons were similar between V6A and AIP.
Moreover, the grip selectivity in the two parietal grasping areas turned out to be remarkably
similar. The distribution of highly selective, moderately selective, and nonselective cells was
similar in the two areas (see Fig. 2.7B, C). However, most of the AIP neurons (at least 81%

of the Visuomotor Object-type cells and at least 57% of the Visual Object-type cells) were
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selective for grips during manipulation task and for objects during passive object observation
(Murata et al., 2000). On the contrary, only a minority of V6A neurons did so. Thus, it seems
that while both visual and motor components do influence the selectivity of Visual and
Visuomotor cells in AIP, in V6A it is the motor component that particularly drives a cell’s
selectivity, a view strongly supported by the results of dPCA analysis, as recalled above (see
Fig. 2.6).

At individual cell level, AIP showed high consistency of object preference between visual
presentation of the object and its grasping, whereas in V6A this consistency was poor. This
lack of consistency in V6A may reflect contextual information and/or attentional signals,
summing up with the visual and motor-related ones that largely impinge on V6A. At
population level, the number of V6A cells modulated in the delay before action and in
grasping execution is higher than in AIP (see Fig. 2.8A). This, together with the rich direct
connections between V6A and MIP and dorsal premotor cortex (Gamberini et al., 2009), and
the high incidence in V6A of neurons processing spatial signals for reaching (Fattori et al.,
2005, 2017; Hadjidimitrakis et al., 2014a), suggests a deeper involvement of V6A in linking
object information to the orchestration of reaching and grasping actions.

Previous experiments demonstrated that about 90% of AIP neurons were sensitive to simple
visual stimuli, like fragments of shapes (Romero et al., 2014), whereas only about 30% of
V6A neurons were sensitive to simple visual stimuli (Galletti et al., 1999; Gamberini et al.,
2011). This difference in visual sensitivity between the two grasping areas has been recently
confirmed by reporting a stronger influence of object shape in AIP than in V6A (35% in AIP,
Schaffelhofer and Scherberger 2016, versus 25% in V6A, Fattori et al. 2012). Both areas are
sensitive to wrist orientation in a similar manner (around 50%, Baumann et al. 2009; Fattori
et al. 2009), while, a marked difference between them is evident in the somatosensory

domain: somatosensory cells were not found in AIP (Murata et al., 2000), whereas V6A
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contains about 30% of somatosensory cells (Breveglieri et al., 2002). Thus, AIP seems to be
more visually driven than V6A, which instead is more influenced by somatosensory/motor
inputs such as the hand posture used for grasping. This different balance of sensory
sensitivity in the two areas is in agreement with their different pattern of cortical inputs, with
AIP receiving inputs from the ventral visual stream and the dorso-lateral fronto-parietal
network (Borra et al., 2008), and V6A from the extrastriate cortex, the superior parietal
lobule and the mesial parietal cortex, but not receiving a direct input from the ventral stream
(Gamberini et al., 2009; Passarelli et al., 2011).

A further difference between the two grasping areas concerns the population preference for
grips during grasping performance. When precision grip and power grip are compared, AIP
showed an over-preference for precision grip (Baumann et al., 2009), V6A for power grip
(Fig. 2.8B). This difference likely reflects a different functional role of the two grasping
areas, with AIP more involved in manipulation and V6A in secure grasping of objects also in
dynamic conditions (Galletti and Fattori, 2017). However, this proposed difference between
the two grasping parietal areas should not be considered as a dichotomy but as a concurrent
involvement in controlling grasping, because V6A and AIP are also reciprocally connected
(Borra et al., 2008; Gamberini et al., 2009) and share many grasp-related properties, as
shown here. This proposed interplay between the medial and lateral grasping areas is in line
with recent brain imaging work in humans (Di Bono et al., 2015; Fabbri et al., 2016).
Together, the dorsomedial parieto-frontal stream involving V6A and dorsal premotor cortex
and the dorsolateral stream involving AIP and ventral premotor cortex can cooperate in
orchestrating how to approach an object to be grasped in the most appropriate way, according
to the type of object and also to the context in which the grasping needs to be accomplished

(see also Galletti and Fattori, 2017 for a discussion on this topic).
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2.6 Conclusions

The present results demonstrate that parietal area V6A is modulated by visual
information available during the execution of prehension and grip type, with this latter
representing the most influencing factor. The activity modulation changes during the trial,
from object presentation up to action preparation and execution, with an evolution indicating
that VO6A processes vision for action, taking into account also attentional signals and
contextual information (Fattori et al., 2017). This functional role well suits the characteristics
of the dorsal visual stream of which V6A is an important node (Galletti et al., 2003; Galletti
and Fattori, 2017).

These results also reveal that area V6A shares many features with the other grasp-related
parietal area AIP, that allow both areas to integrate visual and motor information to
orchestrate grasping actions. AIP seems to be more involved in fine control of precision grip
and manipulation, V6A in fast, coarser control of object grasping and in directing the hand to
the correct spatial position of the object (Fattori et al., 2017; Galletti and Fattori, 2017). A
possible role for V6A may be to orchestrate the coordination between reaching and grasping

so as to contribute to the control of the entire prehension.
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Chapter 3

The neglected medial part of macaque area PE:

segregated processing of reach depth and direction.

This chapter is based on:

De Vitis M., Breveglieri R., Hadjidimitrakis K., Vanduffel W., Galletti C., Fattori P. (2019).
The neglected medial part of macaque area PE: segregated processing of reach depth and

direction. Brain Structure and Function. 10.1007/s00429-019-01923-8.
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3. The neglected medial part of macaque area PE:

segregated processing of reach depth and direction

3.1 Abstract

Area PE (Brodmann’s area 5), located in the posterior parietal cortex (PPC), is
involved in the control of arm movements. Many monkey studies showed PE’s involvement
in reach directions, while only a few revealed signals coding the depth of reaches. Notably,
all these studies focused on the lateral part of PE, leaving its medial part functionally largely
unexplored. We here recorded neuronal activity in the medial part of PE in three male
Macaca fascicularis while they performed coordinated eye and arm movements in darkness
towards targets located at different directions and depths. We used the same task as in our
previous studies of more caudal PPC sectors (areas VO6A and PEc), allowing a direct
comparison between these three PPC areas. We found that in medial PE reach direction and
depth were encoded mainly by distinct populations of neurons. Directional signals were more
prominent before movement onset, whereas depth processing occurred mainly during and
after movement execution. Visual and somatosensory mapping of medial PE revealed a lack
of visual responses yet strong somatosensory sensitivity, with a representation of both upper
and lower limbs, distinct from the somatotopy reported in lateral PE. This study shows that
PE is strongly involved in motor processing of depth and direction information during
reaching. It highlights a trend in medial PPC, going from the joint coding of depth and
direction signals caudally, in area V6A, to a largely segregated processing of the two signals

rostrally, in area PE.
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3.2 Introduction

The posterior parietal cortex (PPC) plays a key role in sensorimotor transformations
required to locate targets in 3D space and transforms this spatial information into motor
commands to move the hand towards targets in goal-directed actions (Andersen and Cui,
2009; Hadjidimitrakis et al., 2012; Andersen et al., 2014). Area PE is part of Brodmann's
area 5 (Brodmann 1909), located between Brodmann’s areas 2 and PEc in the rostral PPC
(Pandya and Seltzer, 1982) (Fig. 3.1). PE receives robust somatic inputs and projections from
motor and premotor cortex (Sakata et al., 1973; Jones et al., 1978; Pandya and Seltzer, 1982;
Johnson et al., 1996; Bakola et al., 2013). Most PE neurons respond to proprioceptive
stimulation, with fewer cells sensitive to visual or tactile stimulation (Duffy and Burchfiel,
1971; Sakata et al., 1973; Mountcastle et al., 1975; Padberg et al., 2007). The lateral sector of
PE contains a rough topographic organization (summarized in Fig. 3.1a), dominated by the
representation of the hand, forelimb, and shoulder (Pons et al., 1985; Taoka et al., 1998;
Hinkley et al., 2007; Padberg et al., 2007; Seelke et al., 2012), with occasional leg
representations. However, the sensory organization of the medial sector of PE is still

unknown.
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Figure 3.1 Recording sites in different PE studies. a) Cortical representation of somatosensory
responses in area PE and indication of the presently recorded part of area PE (white spot with black
outline). Top left: dorsolateral view of a macaque brain highlighting in grey the extent of Brodmann’s
areas 1 and 2 and the explored part of area 5. Right: somatosensory responses recorded from
Brodmann’s area 5 (bright colors) and from nearby areas 1 and 2 (faint colors) (modified from Seelke
et al. 2012). Notice that the lateral part of area 5 is dominated by the representations of the digits,
hand, and forelimb. The posteromedial part of area 5 has been barely studied. Abbreviations: IPS,
intraparietal sulcus; cn, chin; fa, forearm; hl, hindlimb; tr, trunk; occ, occiput; nk, knuckle, sh,
shoulder; tr, trunk; ul, upper lip; vis, visual. b) Enlargement of the superior parietal lobule (SPL) with
the location of the parts of area PE previously studied electrophysiologically (colors according to the
legend) and of the present study (white spot). Only the papers in which the authors explicitly declared
the locations of the penetrations were taken into account for the purpose of reconstructing the

recording sites. The tasks used in these studies were: a) center-out reaches performed with a joystick
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(Kalaska et al., 1983, 1990; Scott et al., 1997; Menzer et al., 2014), b) 2D reaches on a touchscreen,
either single reaches (Bremner and Andersen, 2012), or reaches in a sequence (Mackay et al., 1994)
and c) 3D reaches, either both upward and downward (Lacquaniti et al., 1995), or only upward
reaches (Ferraina et al., 2009; Brunamonti et al., 2016), or purely forward reaches at targets located at
waist level (McGuire and Sabes, 2011). It is worth noting that until now, reaching and somatosensory
studies (Fig. 3.1a) mainly focused on the lateral part of area 5 (PE). Our study is the first investigating
the functional properties of the posteromedial part of the area. Abbreviations: cs, central sulcus; IPS,

intraparietal sulcus; PEc, area Pec.

In addition to receiving sensory information, area PE is involved in motor preparation
(Burbaud et al., 1991) and in generating body-, shoulder-, or hand-centred coordinates for
reaching (Ferraina and Bianchi, 1994; Lacquaniti et al., 1995; Kalaska, 1996; Ferraina et al.,
2009; Bremner and Andersen, 2012). PE also sends “command” signals (Mountcastle et al.,
1975) directly to spinal cord circuits involved in finger and wrist movements (Rathelot et al.,
2017), thereby supporting the earlier view that PE is involved in the coordination of reaching
and grasping movements (Gardner et al., 2007a; Nelissen and Vanduffel, 2011; Gardner,
2017; Nelissen et al., 2018).

Most PE studies used center-out reaches without considering reach depth, and reported a high
incidence of neurons modulated by arm movement direction (Kalaska et al., 1990, 1983,
1985; Kalaska and Crammond, 1992; Ashe and Georgopoulos, 1994; Johnson et al., 1996;
Kalaska, 1996; Scott et al., 1997; Batista et al., 1999; Buneo et al., 2002; Maimon and Assad,
2006; Cui and Andersen, 2011; Bremner and Andersen, 2012; Li and Cui, 2013; Shi et al.,
2013; Menzer et al., 2014). A few studies have found tuning by reach depth in PE, however
without simultaneously addressing direction processing (Ferraina et al., 2009; Brunamonti et
al., 2016). In lateral PE, Lacquaniti and colleagues (1995) (see Fig. 3.1b) varied the azimuth,

elevation and distance of reach targets with respect to the body and found different neuronal
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populations processing these parameters. However, in that study, eye position was not
monitored, and targets were distributed only between two depth planes.

According to a recent neural tracer study (Padberg et al., 2019), the PE territory is not
homogeneous. The medial sector receives stronger afferents from PEc and primary motor
cortex (M1) than the lateral sector, and its pattern of connections suggests a more general
role in movement coordination (Bakola et al., 2013). In addition, Padberg and colleagues
(2018) found a somatosensory representation of the hand but not of the leg in medial PE. In
the present study, we conversely found not only robust arm reach-related activity and
somatosensory neurons with receptive fields encompassing the upper limbs, but also strong
lower limb representation. We also studied depth and direction coding of arm reaching
movements and examined their time course. Finally, we compared present results with those
obtained in the nearby areas V6A and PEc (Hadjidimitrakis et al., 2014a, 2015) to provide a
picture of the spatial information processing for reaching in the whole superior parietal
lobule (SPL). Our results suggest a substantial degree of functional heterogeneity in the
reaching network of SPL and support the view of independent processing of depth and

direction information in PE.

3.3 Materials and Methods

3.3.1 General procedures

Three male macaque monkeys (Macaca fascicularis) with a weight ranging between
3.7 and 7.5 kg were involved in the experiments. The study was performed in accordance
with the guidelines of EU Directives (86/609/EEC; 2010/63/EU) and Italian national laws
(D.L. 116-92, D.L. 26-2014) on the protection of animals used for scientific purposes.
Protocols were approved by the Animal-Welfare Body of the University of Bologna. During
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training and recording sessions, particular attention was paid to any behavioral and clinical

sign of pain or distress.

3.3.2 Behavioral tasks

Monkeys sat in a primate chair (Crist instruments, Hagerstown, MD, USA) and were
trained to perform a Fixation-to-Reach task under controlled conditions to evaluate the effect
of depth and direction on reach-related activity of PE cells. Moreover, animals were also
trained to perform a Visual fixation task to keep the eyes still during visual stimulations, and

to stay relaxed during somatosensory stimulations.

3.3.2.1 Fixation-to-Reach task

This task was performed in darkness with the arm contralateral to the recording
hemisphere. During the task, the animals maintained steady fixation on the cued (green)
reaching target with their head restrained. Before starting the arm movement, the monkeys
kept their hand on a button (home button [HB], 2.5 cm in diameter) located 5 cm in front of
the chest on the midsagittal plane (Fig. 3.2b). Reaches were performed to one of nine light-
emitting diodes (LEDs, 6 mm in diameter). The LEDs were mounted on a horizontal panel
located in front of the animals, at different distances and directions with respect to the eyes
but always at eye level, so the movement performed by the monkeys to reach and press the
LED was upward. Target LEDs were arranged in three rows: one central, along the sagittal
midline, and two lateral, at version angles of -15° and +15°, respectively (Fig. 3.2c). Along
each row, three LEDs were located at vergence angles of 17.1°, 11.4°, and 6.9°. The nearest
targets were located at 10 cm from the eyes, whereas the LEDs placed at intermediate and far

positions were at a distance of 15 and 25 cm, respectively. The range of vergence angles was
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selected to include most of the peripersonal space in front of the animals, from very near (10
cm) to the farthest distances reachable by monkeys (25 cm).

The time sequence of the task was identical to the one used in two recent reports involving
other SPL areas (Hadjidimitrakis et al. 2014a, 2015, see Fig. 3.2d). The trial began when the
animals pressed the button near their chest, outside the field of view (HB press). After 1s,
one of the nine LEDs was switched on to green (Green-on). The monkeys had to fixate the
LED within 500 ms, while keeping the HB button pressed. Then, the monkeys had to wait
1.5-2.5 s for a change in the color of the LED (from green to red) without performing any
eye or arm movement. The latter color change was the go signal (Go) for the animals to
release the home button and to start an arm movement toward the foveated target (M). Then,
the monkeys reached the target (H) and held their hand on the target for 0.8—1.2 s. When the
target cue was switched off (Red-off), the monkeys had to release this cue and return to the
HB (HB press), which ended the trial and allowed the monkeys to receive a reward. The task
was performed in blocks of 90 randomized trials, 10 for each target position. The luminance
of LEDs was regulated to compensate for difference in retinal size between LEDs located at
different distances. To prevent dark adaptation, the background light was switched on
between blocks.

