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SUMMARY
Amajor issue inmodern neuroscience is to understand how cell populations present multiple spatial andmo-
tor features during goal-directed movements. The direction and distance (depth) of arm movements often
appear to be controlled independently during behavior, but it is unknown whether they share neural re-
sources or not. Using information theory, singular value decomposition, and dimensionality reduction
methods, we compare direction and depth effects and their convergence across three parietal areas during
an arm movement task. All methods show a stronger direction effect during early movement preparation,
whereas depth signals prevail during movement execution. Going from anterior to posterior sectors, we
report an increased number of cells processing both signals and stronger depth effects. These findings sug-
gest a serial direction and depth processing consistent with behavioral evidence and reveal a gradient of joint
versus independent control of these features in parietal cortex that supports its role in sensorimotor trans-
formations.
INTRODUCTION

An overarching aim of modern neuroscience is to understand

how populations of cells across different parts of the nervous

system interact in a dynamic manner, which allows the precise

coordination of our perception and action. Like in other primates,

a large proportion of what we do in our daily lives involves reach-

ing with the arm and grasping objects located in the three-

dimensional (3D) peripersonal space. Although every arm

movement occurs in 3D space, it has become traditional among

researchers to make a distinction between movement direction

and amplitude or depth, i.e., how far the arm extends to reach

its target. However, after over three decades of research, it is still

under debate as to whether the brain specifies these two move-

ment parameters independently. Numerous psychophysical and

lesion studies suggest that reach coordinates are processed by

separate neuronal channels (Soechting and Flanders, 1989; Gor-

don et al., 1994; Baylis and Baylis, 2001; Sainburg et al., 2003;

Vindras et al., 2005; Bagesteiro et al., 2006; Van Pelt andMeden-

dorp, 2008; Danckert et al., 2009; Tramper and Gielen, 2011;

Apker and Buneo, 2012; Lefrançois and Messier, 2019). Howev-

er, other psychophysical evidence is in line with common neural

resources (Bhat and Sanes, 1998; Medendorp et al., 2003; Mes-

sier and Kalaska, 1999; Sarlegna and Blouin, 2010; Wijdenes

et al., 2013). In comparison with the extensive psychophysical

work, relatively few studies in primate premotor and motor cor-
C
This is an open access article under the CC BY-N
tex have addressed simultaneously the coding of movement dis-

tance and direction (Churchland et al., 2006; Even-Chen et al.,

2017; Fu et al., 1993, 1995;Messier andKalaska, 2000; Naselaris

et al., 2006). In the parietal cortex, only a handful of studies have

directly investigated the neural correlates of movement direction

and depth during naturalistic arm movements in 3D space (Had-

jidimitrakis et al., 2014a, 2015; Lacquaniti et al., 1995; De Vitis

et al., 2019). These studies provided mixed results, supporting

both joint and independent control; however, this could be attrib-

uted to different task contexts and idiosyncratic differences

among animals and recording locations.

Contemporary research has established that the posterior pa-

rietal cortex (PPC) is involved in the processing of spatial informa-

tion and in the control of goal-directed behavior (Andersen et al.,

2014;Hadjidimitrakis et al., 2019;Husain andNachev, 2007). Sin-

gle neurons in the PPC process diverse types of motor informa-

tion, for example, reach direction and hand grasping configura-

tion (Chen et al., 2009; Lehmann and Scherberger, 2013;

Michaels and Scherberger, 2018), and both spatial and temporal

aspects of the same effector, like gaze position and speed (Dio-

medi et al., 2020), and some PPC cells encode both spatial and

cognitive parameters, like decision-related signals and imagined

movements (de Lafuente et al., 2015; Zhang et al., 2017). Howev-

er, it remains unclear how this computational principle of mixed

selectivity is implemented also in the control of reach parameters

and how parietal populations integrate information about the
ell Reports 41, 111608, November 8, 2022 ª 2022 The Author(s). 1
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Cartesian axes of the 3D environment during arm reaching. One

possibility is that reach direction and distance are encoded by

distinct neural circuits and/or separate neuronal populations

within the same cortical area, in line with the majority of the psy-

chophysical studies. Interestingly, an early neurophysiological

study provided strong support for this view, reporting that the

spatial coordinates (azimuth, distance, and elevation) of reaching

targets were encoded by distinct subpopulations in Brodmann’s

area 5 (areaPE) in parietal cortex (Lacquaniti et al., 1995). Another

possibility is that reach coordinates are encoded by the same

population of neurons, but at distinct times during the planning

and execution of themovement. This view fitswith behavioral ev-

idence suggesting a serial processing ofmovement direction and

depth signals, with direction being specified first (Bhat and

Sanes, 1998), and is supported by neurophysiological work in

the premotor cortex, although with 2D reaches performed with

a joystick (Churchland et al., 2006; Even-Chen et al., 2017; Fu

et al., 1993, 1995; Messier and Kalaska, 2000). A third possibility,

combining the first two scenarios, is that reach direction and

depth are processed by overlapping populations of PPC cells

and also show different temporal dynamics. In favor of this

view, we provided some preliminary evidence from the caudal

PPC (Hadjidimitrakis et al., 2014a, 2015).

