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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 V6A 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.

Keywords: area 5, reaching in distance, arm movements, superior parietal lobule,
somatosensory responses.



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. 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. la), 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.

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.
2007; 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; Shi et al. 2013; Li and Cui 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. 1b) varied the azimuth, elevation and distance of reach targets with respect to the
body and found different neuronal 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.

Materials and Methods

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 training and recording sessions, particular attention was

paid to any behavioral and clinical sign of pain or distress.

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.

a) 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. 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. 2¢). 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 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. 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.

At the beginning of each recording session, the monkeys were required to perform a 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
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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+ L)
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.

b) 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 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, 2017).

¢) 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 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. 2017).

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.

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, 2017). Single-cell activity was extracellularly recorded from area PE, located
mainly on the exposed cortex of postcentral gyrus, between somatosensory cortex and PEc (Fig. 2a)
(Pandya and Seltzer 1982). We performed single microelectrode penetrations from the posteromedial
part of PE, using multielectrode recording systems (5-channel MiniMatrix, Thomas Recording,
GMDH, 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, 2017). 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.

2a).

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 VOA.
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:

* 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.
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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 (ANOV A) 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 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 = yp(1-p)[(I+n)(I=n2)]

with p = [(n;xp1)(n2xp2)]+(n1+nz) representing the pooled sample proportion and n;/p; and nx/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.
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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
t. This test was repeated in time steps of 50 ms (sliding window ANOVA, p<0.05, Fig. 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:

ACGY:) = bo+ biXi+ byY;

where 4 was the neural activity in spikes per second for the ith trials; X; and ¥; 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
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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 contra - best ipsi)
Sldepth =

(best far - best near) ]

& Sliirection =
(best far + best near) [ direct

(best contra + best ipsi)

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 Slaept
and Sldirection in €ach 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
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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.

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).

Results

In the present study, we investigated the functional properties of the medial part of PE (see Fig. 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. 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
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microelectrode penetrations were performed in the medial part of area PE (see inset in Fig. 2a). We
examined the neural responses during four epoch intervals: initial LED fixation (EARLY FIX, see
Materials and Methods), movement preparation (LATE FIX), movement execution (REACH), and
LED holding (HOLD).

Figure 3 shows two examples of the most represented classes of PE cells: those tuned only by depth
(Fig. 3a, 2-way ANOVA, p<0.0001 in EARLY FIX, p<10~ in LATE FIX, p<10?” in REACH, p<10
26 in HOLD) and those tuned only by direction (Fig. 3b, 2-way ANOVA, p<10~ in LATE FIX, p<0.01
in REACH, p<107'% in HOLD). The neuron in Fig. 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. 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. 3a). The neuron in Fig. 3b discharged strongly during the execution of reaches and
LED pressing for ipsilateral and central positions with respect to the recording hemisphere (Fig. 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. 3a showed also a weak tuning of activity and slightly increased its discharge rate
during the EARLY FIX and LATE FIX epochs (Fig. 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. 3b reduced its activity during the last part of EARLY FIX and
throughout the LATE FIX part of the trial (Fig. 3b, EF and LF respectively). This inhibition of activity

during LATE FIX was spatially tuned, with stronger effects for the ipsilateral and near space.

Dynamic Depth and Direction tuning during the task

15



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. 4a. Neurons modulated only by depth or only by direction were
the most represented classes of tuned cells in area PE (see Fig. 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 (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. 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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To examine the temporal evolution of tuning with finer detail we performed a sliding window analysis
(Fig. 4b; width: 200 ms, step: 50 ms) that confirmed the time course of the modulating effects
suggested by the plot in Fig. 4a: the percentage of cells modulated by depth (Fig. 4b, black line)
surpassed those modulated by direction (Fig. 4b, grey line) immediately after movement onset, and

this effect was maintained during the HOLD epoch (see Fig. 4b).

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 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.

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 5a shows that the majority of cells modulated only by depth (Fig. 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 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. 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
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IPSILATERAL space in ‘HOLD?’, achieving statistical significance only in this latter epoch (Chi
squared test, p<0.05).