The presentation of stimuli and the animals’ performance were automatically controlled and
monitored by LabVIEW-based software (National Instruments) as described previously
(Kutz et al., 2005), enabling the interruption of the trial if the monkeys broke fixation, made
an incorrect arm movement, or did not respect the temporal constraints of the task described
above. The correct performance of movements was monitored by pulses from microswitches
(monopolar microswitches, RS Components, UK) mounted under the home button and each

LED.
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Figure 3.2 Reconstruction of our recording site within area PE, experimental set-up and task
sequence. a) Left: Dorsal view of the left hemisphere and a medial view of the right hemisphere of a
Macaca fascicularis brain reconstructed in three dimensions using Caret software

(http://brainvis.wustl.edu/wiki/index.php/Caret:Download) showing the location and extent of area
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PE (orange). The other medial PPC areas are also shown: V6A (pink, Galletti et al., 1999); PEc
(green, Pandya and Seltzer 1982); medial intraparietal area/parietal reach region (MIP/PRR, light
blue; Colby and Duhamel 1991; Snyder et al. 1997); PGm (purple, Pandya and Seltzer 1982).
Abbreviations: as, arcuate sulcus; cal, calcarine sulcus; cin, cingulate sulcus; cs, central sulcus; ips,
intraparietal sulcus; If, lateral fissure; ls, lunate sulcus; pos, parieto-occipital sulcus; ps, principal
sulcus; sts, superior temporal sulcus; D, dorsal; P, posterior; A, anterior; M, medial. Top right:
Enlarged dorsal view of the recorded region, as reconstructed after the histological procedures. Each
white dot represents one recorded cell. Bottom right: Parasagittal section of the brain with the
reconstruction of a microelectrode penetration (‘pn’) passing through medial area PE. The red circles
indicate recording sites of the cells circled in red in the upper figure. b) Scheme of the setup used for
the Fixation-to-Reach task. Nine light-emitting diodes (LEDs) that were used as fixation and reaching
targets were located at eye level. The distances of the 3 targets of the central row from mid-eye level
are shown. HB, home button. ¢) Top view of the target configuration showing the values of version
and vergence angles. d) Time sequence of task events with LED color, the eye’s vergence and version
traces, arm status, and HB status. From left to right, vertical lines indicate, respectively, trial start (HB
press), target appearance (Green-on), fixation onset (dashed line, end of saccade movement), go
signal (Go), start of the arm movement (M), holding phase of the target (H), turning off of the LED
(Red-off), and trial end (HB press). The time between the Green-on and the fixation onset was not
fixed, as illustrated, but it variated depending on animal’s reaction time. Arm drawings indicate the
forward and backward arm movement. White bars below the time axis illustrate the time intervals
(epochs) used for the analysis of neural activity, from left to right: CONTROL, from home button
pressing to fixation LED (green-on); EARLY FIX, from 50 ms after fixation onset till 450 ms after it;
LATE FIX, the last 500 ms before the Go signal; REACH, from 200 ms before the start of the arm

movement (M) to the pressing the LED; HOLD, from LED pressing till the offset of the LED (Red-

off).

At the beginning of each recording session, the monkeys were required to perform a
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calibration task to calibrate an eye tracker (ISCAN, see below). For the calibration, animals
sequentially fixated 5 LEDs mounted on a vertically arranged panel placed at a distance of 15
cm from the eyes. For each eye, we extracted signals for calibration during fixation of five
LEDs, arranged in the shape of a cross. One LED was centrally aligned with the eye’s
straight-ahead position and four LEDs were peripherally placed at an angle of +£15° (distance:
4 cm) both in the horizontal and vertical axes. From the two individually-calibrated eye
position signals, we derived the mean of the two eyes (conjugate or version signal) and the
difference between the two eyes (disconjugate or vergence signal) using the following

equations:

(R+1L)
VERSION = ——| & [VERGENCE =R — L]

where R and L are the gaze direction of the right and left eye respectively, expressed in

degrees of visual angle from the straight-ahead direction.

3.3.2.2 Visual stimulations

In the Visual fixation task, monkeys were trained to fixate a 0.5° diameter fixation
point (FP) on a tangent screen (80° x 80°), 57 cm in front of them, ignoring any other visual
stimulus still or moving across the visual field. Monkeys started each trial by pressing the HB
and, after 2-6s, the FP turned green. Monkeys had to respond when the FP turned red by
releasing the HB in order to receive a reward. The fixation target could appear at different
positions on the screen in order to allow visual stimulations even in the far periphery of the
visual field. While monkeys were performing the Visual fixation task, individual cells’ visual
sensitivity was first tested with a series of simple visual stimuli, like light/dark borders,

light/dark spots, and bars that were rear-projected on the tangent screen. A cell was
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considered sensitive to visual stimulations if the discharge, amplified and transformed in
audio signals, was higher or lower during stimulations with respect to the baseline discharge,
in absence of any other stimulations. If the neuron was unresponsive to these simple visual
stimuli, testing was continued using more complex stimuli (light/dark gratings, shadows with
irregular contours, shadows rapidly changing in size and/or shape, and corners of different
orientation, direction, and speed of movement). If the cell was visually responsive, we
mapped the borders of visual receptive field with the stimulus eliciting the best response.
Cells responsive to either simple or complex visual stimuli were classified as visual, whereas
unresponsive cells were classified as non-visual. A detailed description of the methodology
used to test the visual sensitivity in SPL is reported in other papers (Gamberini et al., 2011,

2018).

3.3.2.3 Passive somatosensory stimulations

Animals got used to be manipulated and touched on the whole body by the
experimenter, being rewarded with water and fruits during manipulation. Passive
somatosensory stimuli, such as soft manual touching, palpation of deep tissue and joint
rotation at different velocities were carried out on the entire body in darkness. Somatosensory
stimulation started with superficial tactile stimulation, such as hair bending, superficial touch,
or light pressure of the skin. Then we performed deep tactile stimulation (deep pressures of
subcutaneous tissues) as well as proprioceptive stimulations (slow and fast rotations of the
joints). When a cell responded to joint rotation, we compared neural responses obtained by
superficial and deep tactile stimulation of the skin around the joint with those evoked by joint
rotation performed without touching the skin around the joint. In some trials, tactile
stimulations evoked neural responses that remained constant or were weakened during joint

rotation; in others, tactile stimulations were ineffective while joint rotations evoked strong

89



responses. In the first case, the cell was classified as tactile sensitive; in the second, as joint
sensitive. In some trials, the cell was responsive to tactile stimulation of the skin around a
joint and responded more strongly to joint rotation: these cells were classified as tactile and
joint sensitive. We are aware that our operational criteria do not exclude the possible
participation of other somatosensory afferences, including muscle proprioception, and that
neck rotation could not be tested in our experimental conditions because the experiments
were performed with the monkey’s head fixed. The same procedure has been used by our lab
in other SPL areas (Breveglieri et al., 2002, 2006, 2008; Gamberini et al., 2018).

In both Visual fixation task and somatosensory stimulations, eye position was monitored to
exclude the possibility that observed neuronal modulations were due to oculomotor activity.
If the neural discharge was influenced by eye movements, visual/somatosensory stimulations

were repeated until neural activity was collected under stable fixation behavior.

3.3.3  Surgical and recording procedures

A head-fixation system and a recording chamber were surgically implanted using
aseptic procedures and under general anesthesia (sodium thiopenthal, 8 mg/kg/h, i.v.)
following the procedures reported in Galletti et al. (1995). A full program of postoperative
analgesia (ketorolac trometazyn, 1mg/kg, i.m., immediately after surgery, and 1.6 mg/kg,
i.m., on the following days) and antibiotic care [Ritardomicina® (benzathine benzylpenicillin
+ dihydrostreptomycin + streptomycin) 1-1.5 ml/10kg every 5-6 days] followed the surgery.
Extracellular recording techniques and procedures to reconstruct microelectrode penetrations
were similar to those described in other studies (Galletti et al., 1996; Breveglieri et al., 2006,
2014; Gamberini et al., 2011, 2018). Single-cell activity was extracellularly recorded from
area PE, located mainly on the exposed cortex of postcentral gyrus, between somatosensory

cortex and PEc (Fig. 3.2a) (Pandya and Seltzer 1982). We performed single microelectrode
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penetrations from the posteromedial part of PE, using multielectrode recording systems (5-
channel MiniMatrix, Thomas Recording, GMbH, Giessen, Germany, for 2 animals, and 4-
channels Alpha Omega Tower, Alpha Omega Engineering, Nazareth, Israel, for 1 animal).
The electrode signals were amplified (at a gain of 10,000) and bandpass filtered (between 0.5
and 5 kHz). Action potentials in each channel were isolated online with a waveform
discriminator (Multi Spike Detector; Alpha Omega Engineering, Nazareth, Israel, sampling
rate 60 KHz). Eye position signals were sampled with 2 cameras (one for each eye) at 100 Hz
and were controlled by a virtual window (4 x 4 degrees) centered on the fixation target. If
monkeys fixated outside this window, the trial was aborted.

Histological reconstruction of electrode penetrations was performed following the procedures
detailed in studies from our lab (Gamberini et al., 2011, 2018). Briefly, electrode tracks and
the approximate location of each recording site were reconstructed on histological sections of
the brain on the basis of electrolytic lesions and the coordinates of penetrations within the
recording chamber. Present work includes only the neurons assigned to area PE following the
cytoarchitectonic criteria according to Pandya and Seltzer (1982). The recording site

involved the medial part of area PE (Fig. 3.2a).

3.3.4 Data analysis

All the analyses were performed using custom scripts in Matlab (Mathworks, Natick,
MA, US, RRID: SCR_001622) and STATISTICA software (StatSoft, Tulsa, OK, US, RRID:
SCR 014213). Most of these analyses have been performed also in two recent papers from
our lab (Hadjidimitrakis et al., 2014a, 2015), which allows direct comparisons among the
three SPL areas: PE, PEc, and V6A.
Analysis of the neuronal activity during the Fixation-to-Reach task was made by quantifying

the discharge recorded during each trial in the following time epochs:
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* Control: from HB pressing to fixation LED lighting up. It contains the neural
discharge before fixation onset. This epoch has been only used to calculate the latency of the
reach-related responses (see following Materials and Methods);

* Early Fix: from 50 ms after the end of the saccade to the green LED till 450 ms
afterwards. It contains the neural discharge for LED fixation;

* Late Fix: the last 500 ms before the go-signal. It contains the cells’ discharge during
arm movement preparation;

* Reach: from 200 ms before arm movement onset (HB release) until the red target
LED was reached. It contains the discharge of the cells during reaching execution. From trial
to trial, this epoch was of different duration, depending on animal’s movement times;

* Hold: from LED pressing till the target (red LED) offset. It contains the discharge of
the cells during LED pressing.

Movement times in reaching trials were calculated as the time difference between HB release
and target LED press, as detected by presses/releases of the microswitches.

The effect of target depth and direction on neural activity was analyzed only for those units
with a mean firing rate higher than 3 spikes/s in at least one spatial position. In addition, we
only included those neurons that were recorded during at least 7 trials per spatial position.
The reasons for these conservative criteria are dictated by the intrinsic high variability of
biological responses, particularly in the PPC, and are explained in detail in Kutz et al. (2003).
We first used a 2-way analysis of variance (ANOVA) to quantify the proportion of neurons
modulated by each variable in each epoch. Target depth was defined as the distance of the
target from the animal (near, intermediate, far), and target direction as its position with
respect to the recording hemisphere (ipsilateral, central, contralateral). We considered that
neurons were modulated by a given factor only when the factor’s main effect was significant

(p<0.05). Given that the target was foveated in all epochs of interest, its depth and direction
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in space were determined by the vergence and version angles of the eyes, respectively. That
said, when we refer to spatial tuning analysis and data in the remainder of this article, the
terms depth and vergence, as well as direction and version, are interchangeable.

We applied a two-proportion z-test (Zar, 1999), as detailed in Fluet et al. (2010), to make
comparisons between the proportion of cells modulated by depth, direction or both. To
perform this test, the SE of the sampling distribution difference between two proportions was

computed as:

SE = (D) [(I+n)(I+n)]

with p = [(nixp1)(n2xp2)]+(n;+nz) representing the pooled sample proportion and n;/p; and
n2/p2 representing the size and proportion, respectively, of each sample. Subsequently, the z
score was calculated as z = (p; - p2)/SE, and its corresponding P value was obtained from the
(cumulative) normal distribution.

To investigate the population activity during the course of a trial, we tested for significant
tuning at multiple time points ¢ using a 2-way ANOVA on the spike count in a 200 ms
window centered around ¢. This test was repeated in time steps of 50 ms (sliding window
ANOVA, p<0.05, Fig. 3.4b). Criteria for significant tuning were the same as for the ANOVA
analysis of the fixed time epochs.

To analyze the spatial tuning of activity, a stepwise multiple linear regression model was
applied in each epoch of interest.

To relate the neural activity in the epochs of interest to the different target positions, we

applied the following equation for the firing rate using this regression model:

A, YY) = bo+ biXi+ byYi
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where 4 was the neural activity in spikes per second for the ith trials; X; and Y; the positions
of the target defined as vergence and version angles, respectively, of the eyes; b; and b, were
regression coefficients and by the intercept. After being tested for their significance, the
vergence and version coefficients were normalized with the standard deviation of vergence
and version, correspondingly. The normalized coefficients allow a comparison among the
independent variables and provide information about their relative influence in the regression
equation. In the present study, this allowed us to compare the vergence and version
coefficients and to account for differences in range of angles for vergence and version (10.2°
vs. 30°, respectively). The regression coefficients were selected using a backward stepwise
algorithm (Matlab function “stepwise”) that determined whether the coefficients were
significantly different from zero. At the end of the stepwise algorithm, only the coefficients
that were statistically different from zero remained (p<0.05). These coefficients were then
used to determine the spatial preference only in the cells with a significant main effect
(ANOVA, p<0.05) in a certain epoch. In each neuron, the sign of the linear correlation
coefficients (normalized) were used to determine the spatial preference in a certain epoch. In
those cases in which the linear coefficients were not significant, but the neurons were
modulated by at least one of the two factors considered in the ANOVA (i.e depth and
direction), a Bonferroni post hoc test (p<<0.05) was applied to define the preferred position.
To quantify the spatial selectivity of neurons linearly modulated by depth or direction, we
calculated selectivity indices (SI) which take into account the magnitude of the neurons’
response to the movement depth and direction evoking the highest discharge. We calculated
the SI separately for depth and direction using the following equations:

(best far - best near)
(best far + best near)

(best contra - best ipsi)

S]depth = & ISIdirection =

(best contra + best ipsi)
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where ‘best far’ and ‘best near’ are the activities for the far and near positions, respectively,
evoking the highest discharge, and ‘best contra’ and ‘best ipsi’ are the activities for the
contralateral and ipsilateral positions, respectively, evoking the highest discharge. The
indices range from -1 to 1. Neurons with values close to -1 indicate a high selectivity for
NEAR (or IPSILATERAL) positions, whereas values close to 1 denotes neurons with a high
selectivity for FAR (or CONTRALATERAL) positions in 3D space. Values close to 0
indicate a similar response for all reach depths (or directions). We used a two-sample
Kolmogorov—Smirnov test to compare the cumulative distributions of Slaepth and Slgirection 1n
each epoch (p<0.01).