Here, we tested these alternatives by analyzing neural dis-

charges from single PPC neurons in the same monkey, while

it gazed and reached toward targets located at different dis-

tances and directions. We recorded in two macaques from

three different areas along the anteroposterior (AP) axis of the

medial PPC, namely PE (anterior), the area caudal to it (area

PEc), and the more posterior visual area V6A that are involved

in reaching control (Bosco et al., 2010; Fattori et al., 2017; Fer-

raina et al., 2001, 2009; Hawkins et al., 2013; Lacquaniti et al.,

1995; Marzocchi et al., 2008; McGuire and Sabes, 2011; Shi

et al., 2013). Anatomical connectivity studies in macaques

and neuroimaging work in humans suggest some degree of

AP functional specialization, with anterior PPC sectors

receiving predominantly proprioceptive input and being

involved mostly in movement execution and posterior sectors

relying more on visual input and controlling movement planning

(Bakola et al., 2010, 2013; Barany et al., 2014; Filimon et al.,

2009; Gamberini et al., 2009, 2018; Johnson et al., 1996). These

anatomical and functional trends are also supported by recent

accounts of PPC organization that reinstate a distinction be-

tween low- and high-level associative areas in line with the orig-

inal assignment of posterior parietal fields to areas 5 and 7 of

Brodmann (Gamberini et al., 2020). Given this evidence, in

the present work we examined whether the various motor pa-

rameters are processed following different schemes across

PPC subdivisions. We found that, in all areas, distance and di-

rection information showed a partial anatomical segregation,

with a clear trend of increasing convergence along the AP

axis, i.e., going from PE to V6A. We also report a common

pattern of temporal dynamics, with direction signals being

stronger immediately after target fixation, whereas distance

processing gradually increased and peaked around movement

onset. Overall, our results suggest flexible spatial representa-

tions for reaching and further highlight the importance of

anatomical and functional gradients in PPC.
2 Cell Reports 41, 111608, November 8, 2022
RESULTS

Single-unit activity was recorded from the PPC in two monkeys

while they performed an instructed-delay arm-reaching task (Fig-

ure 1A). During a trial, monkeys were first required to look at visual

targets (light-emitting diodes, LEDs) for a variable delay period

while keeping their arm still at a resting position (Figure 1A).

When cued, (Figure 1A), they had to move their arm toward the

target and hold it to receive a reward. The targets appeared in

one of nine locations (3 depths 3 3 directions), at eye level (Fig-

ure 1A). It should be mentioned that in our setup arm movements

had an elevation component that could not be dissociated from

movement distance because nearer targets were always associ-

ated with steeper elevation angles compared with farther ones

(Figure 1A), so elevation could represent a potential confound in

the distance effects. A total of 899PPCneurons distributed across

threeneighboring areas in thePPCof twomacaques (monkeysM1

andM2)were recorded (Figure 1B;V6A, 178M1/153M2; PEc, 184

M1/151M2; PE, 87M1/146M2). The task epochs of interestwere:

(1) the early fixation epoch (FIX), from 50 to 450 ms after the mon-

key started to look at the LED target; (2) the preparation epoch

(PLAN), the last 500 ms before the ‘‘go’’ cue; and (3) the reach

epoch (REACH), from200msbefore thearmmovementonset until

its end (Figure 1A; see also STARMethods).

To investigate how neuronal activity of the entire recorded

population evolved along the task progress, we computed the

population activity in each area as the spike density function

(SDF), averaging the discharges of all recorded cells for each

of the nine task conditions. To appreciate the strength of modu-

lations, Figure 1C shows the average population response for the

task condition that evoked the strongest activity (Figure 1C,

preferred) and the population response that evoked the weakest

activity (Figure 1C nonpreferred), selected separately for each

behavioral event of alignment (i.e., fixation onset and movement

onset). In the preferred condition, the cumulative activity in each

area started to increase before the arm movement onset and

peaked just after it (Figure 1C, REACH). A modest inhibition of

population activity was also observed during the fixation epoch

in V6A (Figure 1C FIX) and in all three areas during the planning

and execution of nonpreferred arm movements (Figure 1C,

PLAN and REACH). The preferred and nonpreferred SDFs in all

three areas started to diverge right before the fixation onset (Fig-

ure 1C, FIX) and this separation was maintained and became

more evident during the course of the task. The strength of

spatial selectivity measured as the difference in population activ-

ity between the preferred and the nonpreferred positions was

high and statistically significant across all task epochs in V6A

and PEc, while in PE it became statistically relevant when the

movement planning was already ongoing (Figure 1C; permuta-

tion test, p < 0.05). The same trends were also evident in the in-

dividual population responses of the two monkeys (Figure S1).

Dynamic depth and direction tuning in the different task
phases
We quantified the effects of depth and direction signals on the

activity of single neurons. A two-way ANOVA (p < 0.01) revealed

that target depth (near, intermediate, far, with respect to the

body) and target direction (contralateral, center, ipsilateral,



Figure 1. Behavioral task and recording

sites

(A) Experimental setup and task sequence. Nine

LEDs that were used as fixation and reaching tar-

gets were located at eye level. The distances of the

three targets of the central row from mid-eye level

are shown. HB, home button.