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 5b,
separately for each action epoch. The analysis shows a significant difference between the distributions
of Slgepth and Sldirection 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. 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 epoch. The same
trend was evident in the cells tuned for direction (Fig. 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.

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
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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 VOA
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. 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. 6a left,
16% Fix, 13% Fix-Reach, Chi squared test, p<0.05). In contrast, neurons affected by direction were
virtually equally distributed among the three classes (Fig. 6a, right; Chi squared test, p>0.05). Figure
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.

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 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. 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
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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. 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 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. 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. 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. 4), where the proportion of neurons
modulated during EARLY FIX is significantly lower than other epochs (two-proportion z-test,
p<0.01). In sum, depth and directionally tuned neurons showed similar temporal evolution in both
Fix and Reach cell classes. Related to this finding, it should be clarified that the fact that the
directionally tuned activity peaked early in the trial and depth tuned activity peaked later was due to
the different proportions of depth and direction-tuned cells across the task, and not to the discharge

pattern of each class.
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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. 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. 7, the SDFs of the 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. 6C, middle panels), thus strongly suggesting
that, also at population level, PE neurons process more prominently skeletomotor than visuospatial
signals.

Overall, neural activity remained stable and low after the EARLY FIX epoch (middle panels of Fig.
6C and Fig. 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 et al. 2013).

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
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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. 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. 8c). The
distribution of somatosensory receptive fields did not match the somatotopy reported for the nearby
Brodmann’s area 2 (see Fig. 1). We did not find a mere 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. 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. 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. 8e).

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
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movement (Neggers and Bekkering 2001; Hayhoe et al. 2003). We are aware that a contribution from
gaze signals to differences in activity during reach execution cannot be excluded. 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 6C (middle panels, population activity of Reach cells), and Figure 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, 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
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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 PEc, an area showing convergence of depth and
direction signals (Hadjidimitrakis et al. 2015, see also below), whereas lateral PE lies further away
(Fig. 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. 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
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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 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. 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.

Comparison of PE with SPL areas PEc and V64
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We used the same experimental paradigm in our previous VO6A and PEc studies (Hadjidimitrakis et
al. 2014a, 2015), enabling a direct comparison of the three SPL areas (Figure 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. At
a population level there was a persistent higher activity for the preferred direction/depth during
EARLY and LATE FIX in V6A and PEc (Hadjidimitrakis et al. 2014a, 2015) compared to PE (Fig.
6C), and the selectivity was maintained in between the two epochs, possibly reflecting a more
sustained influence of fixation. 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. 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 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. 2017), 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
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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. 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).

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. 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
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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 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.

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 organisation 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.
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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). The separation of elbow and
shoulder loci in the motor map of M1 also suggests the divergence of depth and direction signals

from unified in PMd to separate in M1.

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 V6A, 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 (Vanduftel 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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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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Fig. 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
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tasks used in these studies were: a) center-out reaches performed with a joystick (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 ¢) 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. 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, areca PEc.
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Fig. 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
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(http://brainvis.wustl.edu/wiki/index.php/Caret:Download) showing the location and extent of area
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; Is, 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).
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Fig. 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

positions. Coloured behavioral markers are from left to right: HB pressing, fixation onset, go signal,
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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.
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Fig. 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).
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Fig. 5 Spatial preference, indices and tuning consistency across different epochs. a) Top: Percentage

of cells modulated by depth with a preference for far (‘FAR’, white) or near (‘NEAR’, black) space
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in each epoch. Bottom: Percentage of the cells linearly modulated by direction with a preference for
ipsilateral (‘IPSI’, white) or contralateral (“CONTRA’, black) space in each epoch. 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 Slgepth 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.
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DEPTH DIRECTION B Distributions of cell categories
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Fig. 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. 2)
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
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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 2 and 4.

POPULATION ACTIVITY OF ALL PE CELLS

N=176

Fixation onset Movement onset

Fig. 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 6c.

51
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Fig. 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. 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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Fig. 9 Depth and direction tuning along the reaching task (a) and in subpopulations of cells (b) in 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 (2014) and Hadjidimitrakis et al (2015). Double asterisks indicate significant
difference between the three areas (VO6A: 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. (2014); 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 2, conventions as in Figure 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 Figure 6a and 9a.
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