Population responses of neurons modulated by target depth/direction in the epochs of interest
were computed as averaged spike density functions (SDFs). For each neuron, an SDF was
calculated (Gaussian kernel, half-width at half maximum 40 ms) for each trial and averaged
across all the trials of the preferred and non-preferred depths and directions as defined by the
linear regression analysis. We found the peak discharge rate of the preferred condition and
used it to normalize the SDF. Population SDF curves representing the activity of the
preferred and non-preferred target positions were constructed by averaging the individually-
normalized SDFs of the cells (Marzocchi et al., 2008), aligned at the behavioral event of
interest. We statistically compared the population SDFs curves of preferred and non-
preferred positions with a permutation test (10,000 iterations) comparing the sum of squared
errors of the actual and randomly permuted data. The intervals of the curve that we compared
were different according to the epoch considered: for cells modulated by depth/direction
during EARLY FIX, the interval was from 50 to 450 ms after saccade offset; for cells
modulated during REACH, the interval was from 200 ms before the movement onset until

the red target LED was reached.
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To find the onset of the reach-related response, a sliding window (width = 20 ms, shifted by
2 ms) was used to measure the activity starting from 200 ms before the movement onset in all
of the tested conditions. This activity was compared with the firing rate observed in the 1000
ms before fixation LED onset (CONTROL epoch, Student’s t-test, p<0.05) in agreement with
what was used in another PE study (Kalaska et al., 1983). The onset of the response was
determined as the time of the first of 5 consecutive bins (10 ms), where comparisons were
statistically significant (p<0.05). The above procedure, also used in a recent V6A paper

(Hadjidimitrakis et al., 2014a), was adapted from earlier work (Nakamura and Colby, 2000).

3.4 Results

In the present study, we investigated the functional properties of the medial part of PE
(see Fig. 3.1), a cortical area largely neglected in previous studies. We evaluated the
influence of depth and direction of reaching on the activity of PE cells during reaches in 3D
space. We used a Fixation-to-Reach task whereby target elevation was kept constant at eye
level (Fig. 3.2b), to avoid the possible modulating effect of gaze elevation on cell discharge,
a factor effectively modulating many PPC cells (see Galletti et al., 1995; Hadjidimitrakis et
al., 2011). This task required the monkeys to transport the hand from a fixed position near the
body to one of nine targets in peripersonal space.
We recorded activity of 176 single PE neurons in five hemispheres of three monkeys (left
hemisphere/total: M1, 24/90; M2, 51/73; M3= 13/13). No significant differences between
results from different monkeys were found in all the analyses performed (Chi squared test,
p>0.05), thus they will be presented jointly. The histological reconstruction of recording sites
showed that microelectrode penetrations were performed in the medial part of area PE (see

inset in Fig. 3.2a). We examined the neural responses during four epoch intervals: initial
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LED fixation (EARLY FIX, see Materials and Methods), movement preparation (LATE
FIX), movement execution (REACH), and LED holding (HOLD).

Figure 3.3 shows two examples of the most represented classes of PE cells: those tuned only
by depth (Fig. 3.3a, 2-way ANOVA, p<0.0001 in EARLY FIX, p<10? in LATE FIX, p<10-%?’
in REACH, p<107® in HOLD) and those tuned only by direction (Fig. 3.3b, 2-way ANOVA,
p<10”® in LATE FIX, p<0.01 in REACH, p<10'® in HOLD). The neuron in Fig. 3.3a
increased its discharge rate right before the movement onset (mean reach-related incremental
response relative to HB release: -120 £ 83 ms, SD) and peaked in activity during the arm
movement. The cell exhibited a preference for near and intermediate space (Fig. 3.3a, bottom
and intermediate rows) during all the epochs considered, particularly during the execution of
reaching movement and LED pressing (epochs REACH (R) and HOLD (H) in Fig. 3.3a).
The neuron in Fig. 3.3b discharged strongly during the execution of reaches and LED
pressing for ipsilateral and central positions with respect to the recording hemisphere (Fig.
3.3b, left and central columns). Contrary to the previous example, the discharge rate
increased after the arm movement onset (reach-related incremental response: +102 £+ 93 ms,
SD) and was maintained during the HOLD epoch.

The neuron of Fig. 3.3a showed also a weak tuning of activity and slightly increased its
discharge rate during the EARLY FIX and LATE FIX epochs (Fig. 3.3a, EF and LF
respectively). As in the reaching and holding epochs, the activity was higher during EARLY
FIX and LATE FIX for the nearest positions. The neuron of Fig. 3.3b reduced its activity
during the last part of EARLY FIX and throughout the LATE FIX part of the trial (Fig. 3.3b,
EF and LF respectively). This inhibition of activity during LATE FIX was spatially tuned,

with stronger effects for the ipsilateral and near space.
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Figure 3.3 Examples of medial PE neurons modulated by depth (a) and direction (b). a) Neuron
showing depth tuning starting immediately before movement onset and reaching its maximum during

movement execution. Spike histograms (top), and rasters (middle), are shown for the 9 target
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positions. Coloured behavioral markers are from left to right: HB pressing, fixation onset, go signal,
movement onset, movement end, target offset, backward movement onset. Rows represent the 3
depths (from bottom to top: NEAR, INTERMEDIATE, FAR) and columns the 3 directions (from left
to right: IPSILATERAL, CENTER, CONTRALATERAL). Activities are aligned to fixation onset
and arm movement onset. Horizontal scale: 200 ms/div. Vertical scale bar on histogram: 90 spikes/s.
Rectangles below histograms indicate the duration of the epochs CONTROL (C), EARLY FIX (EF),
LATE FIX (LF), REACH (R), HOLD (H). b) Neuron showing a preference for ipsilateral space
during reaching execution and holding time. All conventions are as in (a), vertical scale on histogram:

73 spikes/s.

3.4.1 Dynamic Depth and Direction tuning during the task

Modulation of neural activity by depth and direction was studied through a two-way
ANOVA (p<0.05) with target depth (near, intermediate, far with respect to the body) and
target direction (contralateral, center, ipsilateral with respect to the recording hemisphere)
being the two factors in each task epoch. One hundred thirty-nine PE neurons (79%) were
modulated by at least one of the two factors in at least one epoch. Interaction effects between
the 2 factors was observed in 6% of the cells across epochs. However, very few neurons (3%)
showed only the interaction effect, so hereafter only the main effects of depth and direction
will be considered. The results of the two-way ANOVA for each epoch are reported in Fig.
3.4a. Neurons modulated only by depth or only by direction were the most represented
classes of tuned cells in area PE (see Fig. 3.4a, DEPTH and DIRECTION respectively). The
incidence of neurons modulated only by depth or direction followed a different time course
across epochs. The percentage of depth modulated neurons significantly increased (two
proportion z-test, EARLY FIX vs. REACH, p=0.008) from 14% and 12% (EARLY FIX and
LATE FIX, respectively) before the arm movement to 24% and 22% during REACH and
HOLD. By contrast, the direction-modulated neurons peaked during the fixation epoch
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(EARLY FIX, 18%), significantly decreased during the LATE FIX and REACH (12 and
10% respectively, two proportion z-test, EARLY FIX vs. REACH, p=0.015) and slightly
increased again during HOLD (15%). Across epochs only about 10% of cells was modulated
by both signals (‘BOTH’, Fig. 3.4a), with a mild though insignificant increase in selectivity
during the last phases of the task (two proportion z-test, EARLY FIX vs. HOLD, p=0.07).
The low proportion of ‘BOTH’ cells suggests a substantial degree of separation between
depth and direction signals, especially during REACH and HOLD, where the fraction of
depth-modulated cells (‘DEPTH’) was significantly different from ‘BOTH’ cells (two-
proportion z-test, p=0.0006 in REACH, p=0.02 in HOLD). We also tested whether the
proportion of cells tuned for both depth and direction differ significantly from chance level,
given the percentages of depth and directionally modulated cells. We found that the
percentages of ‘BOTH’ cells did not differ significantly from chance in any of the tested

epochs (two-proportion z-test, p>0.05).
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Figure 3.4 Distribution of the incidence of significant effects modulating PE cells and strength of
depth and directional tuning. a) Histograms show the results of a two-way ANOVA (factors: DEPTH
and DIRECTION, p<0.05) as incidence of modulated cells during the target fixation (epoch EARLY
FIX), reaching preparation (epoch LATE FIX), execution (epoch REACH) and LED pressing (epoch
HOLD). b) Percentage of tuned cells by depth (black line) and direction (grey line) in a sliding
window ANOVA (width: 200 ms, step: 50 ms). Trials are aligned to fixation and movement onsets.
Rectangles below each plot indicate the functional time epochs (‘EF’, EARLY FIX; ‘LF’, LATE FIX;

‘R’, REACH; ‘H’, HOLD).

To examine the temporal evolution of tuning with finer detail we performed a sliding
window analysis (Fig. 3.4b; width: 200 ms, step: 50 ms) that confirmed the time course of
the modulating effects suggested by the plot in Fig. 3.4a: the percentage of cells modulated
by depth (Fig. 3.4b, black line) surpassed those modulated by direction (Fig. 3.4b, grey line)
immediately after movement onset, and this effect was maintained during the HOLD epoch

(see Fig. 3.4Db).
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3.4.2 Space representations across different epochs

To characterize the spatial preference of modulated neurons, a linear regression
analysis was performed, considering target depth and direction as independent variables. We
decided to apply this model because we observed that the modulations were generally of
planar type and only a few neurons gave their maximum response for central positions (3%
of cells, Bonferroni post hoc test). We calculated the percentage of neurons modulated by
target depth and direction (two-way ANOVA, p<0.05) with a significant linear correlation
(p<0.05). As shown in Table 3.1, the number of PE neurons modulated by depth with
significant linear regression coefficients slightly increased across the task epochs, and a

similar trend was observed for neurons modulated by direction.

DEPTH DIRECTION
ANOVA | REGRESSION | ANOVA | REGRESSION
EARLY FIX | 40/176 (23%) | 30/40 (75%) | 47/176 (27%) | 35/47 (74%)
LATE FIX | 35/176 (20%) | 26/35(74%) | 35/176 (20%) | 25/35 (71%)
REACH 62/176 (35%) | 52/62 (84%) | 36/176 (20%) | 30/36 (83%)
HOLD 57/176 (32%) | 51/57 (89%) | 45/176 (26%) | 35/45 (78%)

Table 3.1. Number and percentage of neurons modulated by depth and direction in each epoch

Neurons modulated by depth were classified as ‘NEAR’ or ‘FAR’ and neurons with
directional tuning as ‘CONTRALATERAL’ or ‘IPSILATERAL’, depending on the sign of
the correlation coefficient. Figure 3.5a shows that the majority of cells modulated only by
depth (Fig. 3.5a, top panels) preferred far spatial positions in all epochs, though this

preference was significant only during the REACH epoch (Chi squared test, p<0.01). This
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bias for far spatial positions most likely reflects a movement amplitude, and this is
corroborated by the fact that all animals showed longer arm movement durations when
targets were located in the far space (mean movement time for near space: 546 + 53 ms, SD;
mean movement time for far space: 631 £+ 64 ms, SD (ANOVA, p=4*107%). Cells tuned only
for direction (Fig. 3.5a, bottom panels) showed a gradual shift from a slight preference for
the CONTRALATERAL space in ‘EARLY FIX’ to a more pronounced preference for the
IPSILATERAL space in ‘HOLD’, achieving statistical significance only in this latter epoch

(Chi squared test, p<0.05).
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Asterisks indicate a statistically significant spatial preference (*: Chi squared test, p<0.05, **: Chi
squared test, p<0.01. The chi squared test was perfomed on the numbers of neurons in each of the
compared group). b) Distribution of selectivity indices of reaching cells calculated for EARLY FIX,
LATE FIX, REACH, and HOLD for depth and direction separately. Data refer to reach-related
activity collected while the animal performed an arm movement directed toward the preferred spatial
position. Negative values of the index indicate neurons that present stronger selectivity for ‘NEAR’
and ‘IPSI’ positions; positive values neurons that show higher selectivity for ‘FAR’ and ‘CONTRA’
positions. Hashes indicate a statistical difference between the cumulative distributions of Slgepm and
Slgirection (two-samples Kolmogorov—Smirnov test, p<0.01). ¢) Percentages of cells that retained
(black), altered (white), lost (light grey) or acquired later (hatched) their tuning in depth (left) and

direction (right) in pairs of consecutive epochs during the task.

To quantify the strength of the spatial tuning, we calculated a selectivity index for each
modulated neuron, disjointly for depth and direction (SI; see Materials and Methods). The
value of SI, which ranges from -1 to 1, indicates whether neurons discharged more for FAR
vs. NEAR, or CONTRALATERAL vs. IPSILATERAL positions. The SI distributions are
shown in Figure 3.5b, separately for each action epoch. The analysis shows a significant
difference between the distributions of Slgeptn and Slgirection during the REACH and HOLD
epochs (two-samples Kolmogorov—Smirnov test, p<0.01), with neural discharges more
selective for farthest and ipsilateral targets. To evaluate the consistency of spatial preference
across single neurons, we quantified the cells that retained, altered, lost, or acquired their
spatial preference from one epoch to the next. As shown in Fig. 3.5C, the incidence of cells
that retained their spatial preference is quite low (about 25%), both in depth and in direction.
Many cells acquired or lost their tuning during the time-course of the trial, both in depth and
in direction. This was particularly evident at the transition from the LATE FIX to the

REACH epoch, with more than half of the cells (54%) becoming depth tuned at the later
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epoch. The same trend was evident in the cells tuned for direction (Fig. 3.5C, right), where a
considerable number of neurons lost their spatial tuning after the early phases of the task
(EARLY FIX/LATE FIX, 51%), and an increasing number of cells acquired their spatial
tuning as the task progressed (LATE FIX/REACH, REACH/HOLD, 30%). In summary, the
trends were similar for depth and direction, with a remarkable increase in the number of
spatially tuned cells -especially for depth-tuned cells- as the trial progresses from action

preparation to execution.

3.4.3 Cell categories

Changes in neuronal tuning from epoch to epoch formed the basis of a
complementary system of cell classification. To this regard, PE cells could be divided in
three categories: “Fix” neurons, that showed a significant change in activity at the onset of
fixation (EARLY FIX) and a spatial tuning during EARLY FIX, but not during REACH;
“Reach” neurons, showing the opposite modulation; “Fix-Reach” neurons, responsive and
spatially tuned in both epochs. We adopted the same categorization scheme already used in
our studies of V6A and PEc (Hadjidimitrakis et al., 2014a, 2015), and this enabled us to
make comparisons of PE categories with the same categories in V6A and PEc (see below).
Morevover, the vast majority of PE cells modulated before the movement onset (epoch
LATE FIX) belonged to one of the categories mentioned above (~75% of depth modulated
cells, ~60% of directional modulated cells, 2-way ANOVA, p<0.05). Fig. 3.6a shows that the
three cell categories (Fix, Reach, Fix-Reach) were differently represented (Chi squared test,
p<0.01) between depth- and direction-modulated cells. The largest fraction of neurons
modulated by depth were REACH cells (32%, N= 44/139), with the other categories
containing half or less cells (Fig. 3.6a left, 16% Fix, 13% Fix-Reach, Chi squared test,

p<0.05). In contrast, neurons affected by direction were virtually equally distributed among
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the three classes (Fig. 3.6a, right; Chi squared test, p>0.05). Figure 3.6b shows the
anatomical distribution of the three types of cells in the part of area PE we studied. Each
circle represents one cell. There was no obvious spatial clustering or gradient between the
three cell categories that was sufficiently regular across the five hemispheres studied to

register on a combined map of this part of PE.
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Figure 3.6 Main cell categories in PE, their anatomical distribution and their population discharge. a)
Percentage of neurons modulated by depth (left) and direction (right) in both EARLY FIX and
REACH epochs (Fix-Reach cells; white), in EARLY FIX but not in REACH (Fix cells; green), and

vice versa (Reach cells; yellow) or in none of them (black). b) Two dorsal views of PE (see Fig. 3.2)
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representing the distributions of the different categories of cells modulated by depth (left) and
direction (right). Each circle represents one cell. ¢) Population activity of the main categories of PE
cells, represented as average normalized SDFs of Fix (top), Reach (middle), and Fix-Reach cells
(bottom) modulated by depth (left) and direction (right), aligned twice (vertical lines) at the fixation
onset and at the movement onset. For each cell category and type of modulation, the average SDFs
for the preferred (blue) and non-preferred positions (red) are plotted. Thin lines in SDF represent the
standard error of the mean. Scale bar in all SDF plots: 100% of normalized activity. Lines above
epoch rectangles indicate where the permutation test was significant (dashed lines, p<0.05; solid

lines, p<0.01). Other conventions as in Figures 3.2 and 3.4.