(B) Top: dorsomedial (left) and dorsolateral (right)

view of a Macaca fascicularis right hemisphere

reconstructed in 3D using Caret software (http://

brainvis.wustl.edu/wiki/index.php/Caret:About).

Bottom: magnified view of the dotted rectangles

shown on top, showing the location and extent of

recorded cells in V6A (pink), PEc (green), and PE

(gold). ARs, arcuate sulcus superior ramus; ARi,

arcuate sulcus inferior ramus; Cal, calcarine sul-

cus; Cin, cingulate sulcus; Cs, central sulcus; IPs,

intraparietal sulcus; Lf, lateral fissure; Ls, lunate

sulcus; POs, parieto-occipital sulcus; Ps, principal

sulcus; STs, superior temporal sulcus.

(C) Average normalized SDF for the preferred

(bright-colored curves) and nonpreferred positions

(washed-out curves) of the recorded V6A, PEc,

and PE populations (n = 331; n = 335; n = 233,

respectively), aligned at the fixation andmovement

onset. Thin black lines in SDFs represent the

standard error of the mean. Vertical bars in all SDF

plots: 80% of normalized activity. Asterisks indi-

cate statistical difference between the SDF curve

in bins of 20 ms (permutation test, *p < 0.05).
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with respect to the recording hemisphere) significantly influ-

enced the firing rates of the majority of recorded neurons in the

three areas (Figure 2A). Importantly, these modulations were

differently distributed across the task epochs. All three areas

showed a strong tuning of activity by direction information during

the initial target fixation period (FIX), with a significantly higher

fraction of cells specifically modulated by direction compared

with the subsequent task epochs (Figure 2A; direction-only cells,

two-proportion z test: FIX vs. PLAN p = 0.002/0.022/0.040 for

V6A/PEc/PE, FIX vs. REACH p = 0.012/0.029/0.026). In contrast,

in all areas, depth processing tended to increase during the task,

and the proportion of cells with only depth tuning (Figure 2A,

depth-only cells) was significantly higher during movement

execution compared with early task stages (two-proportion z

test: FIX vs. REACH p = 0.022/0.004/0.006 for V6A/PEc/PE).

In addition, the ANOVA revealed a third group of cells that

were modulated by both depth and direction information (Fig-

ure 2A, ‘‘both’’). Within each area, the fraction of cells tuned by

both these factors increased only slightly along the task progress

(V6A, 18%–22%; PEc, 11%–16%; PE, 2%–6%). Given the total

incidence of depth and directional tuning in each epoch, we

tested whether the proportions of cells tuned for both depth

and direction were significantly higher from a chance rate and

found that to be the case in almost all cases (two-sample bino-

mial test, p < 0.05 in all area/epoch comparisons apart from

FIX in PE). Interestingly, comparing joint directional and depth

tuning across areas, we found a significantly higher proportion

of cells tuned by both parameters in V6Awith respect to the other

two areas (two-sample binomial test, V6A vs. PEc, p << 0.001 in
FIX and PLAN, p = 0.008 in REACH; V6A vs. PE, p << 0.001 in all

epochs), and PEc had a significantly higher fraction than PE

(two-sample binomial test, PEc vs. PE, p << 0.001 in all epochs).

In sum, V6A, and to a lesser extent PEc, appeared as a site of

convergence of depth and direction information.

Regarding the other two groups of cells with exclusive direc-

tional or depth tuning, PE had a significantly lower proportion

with respect to PEc (two-sample binomial test, depth only, p =

0.0047 in FIX, p < 0.001 in PLAN, p = 0.036 in REACH; direction

only, p << 0.001 in all epochs) and a highly significant lower pro-

portion compared with V6A (two-sample binomial test, depth

only, p << 0.001 in all epochs; direction only, p << 0.001 in all

epochs). In contrast, comparing V6A with PEc revealed similar

fractions of direction-specific tuning in all epochs (two-sample

binomial test, direction only, p > 0.05), whereas the depth-spe-

cific modulations were more frequent in V6A during initial fixation

and movement planning but not during movement execution

(two-sample binomial test, depth only, p = 0.006/0.002 in FIX/

PLAN, p > 0.05 in REACH). The main trends described above

were also evident when looking separately at the results from

each monkey (Table S1). To exclude a possible influence of

variable movement time, due to different target depths, on

neural modulation of activity quantified in epoch REACH, we

also defined a movement epoch, hereafter called REACH_

fixedTime, of a fixed duration of 300 ms, from movement onset

until 300 ms after it. We performed a one-way ANOVA (factor

depth) to quantify the proportion of cells modulated by depth in

REACH_fixedTime within each area (V6A, 26%; PEc, 25%; PE,

21%) and compared the resultswith those obtained in the original
Cell Reports 41, 111608, November 8, 2022 3
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Figure 2. Population profile of depth and

directional tuning

(A) Fraction of V6A (pink), PEc (green), and PE

(gold) cells showing tuning for depth only, direction

only, and both factors in the different task epochs

(two-way ANOVA, p < 0.01).

(B) Percentage of tuned V6A (pink line), PEc (green

line), and PE (gold line) cells by depth (left) and

direction (right) in a sliding window (width, 200 ms;

step, 50 ms) two-way ANOVA (p < 0.01). Trials are

aligned at fixation and movement onset.
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REACH epoch (V6A, 25%; PEc, 22%; PE, 16%). A two-propor-

tion z test between results in REACH vs. REACH_fixedTime re-

vealed no statistical difference for all comparisons (p >> 0.05).

To examine the evolution of tuning in finer temporal detail, we

performed a sliding window ANOVA (Figure 2B; width, 200 ms;

step, 50 ms). This analysis confirmed the different time courses

of direction and depth effects across the three areas observed

in the fixed-epochs analysis. The overall effect of depth was

strong in V6A (�25%; Figure 2B, left) all along the task progress,

i.e., from FIX to REACH, whereas in PEc and PE it was lower in

FIX and PLAN and showed a marked increase in REACH (20%

in PEc and 15% in PE; Figure 2B, left). Directionally tuned neu-

rons had a similar trend in the three areas. Their incidence

peaked during the early fixation epoch (FIX; 25% in V6A, 23%

in PEc, 10% in PE; Figure 2B, right) and gradually decreased dur-

ing the course of the trial.

In sum, at the level of single areas, the above analyses re-

vealed a common trend of sequential direction and depth pro-

cessing in line with earlier evidence from the premotor cortex

(Messier and Kalaska, 2000; see also Ferraina et al., 2009, for

depth processing). Importantly, at the network level, our results

highlighted two additional trends: (1) a stronger influence of

depth signals in the posterior PPC sector (V6A) and (2) a gradual

transition from joint to independent coding of direction and depth

information going from posterior to anterior PPC sites. In the

subsequent sections, we performed several additional analyses

to validate and deepen these findings.

Distinct temporal profile and anterior-posterior gradient
in the strength and timing of directional and depth
mutual information
We used information theory methods (Panzeri et al., 2007) and

quantified the mutual information (MI) between the firing of the
4 Cell Reports 41, 111608, November 8, 2022
tuned cells and the depth or directional in-

formation. Since MI is a nonparametric

measure of statistical dependency be-

tween two signals, it enabled a more

direct quantification of a neuron’s encod-

ing strength of the two types of informa-

tion. Furthermore, we examined binned

neuronal data aligned atmain task events,

so we were able to compare the magni-

tude and temporal evolution of the MI be-

tween the three parietal areas. Figure 3

shows the mean depth and directional
MI during two task intervals around fixation onset (Figure 3A)

and movement onset (Figure 3B), across all tuned cells in the

three areas (Figure 2). At each interval, MI was calculated with

single-cell activity aligned at the corresponding task event. It

should be mentioned that the trends of the mean MI results

were consistent between the two monkeys (Figure S3), so the

corresponding data were pooled together (Figure 3).

In the first interval around the fixation start (Figure 3A, vertical

dashed line), there was a rapid increase of mean MI in all areas,

with mean directional MI showing both an earlier peak time

(�200 ms) and a higher peak amplitude compared with mean

depth MI (Figure 3A). Overall, the highest peak values in both

MI categories were observed in V6A (Figure 3A, pink line), with

PEc and PE showing intermediate and low peak MI values,

respectively (Figure 3A, green and gold lines). The difference in

peak amplitude between directional and depth MI was larger in

area PEc (Figure 3A, green lines). After about 0.5 s from the start

of fixation, mean depth and direction MI in all areas dropped to

levels that were halfway between baseline and peak values.

Within each area, sustained levels of depth and direction MI

were similar and, as for the peak MI magnitude, there was trend

for MI to decrease, going from V6A to PE. Interestingly, peak MI

levels for both direction and depth were reached later in PE with

respect to V6A and PEc.

Aroundmovement onset we observed in all areas higher depth

MI values compared with the early fixation interval, whereas

directional MI values were lower (Figure 3B). Directional MI

peaked again slightly earlier compared with depth MI, but the

amplitudes were 30%–50% smaller compared with depth MI

peak amplitudes. Depth MI amplitude was doubled with respect

to the sustained premovement levels in PE and PEc, and it

increased by 30% in V6A, whereas the increase in direction MI

was smaller (20%–25%) in all areas. Comparing the MI time



Figure 3. Population average depth and

directional mutual information

(A–F) Mean magnitude of depth (solid lines) and

directional (dashed lines) mutual information (MI)

at fixation onset (A) and movement onset

(B) across all tuned cells (two-way ANOVA,

p < 0.01) in V6A, PEc, and PE. Distributions of

time-to-peak MI estimated in single neurons of

each area for direction (C) and depth (D) data and

peak MI magnitude for direction (E) and depth

(F) aligned at fixation onset (left) and movement

onset (right).
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Figure 4. Evolution of depth and direction tuning in the population

response

Sliding window population gradient analysis, showing the temporal evolution

of depth and direction encoding in V6A, PEc, and PE. Each data point corre-

sponds to the angle of the population’s response field orientation, thus indi-

cating which of the two variables has a stronger effect on activity at each time

step. The distance from the center of the circle is proportional to the strength of

tuning. Arrow lengths were averaged (vector summation) within each sub-

population and therefore they were not comparable across subpopulations.