To evaluate the tuning of Fix, Reach, and Fix-Reach cells at population level, we calculated
the average normalized spike density functions (SDFs), separately for the three different cell
categories. Figure 3.6C illustrates the average population activity of each category of cells
for depth-modulated (left panels) and direction-modulated (right panels) cells. As expected,
the activity in the preferred and non-preferred conditions of Fix cells (Fig. 3.6C, top panels)
started to diverge immediately after the onset of fixation and reached its peak during the
fixation epoch (permutation test for EARLY FIX, p<0.01). The population activity in non-
preferred depths and directions, instead, slightly decreased instantly after fixation onset,
suggesting the presence of an inhibitory input upon these cells. The population discharge in
preferred depths and directions conditions declined after the end of the fixation epoch and
reached the non-preferred activity levels well before the onset of arm movement, which was
maintained during action execution (LATE FIX, REACH; permutation test, p>0.05).

In the Reach cells (Fig. 3.6C, middle row), the population responses for the preferred and
non-preferred depths showed no significant changes during the fixation epoch, and the two
curves progressively diverged during the movement preparation (LATE FIX, permutation

test, p<0.01). In the preferred condition, the curves started to increase before the onset of the
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arm movement and peaked just after arm movement onset. Inhibition of population activity
was also observed in depth- and direction-modulated cells during the execution of non-
preferred arm movements.

Fix-Reach neurons (Fig. 3.6C, bottom panels) showed a pattern of population responses that
combined those of Fix and Reach cells. The population activity for preferred and non-
preferred conditions clearly diverged immediately after fixation onset and remained
separated during all other epochs considered (permutation test, p<0.01 in EARLY FIX,
LATE FIX, REACH, p<0.05 in HOLD) for both depth and direction. Two peaks of activity,
one ~300 ms after fixation onset and the other just after reaching onset, were observed.
Interestingly, the activity in non-preferred conditions decreased both during EARLY FIX
(see also Fix cells, top row of Fig. 3.6C) and REACH, and the selectivity dropped in between
the EARLY FIX and the LATE FIX, especially for Fix-Reach cells only modulated by
direction. This loss of selectivity is likely to reflect weak tonic fixation signals in PE, and this
is corroborated by the results of the 2-way ANOVA (Fig. 3.4), where the proportion of
neurons modulated during EARLY FIX is significantly lower than other epochs (two-
proportion z-test, p<0.01). Instead, in the neighboring arcas V6A and PEc there was a
persistent higher activity for the preferred position during FIX and DELAY and the
selectivity was maintained in between the two epochs, possibly reflecting a more sustained
influence of fixation (Hadjidimitrakis et al., 2014a, 2015).

To address how the neuronal activity of the entire recorded population of medial PE neurons
changes during the reach task, independent of any preselection of neuronal subclasses (as in
Fig. 3.6C), we computed the cumulative SDFs of PE cells considering the entire population
of recorded neurons (N= 176), even those not modulated by depth and direction during any
of the task epochs (2-way ANOVA, p>0.05). The strongest response was classified as the

preferred one, and the weakest as the non-preferred. As shown in Fig. 3.7, the SDFs of the
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preferred (blue line) and non-preferred (red line) conditions significantly separated
immediately after fixation onset (epoch EF) and became particularly prominent during the
movement preparation and execution phases of the task (epochs LF and R, permutation test,
p<0.01). A clear peak in activity can be observed in the preferred condition, immediately
after movement onset, whereas activity in the non-preferred condition decreased particularly
during the execution phase (epoch R). The shape of the curves and their time courses
resemble the population response of the Reach cells (Fig. 3.6C, middle panels), thus strongly
suggesting that, also at population level, PE neurons process more prominently skeletomotor

than visuospatial signals.

POPULATION ACTIVITY OF ALL PE CELLS

N =176

Fixation onset Movement onset

Figure 3.7 Average normalized SDF of the whole population of recorded PE neurons (N= 176).
Permutation test between preferred and non-preferred position in EARLY FIX, LATE FIX, REACH,

HOLD, p<0.01. All conventions are as in Figure 3.6c.
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Overall, neural activity remained stable and low after the EARLY FIX epoch (middle panels
of Fig. 3.6C and Fig. 3.7), suggesting that eye position does not have a strong modulating
influence in PE.

To test whether the target onset could possibly lead to short-latency visual responses, we also
calculated the SDFs aligned to the target onset. There was no clear increase of discharge after
target onset, thus confirming a lack of visual responses in area PE that has been reported in
literature (Mountcastle et al., 1975; Maimon and Assad, 2006; Cui and Andersen, 2011; Shi

etal., 2013).

3.4.4 Sensory properties in the recorded region

To characterize the sensory properties of the recorded medial PE sector, we
qualitatively examined the visual and somatosensory responses of a separate group of PE
cells recorded in the same region as the cells tested with the reaching task, by using two
additional tests (Visual and Passive Somatosensory stimulations, see Materials and Methods).
The results of these sensory stimulations showed that the part of PE we studied is strongly
affected by somatosensory inputs but poorly by visual inputs (Fig. 3.8a-b), similarly to what
has been found by other studies in the lateral part of PE (see Seelke et al. 2012 for refs).
Eighty-seven percent of neurons (N= 53/61) were responsive to somatic stimulations (see
Materials and Methods), whereas only 2% of neurons (N= 1/60) were sensitive to visual
stimulations.

Regarding the type of somatosensory input, we found that the majority of cells modulated by
passive somatosensory stimulations responded to joint rotations (89%, N= 47/53), whereas
only 4% responded to tactile stimulation and 7% to both joint rotations and tactile stimulation
(Fig. 3.8c). The distribution of somatosensory receptive fields did not match the somatotopy

reported for the nearby Brodmann’s area 2 (see Fig. 3.1). We did not find a mere
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representation of the lower limb, as expected if medial PE had a somatotopy complementary
to the upper limb representation in lateral PE. Instead, we found intermingled lower and
upper limb representations, together with sporadic representations of the trunk (Fig. 3.8f).
Joint-sensitive cells were mostly activated by input coming from the arms (23%) and the legs
(26%). The remaining 51% of somatosensory cells were activated by input coming from
multiple parts of the body (e.g. arms, legs, trunk, Fig. 3.8d). A high percentage of
somatosensory responses (47%) were evoked by contralateral stimulation and an equal
number of cells (47%) responded to stimulation of both sides (bilateral), with only 6% of

cells with somatosensory receptive fields on the ipsilateral side (Fig. 3.8e).
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Figure 3.8 Sensory properties of PE cells. Anatomical distributions of the neurons showing visual (a)
and somatic (b) responses. a) ‘Visual’ cells are shown in black, ‘Non-visual’ cells in white. b)
Somatosensitive cells are shown in black, unresponsive cells in white. ¢) Incidence of cells responsive
to joint, tactile or joint+tactile (Both) stimulations. d) Incidence of cells modulated by stimulations of
different parts of the body. e) Incidence of contralateral (Contra), ipsilateral (Ipsi), and Bilateral
modulations. Abbreviations as in Fig. 3.3. f) Locations of somatosensory receptive fields in PE: joints
(circles) and tactile receptive fields (dashed lines drawn on the animal body). The size of each circle

is proportional to the number of modulated units. All somatosensory receptive fields have been

reported on the right side of the body.
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3.5 Discussion

Our aim was to functionally characterize the most medial and caudal part of area PE
and to examine the relative influence of depth and direction signals during a Fixation-to-
reach task in 3D. We aimed to reproduce everyday life reaching conditions, with the arm
moving in different directions and depths and a natural sequence of eye—hand coordination
that involves fixation of the target before the arm movement (Neggers and Bekkering, 2001;
Hayhoe et al., 2003). We are aware that it cannot be excluded that differences in activity
during reach execution are void of gaze signals. However, to the best of our knowledge, there
is no evidence supporting a strong modulating effect of gaze position on neural activity in
PE. To this regard, Ferraina and coworkers (2009) investigated how the vergence angle, and
initial hand position influenced PE reach-related activity. They showed that a large
proportion of PE neurons was influenced by changes in hand position, while the effect of
binocular eye position was small (~10% of neurons were affected by changes in fixation
distance). Moreover, looking at Figure 3.6C (middle panels, population activity of Reach
cells), and Figure 3.7, where the entire recorded population activity is shown, it is clear that
neural activity remained stable and low after fixation onset and throughout the subsequent
fixation period and started to increase towards movement onset. These findings suggest that
gaze signals have a relatively weak influence on PE neural activity during the reach phase.
Gaze position modulations in PE may derive from the thalamic centromedian (CM) nucleus,
that exhibits a variety of eye movement-related signals (Tanaka, 2005; Kunimatsu and
Tanaka, 2012), even if the connections with PE are quite weak (Impieri et al., 2018). Another
source of tonic eye position signals could be the nucleus prepositus hypoglossi (NHP) in the
brainstem that has been characterized as an integrator of horizontal oculomotor commands

(Moschovakis et al., 1996). This nucleus has been reported to send projections, via thalalmus,
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to the nearby medial intraparietal area (MIP) of SPL (Prevosto et al., 2009). Since the
reported NHP input was heavily lateralized, this could result in some form of asymmetry in
the cortical coding of eye position that would not necessarily be captured by binocular
version/vergence measurements. It would be interesting to check whether the monocular
(contralateral) eye position associated with the three different depths could provide a better
prediction of neural activity. This issue will be addressed for all SPL areas in future studies.

We show that medial PE activity was tuned by both depth and direction of reaching, but the
processing of the two parameters followed a different time course as the task progressed.
Direction-tuned cells were most abundant just after target fixation, outnumbering depth-
tuned cells during that period. Depth tuning increased during arm movement and target
holding. These findings are in agreement with behavioral studies suggesting independent
processing of reach direction and extent or amplitude information (Soechting and Flanders,
1989; Flanders and Soechting, 1990; Gordon et al., 1994; Sainburg et al., 2002; Vindras et
al., 2005; Bagesteiro et al., 2006; Van Pelt and Medendorp, 2008; Crawford et al., 2011).
Moreover, we found that depth and direction signals affected separate populations of medial
PE cells, and that the almost continuous pattern of activity modulation in the Fix-Reach
population represents an eye-/arm-related tuning that could suggest an independent encoding
of depth and direction signals. Similar findings were reported in lateral PE, though with a
different task configuration (Lacquaniti et al., 1995). In that study, three different workspaces
were used: reaches started from the center of each workspace towards 8 different directions
evenly distributed between two depth planes. Although reach amplitude along the depth axis
was not varied, targets did vary in depth with respect to the body. Despite these
methodological differences Lacquaniti and colleagues (1995) described different pools of
lateral PE neurons controlling for target direction (elevation and azimuth) and distance from

the shoulder. This similarity was not granted, since medial PE neighbors and is connected to
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PEc, an area showing convergence of depth and direction signals (Hadjidimitrakis et al.
2015, see also below), whereas lateral PE lies further away (Fig. 3.1) and is less strongly
connected with PEc (Bakola et al., 2013). The segregated depth and direction processing
observed in both PE sectors suggests that PE processes uniformly reach-related signals.

Ferraina et al. (2009) studied a sector of area PE that partially overlapped with our recording
region (Fig. 3.1B). Despite task differences (reach targets were extrafoveal there and arm
movements were made towards memorized targets that were distributed at different
distances, thus leaving out direction), their analytical approach resembles the one used in the
present study, thus allowing a direct comparison with our findings. Overall, their results are
in line with ours, starting from the proportion of neurons showing a task-related activity
(ANOVA, 77.4%). They showed that the incidence of depth-modulated neurons increased
going from target presentation to movement execution, and only a small proportion among
these neurons was influenced by target presentation (6.3%). A polynomial contrast analysis,
used to test which model better fitted the relationship between target depth and neural
activity, revealed that 80% of depth-modulated neurons showed a significant fit for the linear
model. Furthermore, they tested a subpopulation of PE neurons with the same reach-in-depth
paradigm, but varied the relative position in depth of both reach targets and fixation point
across different trials and found that the effect of binocular eye position variation was
negligible. Also Brunamonti et al. (2016) and Bremner and Andersen (2012) recording sites
partly covered our recording region but, as they investigated the reference frames of reaching
responses, a direct comparison of our results with these two latter studied is not possible. In
the present study reaches were always performed towards foveated targets and started from
the same initial hand position, so the frames of reference of reach-related activity could not

be determined. We acknowledge that the effects of depth and direction we observed could
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also reflect vector coding in addition to positional coding, however, the issue of the reference
frames was beyond the scope of the present work.

In our sensory mapping experiment, the majority of our medial PE recording sites showed
somatosensory sensitivity, with many cells responding to stimulations of both upper and
lower limbs, suggesting a role in arm-leg coordination and postural control. This is most
likely because the medial PE studied here is even further medial than that studied by Padberg
and coworkers (2018). Interestingly, the majority of our PE neurons tuned by depth showed a
bias for far space during both movement execution and target holding (Fig. 3.5a-b). In
addition, arm-leg coordination could be more important for postural adjustments when the
monkey reaches and holds the farthest targets. The integration of sensory inputs from both
effectors could be reflected in increased levels of activity and/or a larger pool of responsive

neurons.

3.5.1 Comparison of PE with SPL areas PEc and V6A

We used the same experimental paradigm in our previous V6A and PEc studies
(Hadjidimitrakis et al., 2014a, 2015), enabling a direct comparison of the three SPL areas
(Figure 3.9). Depth processing occurred mainly during and after movement execution in both
PE and PEc, whereas in V6A it was evident during all phases of the task. The number of PE
cells coding for direction during the initial target fixation period was higher compared to the
subsequent phases, exactly as in V6A and PEc. The most notable trend among the three areas
regards the rostro-caudal convergence of depth and direction signals on single cells: the two
signals are mostly coded separately in PE (see ‘both’ in Fig. 3.9), whereas they showed a
medium to high degree of convergence in PEc and V6A, respectively. This may reflect the
neural correlates of the visuomotor tranformation occurring from V6A, where cells tuned for

direction and depth code the target location in 3D space, to the somatomotor cortex, where
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PEc and PE cells tuned only for depth or for direction gradually transform target coordinates
from extrinsic to intrinsic ones. Moreover, it should be noted that PEc and V6A show
convergence of somatic and visual inputs related to reaching/grasping (Breveglieri et al.,
2008; Gamberini et al., 2018), whereas area PE mainly hosts somatic signals. Conceivably,
these different visuo-somatic properties influence the processing of depth and direction
signals too. In this regard, psychophysical evidence suggests that proprioception is more
linked with movement depth, whereas vision is more related to direction processing (van
Beers et al., 2002, 2004). We can suggest that in PE, the target location is re-specified in
terms of the shoulder and elbow joint angles, suggesting that distance primarily pertains to
elbow joint extension, and direction to shoulder angle. The activity of putative elbow and
shoulder processing units in PE might represent the current joint angles, the intended joint
angles (i.e. the target), or a vector linking the two. Whilst activity during early fixation can
plausibly be interpreted as representing target-position, activity during reach might represent
proprioceptive reafference, or (a copy of) a motor command, as suggested by the early onset
of reaching activity that we have found here. The command might either specify the target
joint angles, or the error vectors from the current positions. Error vectors are likely being
represented in PE, as suggested by the absence of preference for intermediate positions and
by the predominance of 'far' tuning (Fig. 3.5a).