Plots are aligned at fixation onset (left) and movement onset (right).
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course between the three areas (Figure 3B, vertical dashed line),

at movement onset the depth MI was close to the peak value in

V6A (Figure 3B, pink line), halfway between premovement level

and peak value in PEc (Figure 3B, green line), and at the start

of the increase in PE (Figure 3B, gold line). This trend was

observed also in directional MI, although much less pronounced

(Figure 3B, dashed lines). This difference in the depth MI time

course between the three areas could reflect a serial processing

of depth information during reach execution.

The time course of population MI was confirmed in the distri-

butions of time-to-peak MI estimated in single neurons (Figures

3C and 3D). Comparing these distributions between the three

areas at the fixation interval revealed no difference between

them, for both direction and depth (Figures 3C and 3D, left;

Kolmogorov-Smirnov test for V6A-PEc/V6A-PE/PEc-PE pairs:

p > 0.05). Regarding the movement interval, for directional MI

there was again no statistical difference in time-to-peak MI dis-

tributions between the areas (Figure 3C, right). In contrast, for
6 Cell Reports 41, 111608, November 8, 2022
depth MI (Figure 3D, right), all statistical comparisons between

the three areas were significant (Kolmogorov-Smirnov test for

V6A-PEc/V6A-PE/PEc-PE pairs: p < 0.05). This was in line with

the significantly higher number of V6A neurons compared with

the other two areas that showed peaks in depth MI before move-

ment onset (two-sample binomial test: p < 0.05).

Similarly, there were significantly more V6A and PEc neurons

with peaks in depthMI aroundmovement onset (Figure 3D, right,

0 and 100 ms bins) compared with PE (binomial test: p < 0.05).

Apart from the time-to-peak MI distributions, we also exam-

ined the distributions of peak MI values between the three areas

to directly compare the depth and direction effects (Figures 3E

and 3F). At the fixation onset interval, directional peak MI was

significantly higher in V6A compared with both PEc and PE (t

test: p < 0.05). PE, in turn, had lower values of peak MI with

respect to PEc (Figure 3E, left; t test: p < 0.05). Regarding depth,

peak MI in PE cells was significantly lower than in both PEc and

V6A (Figure 3F, left; t test: p < 0.05). For the time interval around

movement onset, peakMImagnitudes for directional information

were comparable between the three areas (Figure 3E, right; t

test: p > 0.05), whereas depth peak MI in PE was significantly

lower only in comparison with PEc (Figure 3F, right; t test:

p < 0.05). In sum, this analysis at the single-cell level was in

line with the population average MI findings and revealed a trend

of higher peak MI values in more caudal sectors of the PPC.

Another important point regards the timing of peak directional

and depth MI in single cells. As can be inferred from Figures 3C

and 3D (left), at fixation interval peak directional MI occurred

significantly earlier compared with depth MI in both PEc and

V6A (Kolmogorov-Smirnov test: p < 0.0001), but not in PE

(Kolmogorov-Smirnov test: p > 0.05). At the movement onset

period (Figures 3C and 3D, right) the distributions of peak times

for directional and depth MI were similar in PEc and V6A

(Kolmogorov-Smirnov test: p > 0.05), whereas in PE, depth MI

lagged behind directional MI (Kolmogorov-Smirnov test:

p < 0.05). This analysis further confirmed, at the single-cell level,

the earlier effect of direction compared with depth during the

early fixation interval that was evident in the population MI (Fig-

ure 3A). This trend was also present in single neurons with

both direction and depth effects (Figure S2).

Inseparable tuning by direction and depth in single cells
and sequential processing of the two signals in the
population response
To characterize the relationship between depth and direction in

single neurons from the three areas in the same epochs of the

ANOVA (i.e., in FIX, PLAN, and REACH), we performed gradient

and singular value decomposition (SVD) analyses. In gradient

analysis, neural responses for each neuron were organized into

3 3 3 (depth 3 direction) response matrices, where the firing

rate is calculated for each pair of depth and direction positions

and then a gradient field is computed (Figure S4). The resultant,

or vector sum, of the gradient field summarizes which of the two

variables has a larger influence on the firing rate of the cell (Bu-

neo, 2011; Buneo and Andersen, 2012).

In the gradient analysis, we found that the proportion of cells

tuned in at least one of the FIX, PLAN, or REACH epochs was

75% (N = 249/331) in V6A, 74% (N = 248/335) in PEc, and



Table 1. Separability analysis

V6A (%, number) PEc PE

Separable Inseparable Separable Inseparable Separable Inseparable

FIX only 2.8 (7/249) 19.6 (49/249) 1.6 (4/248) 14.1 (35/248) 1.9 (2/104) 18.2 (19/104)

PLAN only 2 (5/249) 5.6 (14/249) 0.8 (2/248) 14.9 (37/248) 1 (1/104) 9.6 (10/104)

REACH only 0.8 (2/249) 17.2 (43/249) 2 (5/248) 20.6 (51/248) 3.8 (4/104) 34.6 (36/104)

All 6.4 (16/249) 14.4 (36/249) 6 (16/248) 7.6 (19/248) 0 (0/104) 3.8 (4/104)

Incidence of separable and inseparable tuning in each task and epoch. ‘‘All’’ cells refer to cells that were tuned with gradient analysis in all the three

epochs. ‘‘All’’ separable cells were found to be separable in at least one of the three epochs, whereas ‘‘all’’ inseparable cells were inseparable in all

three epochs. Please note that the percentage values refer to the total number of cells tuned in an area in at least one epoch and that, for reasons of

simplicity, the percentages of cells tuned in two epochs are not listed.
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45% (n = 104/233) in PE. We then performed a sliding-window

(300-ms window, 50-ms step; see also STAR Methods) popula-

tion-level gradient analysis in these cells, to assess the temporal

evolution of depth and direction encoding across the tuned re-

sponses in each area (Figure 4). Results from individual monkeys

are shown in Figure S5. Each data point plots the angle of the

population’s response field orientation, thus indicating which of

the two variables had a stronger effect on activity at each time

step. The distance of each point from the center of the circle is

proportional to the strength of tuning. After fixation onset (Fig-

ure 4, left), the population responses were very similar between

the three areas, with direction effect being dominant. Around

movement (Figure 4, right), the depth signals influenced much

more strongly than direction the population responses in all

areas. In sum, the population gradient analysis confirmed the

dynamical processing of depth and direction signals observed

with our previous analyses.

To examine the interaction between depth and direction ef-

fects at the single-cell level, we applied the SVD analysis in cells

that were tuned in only one of these epochs and those that were

tuned in all of themwith the gradient analysis. SVDwas applied in

the tuned cells to define whether there is a gain-field relationship

between the two variables that show a multiplicative and sepa-

rable encoding, or whether the modulation of the neural

response by one variable (e.g., depth) is affected by the other

variable (e.g., direction), and thus the responses are inseparable

(Bremner and Andersen, 2012; Pesaran et al., 2006). In other

words, in separable cells the preference for a given depth (direc-

tion) does not change when direction (depth) is varied, whereas

in inseparable ones it does change.

As shown in Table 1, in all three areas, the vast majority of cells

with tuning present in only a single epoch were inseparable. In

contrast, cells with sustained tuning across epochs showed an

increased proportion of separable responses and were present

mostly in PEc and V6A (PEc, 15/34; V6A, 16/52; Table 1, ‘‘All’’

cells). In sum, the combined gradient and SVD analysis in single

cells revealed only small differences between the areas,

regarding largely the group of cells with persistent tuning.

Separate components for direction and depth in the
population activity
To further investigate how direction and depth signals are repre-

sented in the population activity, we applied a dimensionality

reduction technique termed ‘‘demixed principal-component
analysis’’ (dPCA) that is used to extract low-dimensional compo-

nents of population activity that encode specific task parameters

(Kobak et al., 2016).

To investigate whether there is an independent readout of

depth and direction signals at the population response in the

PPC, we computed the amount of variance that could be attrib-

uted to depth, direction, and interaction dPCA components.

These components, together with the condition-independent

component, represented the low-dimensional space of the pop-

ulation activity that was common to all three areas (Figure 5). As

in our previous analyses, the population responses were aligned

at the two main behavioral events, i.e., fixation and movement

onset. Data from the two monkeys were pooled together since

the results were consistent between them (Figure S6). Figure 5

shows that the condition-independent components accounted

for the most of the neural variance (43%–77%) in all areas, in

line with previous findings (Bosco et al., 2019; Michaels and

Scherberger, 2018). Regarding the condition-independent vari-

ance, PE and V6A showed significantly different percentages

(Figure 5, top and bottom, two-sample proportion binomial

test: p < 0.0001). Within each of these two areas the condition-

independent variance remained stable between the two activity

alignments (two-sample proportion binomial test: p > 0.05).

Interestingly, when population activity was aligned at fixation

onset, the condition-independent variances were similar in PEc

and V6A (45% vs. 43%, two-sample proportion binomial test:

p > 0.05), whereas in population response aligned at movement

onset, PEc variance was similar to that of PE (71% vs. 77%, two-

sample proportion binomial test: p > 0.05). This large increase in

the condition-independent variance in PEc during movement

could reflect the fact that the task conditions are more similar

in that phase (i.e., upwardmovements away frombody) than dur-

ing the initial fixation phase. Importantly, we found that in all

areas the condition-dependent variance was explained mostly

by separate depth-dependent and direction-dependent dPCA

components that, within each area, were almost equal in the

period after fixation onset (Figure 5, left).

Conversely, in the period around movement onset, the depth-

dependent variance was 2–3 times—depending on the area—

higher with respect to the direction-dependent variance (Fig-

ure 5, right). Interaction-dependent components accounted for

a small percentage of variance in all three areas (1%–10%).