Our visual and somatosensory mapping of medial PE is in line with data from lateral PE
showing strong somatosensory (Sakata et al., 1973; Bakola et al., 2013), but weak visual
(Mountcastle et al., 1975; Seelke et al., 2012) responses. Compared to PE, PEc and V6A
contain much more visual (PEc: ~50%, Breveglieri et al. 2008; V6A: ~65%, Galletti et al.
1996, 1999) but less somatosensory (PEc: ~50%, Breveglieri et al. 2006, V6A: ~30%,

Breveglieri et al. 2002) neurons (see Gamberini et al. 2017).
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3 SPL areas. a) Percentage of cells in PE, PEc and V6A with tuning for depth only (left set), direction
only (right set), and both signals (intersection) during different task epochs (2-way ANOVA, p<0.05).
Note that epochs EARLY FIX and LATE FIX in this study correspond to epochs FIX and DELAY in
Hadjidimitrakis et al. (2014a) and Hadjidimitrakis et al. (2015). Double asterisks indicate significant
difference between the three areas (V6A: pink; PEc: green; PE: orange) in the coding of one or both
spatial parameters in a certain epoch (Chi squared test, p<0.01). Data from PE: current results (N=
176); data from V6A (N = 288) are from Hadjidimitrakis et al. (2014a); data from PEc (N = 200) are
from Hadjidimitrakis et al. (2015), but recalculated with p<0.05 to standardize the criteria used in the
other areas. Abbreviations as in Figure 3.2, conventions as in Figure 3.5a. b) Percentage of Fix,
Reach, and Fix-Reach neurons in PE, PEc, and V6A with modulations by depth (left panels) and

direction (right panels). Conventions as in Figs. 6a and 9a.
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In both PE and PEc, depth strongly modulated neural activity during and after arm
movement. In V6A, instead, depth influence was quite strong long before movement onset.
The increase of depth relative to direction signals during task execution that we have found
likely suggests a somatomotor rather than visual processing occurring in PE, whereas a visual
rather than somatosensory processing in V6A. In the same vein of functional comparison, we
found that the Fix, Reach, and Fix-Reach cells in each of the 3 SPL areas showed a different
evolution of depth to direction tuning during the course of the trial (see Fig. 3.9b). When
calculating the ratio of Fix:Reach cells, we found a steady increase of directional
modulations going from area V6A to PE (0.96, 1.06, 1.31, V6A-PEc-PE). The comparable
ratios for depth modulated neurons showed instead a discountinous trend (0.86, 0.45, 0.64,
V6A-PEc-PE), best summarised by computing a ratio of ratios (i.e. Fix:Reach (direction) /
Fix:Reach (depth); 1.12, 2.37, 2.03, from V6A to PE). This finding suggests that instead of a
smooth gradient there is a rather abrupt increase in the gain of the relative prominence of
depth over direction tuning during the course of the trial going from V6A to PEc/PE.

The spatial encoding during arm movements to visual targets has been extensively studied in
several SPL areas and accumulated evidence suggests some degree of functional
heterogeneiity (e.g. Kalaska et al. 1990; Batista et al. 1999; Buneo et al. 2002; Ferraina et al.
2009; Chen et al. 2009; Chang and Snyder 2010; McGuire and Sabes 2011; Cui and
Andersen 2011). The most notable trend regards the reference frames employed by each area
to encode the target: caudal SPL areas like V6A, MIP, and PEc represent targets in eye-
centered, body-centered or mixed eye(body)/hand reference frames (Batista et al., 1999;
Chang and Snyder, 2010; Hadjidimitrakis et al., 2014b, 2017; Bosco et al., 2016; Piserchia et
al., 2016), whereas rostral SPL areas like PE and PEip use predominantly hand-centered
coding (Buneo et al., 2002; Ferraina et al., 2009; McGuire and Sabes, 2011; Bremner and

Andersen, 2012, 2014). Our studies have revealed another SPL trend, i.e. the gradual
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convergence on single neurons of depth and direction signals going from PE in the exposed
surface of SPL cortex to V6A. We hypothesize that a similar trend may be present also
within the medial bank of the intraparietal sulcus, with MIP and PEip showing mostly

combined and separate depth and direction processing, respectively.

3.5.2 Comparison with frontal cortex

Previous studies in PEc (Hadjidimitrakis et al., 2015) and V6A (Hadjidimitrakis et al.,
2014a) find a remarkable parallel, despite task differences, with the dorsal premotor cortex
(PMd, Messier and Kalaska 2000): e.g. a combined tuning for depth and direction, and their
increase in convergence with task progress. Area PE shows instead a considerable degree of
separation between depth and direction signals, which is maintained throughout the task
(present results, Lacquaniti et al. 1995).

But how far the SPL functional trend is reflected in the frontal cortex? When we sought for
an analogous processing of depth and direction signals towards primary motor cortex, we
found that this region shares with medial PE the predominance of depth effect during reach
execution. Naselaris and colleagues (2006) examined the distribution of a large number of
preferred arm movement directions in M1 during reaching movements in 3D space and
showed an enhanced representation for reaching directions aligned with the depth axis and a
specialization in motor control for reaches in depth. This functional pattern parallels the
organization of parieto-frontal connectivity, which shows a rough symmetry around the
central sulcus (more caudal SPL areas having a more rostral focus in PMd, e.g. V6Av with
F7, V6Ad with rostral F2, PEc with caudal F2 and PE with S1 and M1; Shipp et al. 1998;

Gamberini et al. 2009; Bakola et al. 2010, 2013; Passarelli et al. 2011).
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3.5.3 Comparison with the human brain

Is there a similar processing scheme for reach direction and depth in monkeys and
humans? In both species, SPL is involved in sensory-motor integration (see Grefkes and Fink
2005; Culham et al. 2006), and reach-related signals have been found in several human SPL
regions (Connolly et al., 2003; Hagler et al., 2007; Filimon et al., 2009; Gallivan et al., 2009;
Cavina-Pratesi et al., 2010), including human V6A (Pitzalis et al., 2013; Tosoni et al., 2015).
While many studies reported SPL activations for reaching or pointing performed in different
directions, only a few studies report SPL activations for reaching performed at different
depths. Martin et al. (2015), showed that a large swath of PPC was activated during reaching
towards peripheral versus central targets. Such direction selective signals were present in
areas VO6A, 7A, and the medial and posterior IPS. However, using fMRI adaptation as a
proxy to measure tuning curves, Fabbri et al. (2010) revealed a more restricted region within
the SPL (medial to the IPS and anterior to the parieto-occipital sulcus) showing a high degree
of directional selectivity. Regarding the substrates of combined depth and direction
processing, Fabbri et al. (2012) reported that, going from parietal to frontal areas, the
processing of distance and direction information is more segregated. Furhermore, Cavina-
Pratesi et al. (2010) described differential fMRI activity for near and far reaches in anterior
and posterior sectors of the superior parieto-occipital cortex. This finding calls for
comparative fMRI experiments (Vanduffel et al., 2014), whereby adaptation paradigms or
multi-voxel pattern analyses are used, which enable direct comparisons of single selectivity

for reach direction and depth with fMRI data from both humans and monkeys.
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3.6 Conclusions

This study reports that in medial PE depth and direction signals for reaching are
partially processed by two distinct neuronal subpopulations. Moreover, this cortical sector
integrates somatic input from both upper and lower limbs, but it does not receive visual
input. Combined with our previous studies, present findings highlight the functional
heterogeneity in SPL, with PE strongly influenced by somatosensory input during reaching

performance and predominantly processing depth.
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Chapter 4

fMRI guided electrophysiology of Spatial Attention
Shifts in the Macaque Superior Parietal Lobule.
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4. fMRI guided electrophysiology of spatial attention

shifts in the macaque superior parietal lobule

4.1 Abstract

Human fMRI and transcranial magnetic stimulation (TMS) studies showed the
involvement of superior parietal lobule (SPL) in covert shifts of attention. Despite hints from
monkey electrophysiology and fMRI, little is known about the underlying neuronal
mechanisms. Guided by monkey fMRI maps (Caspari et al. 2015), we recorded single and
multi-unit activity from a shift-selective region in medial SPL (parietal area V6A) of one
rhesus monkey. We employed a covert selective spatial attention paradigm resembling those
used in previous human and monkey fMRI experiments. Stimuli consisted of 2 pairs of
shapes, each containing a relevant and irrelevant stimulus. One of the stimuli was presented
in the center of the receptive field (RF), and the other diametrically opposed to the first one.
A replacement of the first stimulus pair by the second could induce a spatial attention shift
when the relevant stimulus position changed to the opposite visual hemifield (shift event).
Alternatively, when the relevant stimulus of the new pair appeared at the same position as the
relevant stimulus of the preceding pair, this corresponded to a stay event. We found that the
average population activity of all recorded neurons was higher for shift than stay events when
the direction of the shifts pointed towards the RF. Conversely, when shifts pointed to the
opposite direction, the activity for stay events was higher in early and late stages of the
attentional switch events. Shift-selective population activity peaked around 60 ms after event

onset, when more than half of cells showed significant shift-selective activity. Consistent
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with the human and monkey fMRI data, these results show a substantial correlate of covert

spatial attention shifts at neuronal level within parietal area V6A.
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4.2 Introduction

Selective spatial attention allows humans to process specific visual information
through prioritizing an area within the visual field. Shifts of spatial attention are needed to
dynamically allocate attentional resources to salient sensory signals in our environment. This
process includes the disengagement of attention to one location, moving the focus of
attention, and engagement at another location (Posner, 1980; Koch and Ullman, 1985;
Desimone and Duncan, 1995). Several cortical regions are involved in the control of spatial
attention, including parietal, prefrontal, and extrastriate visual areas. Human f{MRI
experiments revealed a crucial role of the superior parietal lobule (SPL) during both overt
and covert spatial attention shifts (Vandenberghe et al., 2001; Yantis et al., 2002;
Molenberghs et al., 2007; Kelley et al., 2008). These results are supported by the fact that
people suffering from Balint's syndrome (Balint, Dr., 1909), a rare manifestation of visual
and spatial difficulties due to bilateral SPL lesions, show an impairment in detecting the
displacement of a visual stimulus (Phan et al., 2000). Possibly, these deficits may reflect a
disruption of attentional shift mechanisms (Vandenberghe et al., 2001, 2012). Recently,
Caspari and collaborators (2015) have identified in the macaque monkey brain a network of
cortical areas activated during attention shifting events. This network includes parietal areas
V6/V6A, medial intraparietal area, caudo-dorsal visual areas, the most posterior portion of
the superior temporal sulcus, and several small regions in the frontal cortex. In a follow-up
study, Caspari et al. (2018) showed correspondences between the superior parietal network
processing attention shifts in monkeys and the shift SPL-network in humans (see also

Arsenault et al., 2018).

The medial posterior parietal area V6A, the principal target of the present study,

contains cells that encode the spatial location of visual targets (Galletti et al., 1993, 1995), as
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well as neurons with reaching, grasping, and oculomotor-related activity (Kutz et al. 2003;
see for a review Fattori et al. 2017). V6A has been cytoarchitectonically (Luppino et al.,
2005) and functionally (Galletti et al., 1999; Gamberini et al., 2011) subdivided into a ventral
(V6Av) and a dorsal (V6Ad) portion, with V6Av containing a majority of visual cells with
receptive fields mostly in the lower periphery. Since the first study investigating V6A
functional properties, it was clear that the level of attention modulates the neuronal activity
of this cortical area (Galletti et al., 1996). Three studies have specifically investigated the
attention-related properties of VO6A. First, Galletti et al. (2010) provided evidence that V6A
neurons are activated during covert shifts of spatial attention, although attentional signals
could not be dissociated from the sensory or motor events required to probe the animals’
focus of attention. A few years later, Ciavarro and coworkers (2013) employed on-line rTMS
to induce a virtual, transient lesion on human putative V6A (Pitzalis et al., 2013). They found
an rTMS-induced increase of reaction times, suggesting an involvement of this area in
attentional reorienting. In the same year, Capotosto et al. applied TMS over human IPs,
showing an impairment in target discrimination immediately after a shift of attention,
regardless of current target location (Capotosto et al., 2013). Here, we aimed to further
investigate attention-related properties of parietal area VO6A during spatial attention shifts and
sustained attention at a fixed location, to increase our understanding of the neuronal basis
underlying spatial attention shifts. This also puts us in a position to relate the wealth of
human and monkey imaging data (Vandenberghe et al., 2001; Yantis et al., 2002;
Molenberghs et al., 2007; Kelley et al., 2008; Caspari et al., 2015, 2018) with single cell
properties measured in monkey. Our results highlight a substantial involvement of parietal

area VOA in computing spatial attention shifts at neuronal level.
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4.3 Materials and Methods

Animal care and experimental procedures were approved by the Ethical Committee at
the KU Leuven and were carried out in accordance with the National Institute of Health’s
“Guide for the Care and Use of Laboratory Animals” and with the European Communities
Council Directive (2010/63/EU). The details of the general fMRI procedures and training of
monkeys have been described previously (Vanduffel et al., 2001; Nelissen et al., 2005;
Caspari et al., 2015). Animal housing and handling were in accordance with the
recommendations of the Weatherall report, allowing locomotor behavior, social interactions,
and foraging. Animals were group-housed (2-5 animals per group; cage size at least 16-
32m?) with cage enrichment (toys and foraging devices), outside views and natural day-night
cycles at the primate facility of the KU Leuven Medical School.

We used one of the same male rhesus monkeys (M35, Macaca mulatta, 9 kg, 10 years of age)
as in a previous fMRI study from our lab (Caspari et al., 2015). The monkey was implanted
with a custom-built 5-channel receive array coil embedded in an MRI-compatible headpost
(Janssens et al., 2012) and one recording chamber targeting the right VOA. The monkey was
extensively trained using operant conditioning techniques to maintain fixation at a centrally
presented fixation spot, while performing a receptive field mapping task (Fig. 4.1) and
subsequently a covert spatial attention task (Fig. 4.2), with the head constrained by a head
post in a natural ‘sphinx’ position inside a plastic primate chair. Eye movements were
constantly monitored at 120 Hz using an eye-tracking system based on infrared corneal
reflection (ISCAN). Also, the position of both hands within a response box was checked
using infrared light beams. Each time the monkey made an unrequested hand movement or

an eye movement outside the fixation window, the trial was aborted, and the stimulus display
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disappeared. These procedures minimized unwanted hand or saccadic eye movements toward

the peripheral stimuli.

4.3.1 Behavioral tasks

4.3.1.1 Receptive field mapping task

For each recording position targeting the fMRI-defined shift-selective region, we first
tested cells’ visual sensitivity using high-contrast drifting luminance edges, with different
orientation and speeds (Fig. 4.1), in order to detect the position and map the borders of visual
RF with the stimulus eliciting the best response. This procedure allowed us to elicit strong
neural activity when running the subsequent Spatial Attention Task, by putting one of the
two stimuli in the center of the RF. In case we were not able to clearly define the borders of
the RF, we put one of the two stimuli of the Spatial Attention Task in the lower and
contralateral (i.e. left) visual hemifield (~20 degrees eccentricity), because V6A neurons
represent largely the contralateral lower part, and only partially the ipsilateral and upper part

of the visual field (Galletti et al., 1999; Gamberini et al., 2011, 2018).
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Figure 4.1 Visual stimuli used to map the receptive field of V6A neurons. The high-contrast

luminance edges are all shown in the lower, left (i.e. contralateral) quadrant of the visual field, where
the majority of VOA cells’ RFs are located. The edges could move along 4 possible axis of motion
and 8 possible directions: vertical (bottom => up, top > down), horizontal (right = left, left = right),

and 2 oblique (135° = 315° and vice versa; 225° = 45° and vice versa).