For both alignments of the population response, the highest per-

centage of interaction-dependent variance was found in V6A
Cell Reports 41, 111608, November 8, 2022 7



Figure 5. Population activity variance explained by depth and di-

rection

Demixed principal-component analysis: pie charts showing the variance of the

individual demixed principal components (depth, blue; direction, light blue;

interaction, yellow; condition independent, white) in each area, aligned at

fixation onset (left) and movement onset (right). Condition-independent com-

ponents were significantly different in size between V6A and PE in both time

intervals (two-sample proportion binomial test, p < 0.0001).
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(8%–10%), followed by PEc (37%) and then PE (1%–4%). This

finding parallels the results of tuning analyses on single cells (Fig-

ure 2), where the highest and lowest convergence of depth and

direction signals was observed for V6A and PE, respectively.

Despite this trend, the very low percentage of interaction compo-

nent variance in PE suggests that depth and direction signals are

sent separately from PE to the downstream areas. In sum, dPCA

revealed interesting trends among the three areas: at early task

stages, population activity variance in V6A and PEc showed

very similar distributions that were quite different from that of

PE, whereas around movement, PEc was much more similar to

PE compared with V6A. In the same period, the depth accounted

for twice as much of the population variance in V6A compared

with the other two areas.

DISCUSSION

Here, we compared depth and direction signals during several

phases of an instructed-delay fixate-to-reach task in three areas

of the PPC. Given the ongoing debate in psychophysical litera-

ture for independent vs. joint control of reach depth and direc-

tion, here we compared these signals across the PPC in the

same monkey. Our findings further support the two schemes

of anatomical and temporal segregation of depth and direction

signals reported previously andmoreover suggest a gradual par-

cellation of depth and direction information in the PPC.

Several lines of evidence have demonstrated an AP organiza-

tion of the primate PPC, with anatomical and functional trends.
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Anterior areas like PE rely primarily on somatosensory input

(Bakola et al., 2013; Padberg et al., 2019), whereas visual in-

puts are stronger in posterior sectors like V6A and medial intra-

parietal (MIP) area (Bakola et al., 2017; Gamberini et al., 2009;

Passarelli et al., 2011). In addition, these areas are located

across the border between Brodmann’s areas 5 and 7 (Brod-

mann, 1909), thus belonging to different neuroanatomical do-

mains: areas V6A and PEc in Brodmann’s area 7 and PE in

Brodmann’s area 5 (Gamberini et al., 2020).

There is evidence that the caudal PPC areas V6A and MIP are

more involved in visuospatial processing and encode the target

and/or the endpoint of the reachingmovement, whereas anterior

sectors like PE primarily implement the movement plan (Breve-

glieri et al., 2014; Cui and Andersen, 2011; Hadjidimitrakis

et al., 2020; Li and Cui, 2013). Consistent with this, reach targets

are encoded in eye- or body-centered coordinates in MIP, PEc,

and V6A (Batista et al., 1999; Bosco et al., 2016; Chang and

Snyder, 2012; Hadjidimitrakis et al., 2017, 2020; Pesaran et al.,

2006; Piserchia et al., 2017), whereas most PE neurons use a

hand-centered coordinate system (Bremner and Andersen,

2012; Buneo et al., 2002; Ferraina et al., 2009). Despite these

trends, it is hard to summarize a large number of studies on

frames of reference (RFs) with different experimental setups.

Moreover, there are no clear-cut differences between the PPC

areas, and even in the same area there is high heterogeneity of

RFs (e.g., Chang and Snyder, 2010). In addition to these trends,

we report here that PPC areas differ in the degree they combine

depth and direction information, a finding that might be related to

the anatomical and functional gradients mentioned above

(Figure 6). Behavioral and computational data suggest that, dur-

ing armmovement in depth, proprioceptive inputs could bemore

informative, as movements in depth are linked to larger differ-

ences in joint angles compared with movements in a frontal

plane, whereas vision is more important for monitoring errors

in coding reach direction (van Beers et al., 1998, 2002, 2004;

Monaco et al., 2010; Sainburg et al., 2003). Areas V6A and

PEc, which integrate visual and proprioceptive inputs (Bakola

et al., 2010; Gamberini et al., 2009), are more likely to combine

depth and direction signals compared with PE, which mostly re-

lies on proprioception (Bakola et al., 2013). This is in line with our

results showing that a large proportion of PE neurons tuned only

in depth were recruited during movement (Figure 2). Similarly,

studies in PE and in primary somatosensory cortex reported

increased numbers of neurons modulated during active or pas-

sive hand displacements in depth compared with the azimuth

and elevation (Lacquaniti et al., 1995; Tillery et al., 1996).

The dPCA analysis revealed that the depth/direction interac-

tion represented a small proportion of the population variance

(up to 10%; Figure 5), thereby suggesting an independent

readout of these signals at the population level. Although this

result might seem at odds with the substantial convergence of

depth and direction in V6A and PEc, a similar segregation at

the population response was found in the human PPC (area

AIP) for reaching and grasping (Zhang et al., 2017). This func-

tional separation of the task variables in the population activity

is a common computational principle in associative cortical

areas that might enable a faster and more accurate processing

of single task features in downstream areas.