Stimuli used during the Receptive field mapping task consisted of high-contrast luminance
edges moving across the visual field in 1 of 8 directions at 1 of 3 different speeds (19, 30, and
50 deg/s). Each of the different directions of movement and speeds was randomly presented
within a run. The reason for using such type of visual stimuli was that we know that about
65% of V6A cells are sensitive to moving visual stimuli, show a strong direction and
orientation selectivity, and can discriminate the speed of motion as well (Gamberini et al.,
2011). We targeted electrophysiological recordings to the ventral portion of V6A, which
contains a higher number of visual cells (Gamberini et al., 2011). The visual stimuli and task
construction was adapted from Pitzalis et al. (2010). We used 16 channels laminar probes
(NeuroNexus Vector Arrays) to record neural activity. Importantly, due to the long duration

of the Receptive field mapping task, we were unable to test visual sensitivity for each of the
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cells recorded from each channel. Therefore, we selected one channel per recording depth
where a clear visual response was present, we mapped the borders of the visual RF, and we
used that information for all the simultaneously recorded neurons in the subsequent Spatial

Attention Task.

4.3.1.2 Spatial Attention Task

A slightly modified version of the event-related spatial attention task used by Caspari
et al. (2015) was employed. Figure 4.2 shows a schematic representation of the attention task
(Fig. 4.2 A) and the timeline of two example trials (Fig. 4.2 B). The monkey was trained to
fixate on a red dot (within a 2 x 3 degree fixation window) while two stimuli were
continuously present on a screen positioned 57 cm in front of the monkey’s eyes. In Caspari
et al. 2015, the stimuli were always positioned on the horizontal meridian at 9.25 degrees
eccentricity. Instead, we positioned one of the stimuli in the center of the RF, typically
located in the lower and contralateral hemifield (i.e. left, Galletti et al., 1999; Gamberini et
al., 2011, 2018) and the other stimulus was positioned at the same eccentricity of the RF
stimulus, but in the opposed hemifield. Thus, the location and size of the stimuli varied for
each run according to the RF position of the recorded neurons. Stimulus size was scaled
according to eccentricity and luminance contrast (gray level) was chosen to approximate a
performance level of 80-85% correctly performed trials. There were two possible coupled
stimulus pairs: a square with a triangle and a circle with a diamond. Each pair contained a
relevant and an irrelevant stimulus and all stimuli were white on a black background. To
perform the task correctly and to obtain a reward, the monkey had to respond by manually
interrupting a light beam when the relevant, but not the irrelevant stimulus dimmed. The
monkey was trained to fixate upon a central fixation point during the entire task while

covertly attending the relevant stimulus of each pair. Eye and hand positions were
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continuously monitored. Events of interest consisted of: i) SHIFT events, where a feature
change (‘CHANGE ONSET’, Fig. 4.2 B) cued the monkey to make a covert spatial-attention
shift either to the left (‘SHIFT LEFT’, Fig. 4.2 A) or to the right (‘SHIFT RIGHT’, Fig. 4.2
A) hemifield; i1)) STAY events, where a feature change cued the animal to maintain its covert
attention to the same spatial position; iii)) NULL events, where no feature change occurred.
The allocation of attention was probed behaviorally by dimming events (~30% of the trials,
duration: 100 ms) of the relevant/irrelevant stimuli, randomly occurring in a time interval
between 150 and 800 ms after the feature change onset, separated in time from the shift/stay

events.
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Figure 4.2 Spatial attention task and stimuli (A), and timeline of two example trials (B).
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4.3.2 Electrophysiological recordings

When fixation performance exceeded 90%—-95%, and false-alarm rates were close to
0%, we recorded single and multi-unit spiking activity from the right V6A (Fig. 4.3 A), as
defined by the fMRI maps obtained by contrasting shift (left & right) vs. stay (left & right),
p<0.005 (Fig. 4.3 B, for details see below), using laminar probes (16 channels NeuroNexus
Vector Arrays; 100 um distance between each site; impedance measured in situ around 1-1.6
MQ). The fMRI images were co-registered with a recent anatomical MRI using a co-

registration JIP toolkit (Joseph Mandeville).
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Figure 4.3 A) Left: medial view of the right hemisphere of a macaque brain reconstructed in 3D
using Caret software (http://brainvis.wustl.edu/wiki/index.php/Caret: Download) showing the location
and extent of the SPL areas V6 and V6A (dorsal and ventral). Right: Posterior view of the caudalmost
part of the SPL obtained from coronal sections by enlarging and rotating the inset box on the left.
Here the occipital pole is cut away to show the anterior bank of the POs. POs, Parieto-occipital
sulcus; Cal, calcarine sulcus; Cin, cingulate sulcus; IPs, intraparietal sulcus. Modified from
Gamberini et al., 2015. B) Representation of shift activations in the brain volume for monkey J, used

for guiding electrophysiological recordings targeting right V6Av.
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All the scanning parameters, the preprocessing steps of the acquired images, and the data
analysis of the event-related experiment are reported in Caspari et al., 2015. Briefly, fMRI
scans were performed in 3 T Siemens PRISMA scanner, using a gradient-echo T2*-weighted
echo-planar imaging-sequence: 40 horizontal slices; TR, 2 s; TE, 19 ms; 1.25x1.25x1.25
mm? isotropic voxels, acceleration factor of 2. Monkey J had been implanted with a 5-
channel receive array coil, to improve the sensitivity for MR-imaging (Janssens et al., 2012).
Immediately before the fMRI scan, MION (Feraheme, AMAG Pharmaceuticals; 8-11
mg/kg) was injected into the femoral/saphenous vein of the animal to improve the contrast-
to-noise ratio and to avoid the influence of superficial draining veins (Vanduffel et al., 2001;
Leite et al., 2002). The spatial shifting task was scanned using an event-related design, and a
run lasted 610 s (305 volumes, including 4 dummy volumes). Before the coregistration of the
anatomical and mean functional images, corrections for the lowest-order off-resonance
effects and higher-order distortions were applied to the raw EPI images. A general linear
model (GLM) analysis was performed using SPMS5 software package (Wellcome Department
of Cognitive Neurology, London) running under MATLAB (MathWorks). The GLM
included 5 regressors for the five conditions (i.e. shift left and right, stay left and right, null),
2 eye movement regressors, and 6 additional head motion regressors (translation and rotation
in 3D), per run. Each condition was modeled by convolving a y function (6 = 0, t = 8, and
exponent = 0.3), modeling the MION hemodynamic response function, at the onset of the
condition (transition of stimulus displays). For every recording session, the probe was slowly
advanced in the brain by means of a Narishige Microdrive through a stainless-steel guide
tube fixed in a grid (Crist Instruments) placed within the recording chamber. Recordings
were made using an Intan Technologies Recording system (RHD2000 series, bandpass filter

300 Hz — 5000 Hz). Spike sorting was performed offline using the Plexon Offline Sorter
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(Plexon Inc.), in order to distinguish single and multi-unit activity from noise. In the Results

section, we use the label “cells” or “neurons” for both multi- and single units.

4.3.3 Data analysis

The analysis of the fMRI data has been described in Caspari et al., 2015. Briefly, shift
events (composed of a feature change and a spatial shift), stay events (composed only of a
feature change), and null events (no feature change, nor spatial attention shift occurred)
entered the GLM. The number of correctly executed trials analyzed for each event type was
equalized for left- and right-sided attention. Only trial sequences with at least 3 or more
consecutive and correctly executed fixation trials were included in the analysis. Activations
correlating with “transient” spatial attention shifts regardless of the direction of the shift were
visualized by contrasting bilateral “shifts” versus “stay” (shift-left and shift-right vs. stay-left
and stay-right). Monkey J showed significant shift-related fMRI activation in parietal areas
V6/V6Av (Fig. 4.3 B), which has been used to guide the implantation of the recording
chamber.
All data analyses were performed using custom scripts in MATLAB (MathWorks). In order
to quantify the efficiency of the monkey in performing the attention task, we calculated
percentage of correctly performed trials from all runs for all the possible transitions between
events of interest (i.e. shifts, stays, nulls). We statistically compared the behavioral result
between relevant/irrelevant dimmings in the three trial types (shift, stay, and null) and in both
hemifields, using a Kruskal-Wallis test (p<0.05).
Eye-position data were analyzed to track the eye position for correctly performed stimulus
sequences, within a fixation window of 2 x 3 degrees, in each condition tested. The most
informative first 600 ms after trial onset were included in the analysis and sorted condition-

wise. For shift events, the second half of the sampled data was used, reflecting the endpoint
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of the shift (301- 600 ms). This was done because, at time point zero, attention should be
deployed to the opposite hemifield. Eye movement deviations in degrees of visual angle
(from the midline) were normalized to the specific eccentricity of each session.

Analysis of the neuronal activity during the shift of attention period was made by quantifying
the discharge recorded from -50 ms before the change of the stimulus transition (‘CHANGE
ONSET’, Fig. 4.2 B) until 150 ms after it. From now on, we will refer to this time window as
“attentional transition period”. The peristimulus time histograms (PSTHs) for each neuron
and each condition was calculated using a shifting window of 20 ms. Population responses of
all recorded neurons, without applying any type of preselection, were computed by averaging
mean firing rates of all cells. Before averaging, the firing rates for each neuron were
normalized by division with the maximum firing rate for all conditions. Significant
differences in discharge between SHIFT and STAY events were tested with a Wilcoxon
signed rank test (p<0.05, FDR corrected).

To assess the strength of attentional modulation on V6A neural activity, we calculated the

following Attention Index (Al):

_ AvFRshift — AvFRstay

Al =
AvFRshift + AvFRstay

Where ‘AvFRshift” and ‘AvFRstay’ are the mean average rates of discharge of each neuron
during shift and stay conditions, respectively. The index ranges between - 1 and 1. An Al
value of 1 indicates that a neuron is activated during a shift and not a stay event, whereas a
value of - 1 indicates that a neuron is only activated during a stay event. Values close to 0
indicate that a neuron was modulated similarly by shift and stay conditions. We calculated

the Al in 7 separate time bins of 20 ms each in the timespan 20-160 ms after the feature

138



change onset and evaluated the statistical significance of the indices using a Wilcoxon rank
sum test (p<0.05).

In order to exclude any possible influence on the shift- and stay-related activity of the events
happening before the feature change onset, we calculated pair-wise correlations between
differences in average firing rates of shift vs. stay events in 2 sub-intervals bookending each

trial transition (shift or stay), and each consisting of 4 x 40 ms bins.

4.4 Preliminary results

We recorded neural activity from parietal area V6A while the monkey executed a
Spatial Attention Task, that required to covertly shift the allocation of attention from a
central fixation point to a peripheral location. Preliminary results from one subject are

described here below.

4.4.1 Behavioral results

Monkey J participated in a previous fMRI study from our lab (Monkey 35, Caspari et
al., 2015) and has been extensively trained to covertly attend to relevant stimuli during all
events of interest (i.e. shift, stay, null events). Percentage of correctly performed trials
provide a direct measure of the animal’s focus of attention. Figure 4.4 A shows the
proportion of correctly executed trials from 11 runs across all the possible transitions
between task conditions (i.e. shift, stay, and null trials). No difference in performance was
observed between the three different trial types (shift, stay, and null), both for trials with and

without dimming events (Kruskal-Wallis test, p>0.05). Conversely, the performance was
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significantly different between the left and the right visual hemifield (Kruskal-Wallis test,
p=0.039).

As V6A neurons also show oculo-motor related activity (Galletti et al., 1995; Kutz et al.,
2003), we checked for small deviations in eye position across task conditions. In figure 4.4 B
we plotted minor variations in eye position immediately after a change in trial type (i.e. shift,
stay), separately for attention directed to the left and to the right. We could not detect any
clear bias in eye position in none of the tested conditions. For every possible transition (stay,
shift, with attention directed either to the left or the right hemifield), the eye positions did not
deviate significantly from the central fixation spot (Kruskal-Wallis test, p>0.05) -unlike what

we observed in the previous fMRI study (Caspari et al., 2015).
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Figure 4.4 Behavior: percentage of correctly performed trials (A) and eye position data (B). (A)
Performance of the monkey expressed as a percentage of correctly executed trials. (B) Eye data are

displayed in degrees of visual angle, representing the deviation of eye position in the x- and y-
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direction normalized with respect to the center across sessions (0 degrees of visual angle).
Coordinates (x=0, y=0) represent the central fixation point. Coordinates (x=-1/+1, y=0) are
normalized to the eccentricity of the target points, which varied from session to session according to
RF location (eccentricities ranged between 10 and 24 degrees of visual angle). The two rows show the
eye data when transitions (shift, stay) occurred from dimming to no dimming trials (upper row), or
from no dimming to dimming trials (lower row). The black squares positioned on the horizontal
meridian represent the two stimuli always present on the screen during the Spatial Attention Task -
note that the actual position of the stimuli (polar angle and eccentricity) varied from recording to
recording, according to RF location. Red represents shift events; green represents stay events. Shift
events: average of data points between 301 and 600 ms after event onset, representing the shift arrival
position. Abbreviations: null-L, null left; stay-L, stay left; shift-L, shift left; null-R, null right; stay-R,
stay right; shift-R, shift right; RELdim, relevant dimming trial; IRRdim, irrelevant dimming trial;

NOdim, trial without dimming.

4.4.2  Results from neural recordings

A total of 195 single and multi-units were recorded from V6A of one rhesus monkey
while the animal performed the Receptive field mapping and the Spatial Attention tasks. The
target locations within area VOA were identified based on: i) the anatomical location of V6A
in combination with fMRI-based shift-selectivity (Fig. 4.3); ii) the functional properties (i.e.
sensitivity to moving luminance edges, direction and orientation selectivity) of the neurons,
according to previous V6A studies (Gamberini et al., 2011). To drive the neurons optimally
during the Spatial Attention Task, we placed one of the two stimuli in the center of the visual
RF, as determined by the Receptive field mapping task at the beginning of each recording
session. In figure 4.5 the average firing rate of an example of V6A neuron showing direction
and orientation selectivity is depicted. The neuron actively fired only when the vertically

oriented luminance edge crossed the borders of the RF. Neural activity was instead silent
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when the edge crossed the borders of the RF in the opposite direction of motion, or with a

different orientation (i.e. 315° or 135°).
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Figure 4.5 Example of V6A neuron showing direction and orientation selectivity. The black panels
illustrate a schematic representation of the receptive field (black dashed line) and of the stimulus
moving across it in the direction indicated by the red arrow. Below each black panel, the
corresponding peristimulus time histogram is shown. Zero on the x-axis is aligned with the stimulus

movement onset.
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4.4.2.1 Different tuning for shift and stay events during the attention task

For the Spatial Attention Task, we particularly focused our analysis on the neural
discharge during the attentional transition period (from 50 ms before the change of stimulus
switches (‘CHANGE ONSET’, Fig. 4.2 B) until 150 ms afterwards).

Figure 4.6 illustrates an example of V6A neuron showing sensitivity for shifts of attention
when a change in stimulus features occurred during the task (‘Feature change ON’, Fig. 4.6).
On the left, the PSTHs for transitions from trials without dimming to trials with (ir)relevant
dimming are shown (‘NOdim - RELdim’, left; ‘NOdim - IRRdim’, right). This neuron
shows task-related discharges both during the attentional transition period, and the dimming
events. There is a clear peak of activity immediately after the feature change onset when both
shift and stay events occurred either in the left or the right visual hemifield. Interestingly,
after neuronal activity ceased in all conditions, the neuron increased activity at the time of the
dimming event. In particular, dimming of the relevant stimuli enhanced the discharge during
shift and stay trials to the left visual hemifield, where the RF of the neuron was located.
Irrelevant dimming events were modulating neural activity especially when the direction of

shifts and stays was opposite to the position of the RF.
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Figure 4.6 Example of a V6A neuron modulated by spatial shifting of attention. Left: PSTHs for
transitions from trials without dimming to trials with relevant (NOdim - RELdim), or irrelevant
dimming events (NOdim - IRRdim). Right: average PSTH for all possible transitions. Stars above
the PSTHs indicate statistical difference between the discharges in SHIFT and STAY events in the

timespan analyzed (grey rectangle, Kruskal-Wallis test, p<0.05). Abbreviations as in Figure 4.4.

We then plotted the cumulative PSTHs averaged over all possible combinations of task
conditions (Fig. 4.6, right, ‘All conditions’) and analyzed the statistical difference between
shift (red) and stay (green) trials separately for attention to the left (top) and right (bottom)
hemifield. For attentional shifts towards the relevant stimulus in the RF (shift-in), activity
was significantly larger than stay activity (where attention is directed to the same relevant
stimuli inside the RF) starting 65 ms after the feature change (top, Kruskal-Wallis test,

p<0.05). When attentional shifts pointed to the relevant stimuli outside of the RF (shift-out),
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the activity for shifts was comparable to that of trials in which attention was sustained to the
relevant stimuli inside the RF. Activity in such cases was indistinguishable between shift and
stay trials in the early phase after stimulus transitions, and became significantly different 100
to 140 ms after the feature change onset, when discharges during stay were slightly larger
than during shift-out trials (bottom, Kruskal-Wallis test, p<0.05).

To address how the population of V6A neurons changed their activity after stimulus
transitions during the Spatial Attention Task, we computed the average, normalized,
population response of VO6A cells considering the entire population of recorded neurons (N=
195), without applying any type of preselection or division in neuronal subclasses. We even
included neurons which were not modulated by any of the task conditions (i.e. shifts, stays).
As shown in figure 4.7, neural activity remained low and stable before the feature change.
Then, both shift- and stay-related activity started to increase and peaked around 60 ms after
the feature change. As already noticed for the example neuron (Fig. 4.6), there is a sharp
difference between the task events occurring inside and outside of the visual RF. Shift-in
related activity was significantly larger than stay activity for relevant stimuli in the RFs of
the left hemifield from 45 to 120 ms after the feature change (top, Wilcoxon test, p<0.05,
FDR corrected). Shift-out activity (i.e. shifts towards the hemifield opposite to the RF),
instead, was significantly smaller than stay activity (directed to the relevant stimuli inside the
RF) before and after the feature change (bottom, Kruskal-Wallis test, p<0.05). The activity
levels converged and overlapped perfectly in the timespan between 45 and 105 ms after the
feature change onset, however. Interestingly, no obvious difference was observed when
comparing shift-in and shift-out conditions, as the magnitude of response in the two

conditions was comparable.
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Overall, the example neuron (Fig. 4.6) and the average population response (Fig. 4.7)
illustrate that neurons in area V6A are significantly involved in the computations required to

shift the focus of attention towards relevant information in the visual environment.
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Figure 4.7 Average population response of all recorded V6A neurons (N= 195) for shift and stay
conditions during the Spatial Attention Task. Stars above the PSTHs indicate statistical difference
between the discharges in SHIFT and STAY events in the timespan analyzed (Wilcoxon test, p<0.05,

FDR corrected).
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To quantify how strongly V6A neuronal activity was modulated by the attention task
conditions as a function of time relative to the feature shifts, we calculated attention indices
in 20 ms time bins (Al; see Materials and Methods). The value of Al ranges from - 1 to 1.
Positive values indicate higher shift than stay activity, while the reverse holds true for
negative indices. The Al distributions depicted in figure 4.8 corroborates the average
population responses (Fig. 4.7). When the monkey paid attention to a relevant stimulus
within the RF in the left visual field, population activity was significantly higher for shift-in
compared to stay events (‘LEFT’, Fig. 4.7). A higher proportion of neurons was excited by
shift-in events, as indicated by the median AI’s (bin 2=0.06; bin 3=0.08; bin 4=0.1; bin
5=0.17; bin 6=0.07) and significantly different from zero in the following bins (bin 2, 63.5%
of the neurons, pWX= 3.7*107; bin 3, 66.7%, pWX= 10; bin 4, 65.6%, pWX=2.9*107; bin
5, 66.1%, pWX= 6*10%; bin 6, 58.3%, pWX= 0.03). As expected from the population
activity, the opposite scenario was observed for shift-out events (‘RIGHT’, Fig. 4.7) (i.e.
attentional shifts towards the right hemifield). A higher percentage of neurons showed
negative Al values (bin 1=-0.07; bin 2=-0.06; bin 5=-0.05; bin 6=-0.09; bin 7=-0.06), which
were significantly different from zero in the early and late stages of the attentional transition
period (bin 1, 64.6%, pWX= 1.8*107; bin 2, 59.7%, pWX= 0.0045; bin 5, 58.3%, pWX=

0.0029; bin 6, 62%, pWX=0.0003; bin 7, 56.5%, pWX= 0.009).
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Figure 4.8 Distributions of attentional modulation indices (Al = Attention Index) calculated in 7 time
bins of 20 ms each in the timespan 20-140 ms after the feature change onset of the Spatial Attention
Task, separately for trials where attention was directed to the RF (shift-in) and to the opposite
direction (shift-out). The asterisks show a significant difference of the median value from zero

(Wilcoxon rank sum test, p<0.05). The color code indicates a preference for shift-in (red) or shift-out

(green).

The bottom panel of Figure 4.7 shows a difference between shift and stay activity prior the
feature change, which was unexpected since the monkey cannot predict the upcoming event
type. To check whether shift- and stay-related activity was affected by events happening
before the feature change onset, we computed pair-wise correlations between differences in
average firing rates between shift and stay events in 8 bins (4 bins before and 4 after the
feature changes), each 40 ms in duration. Figure 4.9 shows the (8 x 8) correlation matrices
separately for shift- and stay-in and for shift-and stay-out trials, and for all the different
possible task transitions. It appears that V6A attention-related discharges after the feature
change were not correlated with activity levels before the feature change. Correlations could
be observed only between events happening before the feature change onset (i.e. “before-
before” correlations, bottom left quadrant of the correlation matrices, Fig. 4.9) or afterwards
(“after-after” correlations, upper right quadrant of the correlation matrices, Fig. 4.9).

Importantly, no significant “before-after” correlations could be detected.
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Figure 4.9 Correlation matrices between average firing rate before and after the feature change onset.
The oblique white lines mark the zone of the matrices, in which a correlation is possible only between

events happening before and after the change onset.

4.5 Discussion

To investigate attention-related properties of V6A cells, we employed an event-
related spatial attention paradigm previously used in human (Molenberghs et al., 2007) and
monkey (Caspari et al., 2015) fMRI experiments. Guided by the fMRI activation maps, we
targeted electrophysiological recordings to parietal area V6Av of one macaque monkey,
while the monkey covertly shifted or maintained its focus of attention on a peripheral
stimulus. We found that more than half of the recorded neural population showed shift-
selective activity when attentional shifts occurred towards the location of the RF (i.e. the
relevant stimulus was positioned in the center of the RF). Previous studies conducted in
monkey V4 and MT have shown that neurons exhibited higher responses when a relevant
stimulus located within the visual RF was being attended (Motter, 1994; Treue and Martinez
Trujillo, 1999; McAdams and Maunsell, 2000; Bichot et al., 2005; Buracas and Albright,
2009). However, in those studies the spotlight of attention was constantly allocated inside the
RF (sustained attention), without being shifted. Attention signals have been investigated
particularly in frontal and parietal areas, such as the lateral intraparietal area (LIP), whose
neurons show responses that are strongly modified by the behavioral relevance of the
stimulus placed within their visual RF (Gottlieb et al., 1998; Toth and Assad, 2002).
Buschman and Miller have electrophysiologically studied the involvement of monkey FEF in
covert shift of attention (Buschman and Miller, 2009). They used a task where both saccade

programming and covert attention shifts were required and showed that for targets inside the
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neuron’s visual RF, neural responses were enhanced just before the animal localized the
target (indicated by a saccade). When the target was located in a position clockwise to the
neuron’s RF, the response started to increase earlier, as if the animal covertly shifted its
attention to the neuron’s RF and then moved it on to the next stimulus where it found the
target. These results are in line with ours, as we found that V6A neurons exhibit higher
attention-related activity for shifts directed towards the RF (shift-in) rather than away from it.
In 2010, Galletti et al. have already provided evidence for attention-related activity in VOA at
neural level, using a task that required covert attention shifts from a central fixation point
towards a peripheral location, and vice versa. In that task, however, potential sensory and
motor-driven signals could not be separated from the attentional shift signals. They found an
equal number of cells preferring shifts towards parts of the space contralateral or ipsilateral
with respect to the recording site. This fits the human and monkey fMRI data (Yantis et al.,
2002; Molenberghs et al., 2007; Caspari et al., 2015), where no obvious difference between
shift-in and shift-out conditions has been observed. Galletti et al. (2010) showed longer
durations of attention-related responses compared to the present study, which might be
related to: 1) the different paradigms used to elicit attention shifts; ii) the different recording
locations, as our recording sites were confined to the ventral part of V6A; iii) a possible
motor and sensory confounds in the Galletti et al. (2010) study. Finally, Kutz et al. (2003)
showed that V6A is also affected by oculo-motor related modulations. Our results revealed
that shift-related activity in V6A does not depend on eye-movements directed towards the
stimuli cueing the attention shifts, as we did not observe significant eye deviations from the

central fixation point in any of the task conditions (see Fig. 4.4 B).
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4.5.1 Comparison with human and monkey TMS and fMRI studies

Several fMRI studies revealed signals coding spatial attention shifts in human mSPL
regardless of shift direction (Yantis et al., 2002; Molenberghs et al., 2007). The same region
was shown to be also engaged when human subjects shifted attention between objects
(Serences et al., 2004), features, and task rules (Shomstein and Yantis, 2004; Andersen and
Cui, 2009; Shulman et al., 2009). As found in the monkey brain by Caspari et al. (2015),
areas showing shift-related signals in humans were largely segregated from those
maintaining the current locus of attention (Yantis et al., 2002; Vandenberghe and Gillebert,
2009). In addition, Simon et al. (2002) showed systematic activations of human SPL, using
four different spatially-specific visuo-motor tasks, including voluntary saccades, covert shift
of attention, and spatially-specific grasping and pointing. The computation of attention shift
is most likely the common feature of these tasks. Ciavarro and collaborators (2013) showed
causal evidence for SPL playing a functional role in attentional shifting. They employed
online repetitive TMS to induce a reversible lesion on putative human V6A (Pitzalis et al.,
2013) during a task requiring the subjects to execute both covert shifts of attention and
planning of reaching movements. They found a selective impairment of attentional orienting
in both reaching and attentional tasks, and an rTMS-induced increase of reaction times. Their
results suggest that reorienting signals are used by putative human V6A to rapidly update the
current motor plan or the ongoing action (Ciavarro et al.,, 2013). In line with this
interpretation, we are inclined to believe that VOA of the monkey, an area traditionally
known to be mainly involved in the encoding of reaching and grasping movements (see for a
review Fattori et al. 2017), acts as a bridge between spatially-directed attention and motor
programming. Further studies are needed to investigate this hypothesis, with a paradigm
allowing a link between the reallocation of attention in the space and a subsequent motor

action.
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In sharp contrast to shift activity which was confined to SPL, modulation of fMRI activity by
sustained attention signals was observed in the posterior IPs and extrastriate human visual
cortex (Yantis et al., 2002; Molenberghs et al., 2008; Shulman et al., 2009; Vandenberghe et
al., 2012). This was also confirmed by Capotosto et al. (2013), who applied repetitive TMS
over human IPs, showing an impairment in target discrimination following the presentation
of shift cues regardless of target location, in the left or right visual hemifields. Thus, in
human parietal cortex, SPL encodes attentional shifts whereas activity in posterior IPs is
modulated by sustained attention signals. Similarly, Caspari et al. (2015) found that sustained
contralateral attention activated the IPs (area LIP) of the monkey. In accordance with our
results, posterior medial parietal cortex was instead mainly activated by shifts of attention. In
a follow-up study, Caspari and collaborators (2018) performed comparative fMRI
experiments to examine correspondences between human and monkey brain areas activated
during covert attention shifts. They found consistent shift activations in parietal and frontal
regions of both humans and monkeys, and demonstrated that monkey medial parietal areas
V6/V6A most consistently correlated with shift-selective human mSPL. However, the human
shift-selective region identified in that study is next to the location of human areas V6 and
V6A (Pitzalis et al., 2006, 2013, 2015; Tosoni et al., 2015), but does not exactly correspond
to it. As a possible explanation for this discrepancy, the authors suggested that putative
homologous areas can only be considered “partially homologous” and that under
evolutionary pressure some properties originally residing in the same region may have been

pushed to other regions (Mantini et al., 2012).
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4.6 Conclusions

In monkeys as in humans (Molenberghs et al., 2007; Caspari et al., 2018), mSPL is involved
in shifting spatial attention in the absence of overt behavior. Our combined
fMRI/electrophysiology study adds to the existing literature by showing a significant neural
involvement of area V6A of monkey mSPL in covert shifting of spatial attention. We
propose that, in addition to the established role of area V6A in the online control of hand and
arm movements for goal-directed actions, it also serves as a key area for shifting spatial
attention, an activity that typically accompanies the goal-directed actions. Our results call for
additional experiments to investigate the causal role of area VOA in the attention network and
its possible implication in the online update of motor actions based on spatial attention

signals.
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Chapter 5

General Discussion
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5. General Discussion

5.1 Summary of the main findings and general interpretations

5.1.1 Interplay Between Grip and Vision in the Monkey Medial Parietal Lobe

In the first research chapter of this thesis (Chapter 2), we tested to what extent VOA
grasping neurons are influenced by the visual feedback of the moving arm and the object to
be grasped. We used an experimental design similar to the one employed in the dorsolateral
grasping area AIP, which allowed us to make a comparison between the grasp-related
properties of V6A and AIP. Single-unit recordings led us to conclude that V6A neurons are
modulated by both grip type and visual information during grasping preparation, execution,
and object holding, with a predominance of cells influenced by grip type rather than by visual
information. This result was quite surprising, given that V6A contains many visual neurons
(Galletti et al., 1999; Fattori et al., 2017), and could be explained by the fact that our animals
were overtrained to perform Reach-to-Grasp tasks both in the light and in the dark. This
possibly made the visual information available during grasping in light not necessary to
allow task completion. Hence, the neural modulations observed in V6A during grasping
could be strictly tied to the strong somatosensory/motor input. We also observed that V6A
neurons were active during the period in which the monkey withhold the grasping action,
with half of the grasp-related population tuned for grip type. This evidence suggested an
involvement of V6A in grasping preparation or (in darkness) memory of the object to be
subsequently grasped, similarly to what was found in AIP, where limited set-related activity
and extensive memory-related activity has been described (Murata et al., 1996; Schaffelhofer

et al., 2015; Schaffelhofer and Scherberger, 2016). However, our task configuration has been
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designed with a one-to-one correspondence between object shape and grip type. This makes
it difficult to verify what is encoded by V6A after object observation and before action
execution. Further experiments are needed to disentangle what is encoded in the delay epoch
by V6A neurons.

When comparing our results with those found in AIP (Taira et al., 1990; Murata et al., 2000;
Baumann et al., 2009; Schaffelhofer and Scherberger, 2016), it emerges that V6A and AIP
show an overall similar incidence of grasp-related cells. During object presentation V6A and
AIP (Schaffelhofer and Scherberger, 2016) recruit a similar number of cells, whereas during
the subsequent grasping preparation and execution more V6A neurons are engaged than
AIP’s. A possible explanation for this could be the presence of somatosensory cells in VOA,
but not in AIP (Murata et al., 2000; Breveglieri et al., 2002). Somatosensory cells related to
the arm fire immediately before arm movement, when the muscles start contracting, as well
as during reach-to-grasp execution and hand-object interaction (Breveglieri et al., 2002). At
population level, the proportion of V6A cells modulated during the delay and grasping
execution was greater than in AIP. This, together with the rich direct connections between
V6A, MIP, and the dorsal premotor cortex (Gamberini et al., 2009), and the high incidence of
neurons processing spatial signals for reaching in V6A (Fattori et al., 2005, 2017;
Hadjidimitrakis et al., 2014a), suggest a deep involvement of V6A in linking object
information to the guidance of reaching and grasping actions.

Recent brain imaging studies (Gallivan et al., 2011; Monaco et al., 2011) agree in attributing
a grasping role to the putative human homologous of area V6A (Pitzalis et al., 2013, 2015;
Tosoni et al., 2015). These imaging studies found that the cortex around the dorsal-most part
of the parieto-occipital sulcus plays a role in processing wrist orientation and grip formation
(Gallivan et al.,, 2011; Monaco et al., 2011), thus corroborating a role for the human

dorsomedial PPC in the control of reach-to-grasp actions.
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5.1.2  The neglected medial part of macaque area PE: segregated processing of reach depth

and direction

In our second study (chapter 3), we examined the relative influence of reach depth
and direction information on neurons of the medial part of area PE and characterized their
temporal evolution over the course of a Fixate-to-Reach task in darkness towards targets
placed at different depths and directions in the 3D space. The same task configuration was
used in the studies of neighboring superior parietal areas VO6A and PEc (Hadjidimitrakis et
al., 2014a, 2015), thus allowing us to compare direction and depth processing between the
three medial PPC areas. We also characterized PE sensory properties, by qualitatively
examining the visual and somatosensory responses of PE cells.

We recorded single-unit activity from the medial part of PE, a cortical area largely neglected
in previous studies. We found that modulations by target depth and direction were unevenly
distributed during the course of the task. Tuning of activity by direction was strong at the
beginning of the task, whereas depth tuning mainly occurred during movement execution.
Different populations of medial PE cells code for reach depth and direction, exactly as in
lateral PE (Lacquaniti et al., 1995), thus arguing for a segregated processing of depth and
direction information. Despite methodological difference, also Lacquaniti and colleagues
(1995) described different pools of lateral PE neurons controlling for target direction
(elevation and azimuth) and depth, similarly to what we found in medial PE. The segregated
depth and direction processing observed in both PE sectors suggests that the entire area PE
processes reach-related signals in a similar way.

Our sensory mapping experiment confirmed that PE is strongly affected by somatosensory
inputs and poorly by visual inputs, similarly to what has been found by other studies in the
lateral part of PE (see for a review Seelke et al. 2012). Many cells responded to

somatosensory stimulations of both upper and lower limbs, suggesting a role in arm-leg
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coordination and postural control. We are aware that differences in activity during reach
execution could be influenced by gaze signals. However, to the best of our knowledge, there
is no evidence supporting a strong modulating effect of gaze position on neural activity in
PE.

The comparison of PE with SPL areas PEc and V6A revealed the existence of a rostro-caudal
gradient in the convergence of depth and direction signals on single cells in the SPL: the two
signals are mostly coded separately in PE, whereas they showed a medium to high degree of
convergence in PEc and V6A (Hadjidimitrakis et al., 2014a, 2015), respectively. This may
reflect the neural correlates of the visuomotor transformation occurring from V6A, where
cells tuned for direction and depth code the target location in 3D space, to the somatomotor
cortex, where PEc and PE cells tuned only for depth or for direction gradually transform
target coordinates from extrinsic to intrinsic ones. Moreover, it should be noted that PEc and
V6A show convergence of somatic and visual inputs (Breveglieri et al., 2008; Gamberini et
al., 2018), whereas area PE mainly hosts somatic signals (Seelke et al., 2012; see also chapter
3.4.4 of the present thesis). These different visuo-somatic properties could possibly affect the
processing of depth and direction signals too. Our visual and somatosensory mapping of
medial PE is in line with data from lateral PE showing strong somatosensory (Sakata et al.,
1973; Bakola et al., 2013), but weak visual (Mountcastle et al., 1975; Seelke et al., 2012)
responses. Compared to PE, PEc and V6A contain much more visual (PEc: ~50%,
Breveglieri et al. 2008; V6A: ~65%, Galletti et al. 1996, 1999) but less somatosensory (PEc:
~50%, Breveglieri et al. 2006, V6A: ~30%, Breveglieri et al. 2002) neurons (see Gamberini
et al., 2018). In both PE and PEc, depth strongly modulated neural activity during and after
arm movement. In V6A, instead, depth influence was quite strong long before movement

onset. The increase of depth relative to direction signals during task execution that we have

162



found likely suggests a somatomotor rather than visual processing occurring in PE, and a
visual rather than somatosensory processing in VOA.

A recent series of experiments confirmed the specific contribution of the human superior
parieto-occipital cortex (SPOC) for visually guided reaching (Culham et al., 2008; Filimon et
al., 2009; Gallivan et al., 2009; Cavina-Pratesi et al., 2010). While many studies reported
SPL activations for reaching or pointing performed in different directions, only a few studies
showed SPL activations for reaching performed at different depths. As already mentioned in
the Introduction (see section 1.1.2.3), the definition of a specific human homologous of
monkey PE is still a controversial subject. Area 5 in humans is confined to a small, medial
region in the anterior part of SPL, while in monkeys it occupies most of the SPL, largely
extending in the lateral part of the brain. It has been demonstrated that during evolution, there
has been a high degree of expansion in the associative cortex (Chaplin et al., 2013),
particularly in humans (Hill et al., 2010; Gregory et al., 2017), including that of the parietal
lobe. According to Gamberini et al. (2019), it is plausible that area 5 in humans “was
confined within more medial brain locations, because it has been ‘pushed’ upward and
medially by the growing associative inferior parietal cortex”, concluding with the hypothesis
that area 5 in humans and monkeys could be functionally very similar (Gamberini et al.,
2019). Further studies are needed to better relate the functional organization of monkey PE

with its possible human counterpart.
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5.1.3  fMRI-guided electrophysiology of spatial attention shifts in the macaque superior

parietal lobule

In our third study (Chapter 4), we described preliminary results of a combined fMRI-
electrophysiology experiment conducted to investigate the neuronal mechanisms underlying
covert shift of attention processes. This experiment started in 2015, when Caspari et al. for
the first time identified in monkeys a network of areas, including parietal area V6A, activated
during spatial shifting events, using a spatial attention task adapted from a human fMRI
study (Molenberghs et al., 2007). We defined the ventral V6A as the designated target for our
electrophysiological recordings based upon the task-related activation on the fMRI maps.

We found that V6A shift-related activity was not contaminated by deviations in eye position
directed towards the stimuli evoking the attention shifts, as the monkey’s gaze did not
deviate significantly from the central fixation point in any of the task conditions. This result
was not granted, given that V6A is affected by oculo-motor related modulations (Galletti et
al., 1995; Kutz et al., 2003). More than half of the total recorded number of V6A neurons
showed shift-selective activity when the monkey was covertly shifting its allocation of
attention towards the location of the RF. When shifts pointed to the opposite direction, half
of the neural population showed instead stay-selective activity in the early and late stages of
the attention period. In 2010, Galletti et al. have already provided evidence for attention-
related activity in V6A at neural level, using a task where the monkey was required to shift
its attention outward to a peripheral cue and inward again to a central fixation point. In that
task, however, potential sensory and motor-driven signals could not be separated from the
attentional shift signals. They found an equal number of cells preferring shifts towards parts
of the space contralateral or ipsilateral with respect to the recording site. This also fits the
human and monkey fMRI data (Yantis et al., 2002; Molenberghs et al., 2007; Caspari et al.,

2015), where no obvious difference between shift-in and shift-out conditions has been
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observed. Attention related signals have been also found in: 1) parietal areas, such as the
lateral intraparietal area (LIP), whose neurons showed responses that were strongly modified
by the behavioral relevance of the stimulus placed within their visual RF (Gottlieb et al.,
1998; Toth and Assad, 2002); ii) frontal areas, such as FEF, where neural responses were
enhanced just before the animal localized the target inside the neuron’s visual RF (Buschman
and Miller, 2009). These results are in line with ours, as we found that V6A neurons exhibit

higher attention-related activity for shifts directed towards the RF rather than away from it.

In the human domain, fMRI and TMS experiments have revealed signals coding spatial
attention shifts in mSPL regardless of the shift direction (Yantis et al., 2002; Molenberghs et
al., 2007). As found in the monkey brain by Caspari et al. (2015), areas showing shift-related
signals in humans were largely segregated from those maintaining the current locus of
attention (Yantis et al., 2002; Vandenberghe and Gillebert, 2009). A recent rTMS study
demonstrated interference with attentional “re-orienting” upon stimulation of human mSPL
during a reaching and an attention task (Ciavarro et al., 2013). Their results suggest that
reorienting signals are used by putative human V6A to rapidly update the current motor plan
or the ongoing action. More recently, Caspari and collaborators (2018) demonstrated that
monkey medial parietal areas V6/V6A most consistently correlated with shift-selective

human mSPL.

All these evidences are consistent with our results, that show a strong correlate of covert

spatial attention shifts at neuronal level within parietal area VOA.
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5.2 Methodological considerations

We are aware that the studies in the present thesis come with some potential
limitations, which are mainly due to constrains on research design or methodology and might
have impacted to some extent our findings. In the next paragraphs, some of the major

limitations will be described.

5.2.1 Tasks and stimuli

In the first study, we draw a parallel between the grasp-related properties measured in
V6A and the grasping responses of area AIP studied in several different labs. However, this
comparison should be taken as a suggestion, as the data used for the comparative analysis
come from different laboratories and were recorded under different experimental conditions
(e.g. different species of monkeys; different types of grasping tasks; data collected with
different recording apparatuses — single electrode for V6A vs. chronic implanted arrays for

AIP).

In the second study, we used an experimental setup where the depth range explored was
larger than the range of directions. This could have partially led to an overestimation of depth
over direction modulations. Although we cannot completely exclude this possibility, we
believe that the range of directions employed in our study (30 degrees of visual angle) it
comprises most of the central visual field where naturally eyes and hands interact with
objects in everyday life. Reaches were always performed towards foveated targets and started
from the same initial hand position, so the reference frames of reach-related activity could

not be examined. We are aware that the effects of depth and direction we observed could also

166



reflect vector coding in addition to positional coding. However, the issue of the reference
frames was beyond the scope of our study.

Moreover, in all our experiment we used artificially created stimuli, which are not generally
found in a more natural environment, thus meaningless for monkeys. Medial SPL areas are
involved in the processing of more complex and natural stimuli, therefore we believe that the

use of different type of stimuli might lead to different results.

5.2.2 Limitations of single-cell recordings

As already mentioned in the introduction (see section 1.3), single-cell recordings
allow to directly measure neuronal activity with a very high spatial and temporal resolution.
This method still represents a very powerful tool to investigate the properties of individual
neurons and to characterize the functional selectivity of a brain region. However, the use of
single electrode recording techniques shows several disadvantages. By using this technique,
it is extremely difficult to differentiate between various neuronal subtypes, as researchers are
usually biased to target their recordings to large pyramidal excitatory cells rather than to
small, inhibitory neurons. This procedure is also very laborious and time-consuming, so it is
very difficult, if not impossible, to sample a whole brain area homogeneously by means of
single-cell recordings. Neuronal activity is recorded in isolation, and it’s usually unclear from
which area the input to the activated neurons is coming from, where the output is going to
and how neurons interact in a network. Moreover, in many single-cell experiments,
researchers include in their analysis only neurons showing task-related responses, by already
applying stringent selection filters during the data collection phase. This can lead to instances
where recorded neural populations may not be representative for the studied brain regions.

A possible way to solve these problems would be to record activity simultaneously from

larger numbers of neurons, by using for instance multielectrode arrays implanted in different
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brain areas. In this way, the selection biases would be reduced, and the characterization of

network activity becomes possible.

5.2.3 Limitations of functional MRI

The fMRI is used to indirectly infer changes in neuronal activity based on local
metabolic and blood-based responses (BOLD) via intermediary processes such as
neurovascular coupling and MRI contrast (MION). However, the underlying mechanism of
this relationship 1is still poorly understood. This open question makes it difficult to couple
fMRI data with those obtained using other techniques, such as electrophysiological
recordings (Ugurbil et al., 2003). fMRI lacks sufficient spatial and temporal resolution to
measure the responses of individual neurons. In the temporal domain, the BOLD response is
a delayed version of the neurophysiological response. This is because changes in blood flow
occur over a much slower timescale than changes in electrophysiological activity.
Modifications in electrophysiological activity may happen within milliseconds, whereas
changes in blood flow or BOLD response could take from hundreds of milliseconds to
seconds (Shmuel and Maier, 2015). In the spatial domain, the resolution of the fMRI signal
depends on the choice of fMRI contrast and the strength of the magnetic field. It also
depends on which component of the vasculature is being probed (i.e. size of the blood
vessels) (Logothetis, 2008).
fMRI signals cannot easily differentiate between function-specific processing and
neuromodulation, bottom-up and top-down signals, and may potentially confuse excitation
and inhibition. Furthermore, the magnitude of the fMRI signal cannot be quantified to
accurately reflect differences among brain regions or among tasks within the same region.
(Logothetis, 2008). The above-mentioned limitations of fMRI are unlikely to be resolved by

improving the sophistication and power of the scanners, since they are intrinsic to the
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measurement of the signal. This is the reason why a multimodal approach, like the one used
in the present thesis, combining different complementary techniques, seems to be the right

tool to deepen our understanding of the brain.

5.3 Future directions and final remarks

The main aim of the present thesis was to further study the functional heterogeneity of
monkey medial PPC, by investigating the visuomotor, somatic, visual, and attention-related
properties of two areas belonging to this brain region. Our results show that the rich set of
inputs reaching medial PPC merge together to serve different goals, involving the
representation of space (as highlighted in the 2" and 3" study), grasping actions (shown in
the 1% study), and the use of the sensory information for goal-directed movements (reported
in the 1% and 2" study). On top of this, we demonstrated that medial PPC is involved in the
processing of higher-level cognitive functions, like selective visual spatial attention (3

study).

The results presented in this thesis have raised a number of new questions that need to be

investigated in future studies:

- We showed that V6A neurons are influenced by grip type during grasping actions in dark
and light. Would V6A neurons also respond differently when the same object is grasped

with different hand configurations?

- As medial PPC is involved in the handling of complex, multisensorial stimuli, would the

use of more sophisticated stimuli change the outcome of our research?

- Does reaching for visual targets in 3D space influence the coordinate frames and the

kinematics in area PE?
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- How would the perturbation of the reaching network V6A/PEc/PE influence the ability of

the monkey to correctly perform reaching movements in the 3D space?

- How would a reversible inactivation of V6A impact the ability of the monkey to shift

spatial attention? Does a unilateral inactivation affect the direction of the attention shift?

- Are V6A cortical layers differentially involved in the spatial attention task?

I hope that the studies described in the present thesis will contribute to improve our
understanding of the functional organization of the primate PPC. Additional experiments,
specifically designed to address the aforementioned questions, may help to gain new insights
about the implication of these cortical areas in the complex sensorimotor transformations
operated by medial PPC. In these future investigations, the use of combined techniques, such
as stimulation, inactivation (Gerits and Vanduftfel, 2013; Vanduffel et al., 2014; Balan et al.,
2019) and neural recording or fMRI could be the key to overcome some of the drawbacks

intrinsic to single methods.
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