Figure 6. Parietal cortex trends in the coding of 3D space

The rostral-to-caudal gradient (i.e., from PE to V6A) in the increased convergence of depth and direction effects, the mutual information, and the proportion of the

population activity variance are explained by these two parameters.
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The largely segregated processing of depth and direction in-

formation in PE could also be viewed in light of a hierarchical or-

ganization in the PPC reaching network. In this regard, it should

be noted that PE, different from PEc and V6A, is directly con-

nected to the primary motor cortex (Bakola et al., 2013; Johnson

et al., 1996; Jones et al., 1978; Strick and Kim, 1978), This hier-

archical organization could also hint at a serial processing of

depth and direction information in a caudal-to-rostral manner,

i.e., from V6A to PE. Our data suggest that this might be the

case for depth processing during the arm movement period,

since we found earlier peaks in MI both in single cells and in

the population average in V6A compared with PEc, which, in

turn, showed earlier peaks in MI compared with PE. Notably,

this trend was not observed for directional MI, thereby suggest-

ing a rather distributed processing for that variable.

A likely source of direction signals in the PPC is the dorsal pre-

motor cortex (PMd), where a much stronger effect of movement

direction with respect to movement distance/amplitude has

been reported well before the onset of arm movement in several

studies, and this directional tuning was maintained during the
movement execution period, when distance processing also

increased (Churchland and Shenoy, 2007; Fu et al., 1993,

1995; Messier and Kalaska, 2000). This directional information

could be routed posteriorly and thus become available simulta-

neously to the various PPC sectors through parallel, topograph-

ically organized frontoparietal projections that connect rostral

and caudal PMd sectors with caudal and rostral PPC, respec-

tively (Bakola et al., 2010, 2013; Gamberini et al., 2009; Johnson

et al., 1996). Regarding distance, despite different task configu-

rations in the above PMd studies, in all of them distance signals

during movement were processed almost exclusively in

conjunction with direction information. This finding is in contrast

to the present results from the medial PPC showing substantial

neural populations coding only for reach depth information. In

addition, a recent reaching study in 2D space that employed

dimensionality reduction methods also demonstrated limited re-

sources for reach distance compared with direction processing

in the PMd population response (Even-Chen et al., 2019). In line

with the above evidence, a human imaging study reported

increased sensitivity for reach distance in the parietal compared
Cell Reports 41, 111608, November 8, 2022 9
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with the frontal cortex (Fabbri et al., 2012). The involvement of

medial PPC in the encoding of reach distance was first reported

in a human case study (Holmes and Horrax, 1919). These obser-

vations are in agreement with present results and support a com-

mon framework of depth and direction processing in human and

nonhuman primates.

The present findings could also be useful to reconcile several

findings from lesion and psychophysics experiments. Lesion

studies in parietal cortex (Baylis and Baylis, 2001; Danckert

et al., 2009; Darling et al., 2001; Schaadt et al., 2015) reported

larger effects in depth specification than in direction, and these

observations have contributed to the widely accepted model

that the two features are specified by distinct circuits and/or

populations (Crawford et al., 2011). Based on our findings, we

suggest that this model would benefit from a revision consid-

ering that the same effects can be produced by overlapping

depth and direction populations that show high sensitivity to dis-

tance, which peaks during visuospatial processing and move-

ment preparation (i.e., in V6A) and decreases toward execution

(i.e., in PEc and PE). In the same vein, in several psychophysics

studies where arm movements in 3D were performed, the vari-

ability of endpoints was found to be larger along the depth axis

compared with the direction axis (Apker et al., 2010; Gordon

et al., 1994; McIntyre et al., 1997). This finding could be ex-

plained by the lower depth sensitivity of area PE and, to a lesser

degree, of PEc, which are more involved in the execution phases

of the movement.There again, human data are in line with pre-

sent findings and further point to a common framework of

depth and direction signal processing in human and nonhuman

primates.

Limitations of the study
A limitation of the present study is that reaches were always per-

formed toward foveated targets, so we cannot determine the

frame of reference. However, we believe that the different trends

in distance and direction processing between the three parietal

areas could be related to the reference frame transformations.

The difference in the degree of convergence of depth and direc-

tion information between them might be related to the different

representations of movement (Crawford et al., 2011; Flanders

et al., 1992). In V6A and PEc, which show strong tuning in all

task phases, depth and direction are expected to be defined

mostly in extrinsic reference frames (eye or body centered), so

they are more likely to be combined. However, in PE, which is

more active during and after the movement, depth and direction

signals are also referred to the intrinsic coordinates of the elbow

and shoulder joint angles and thus are expected to be more in-

dependent. Another caveat of our study, also related to the

frames of reference, is the fact that, in our task configuration,

the near targets were always associated with larger elevation an-

gles with respect to the intermediate and far targets. Accord-

ingly, the distance effects we reported here could be due to

the different elevation angles while the arm moves. The issue

of reference frames has been addressed in previous studies by

our group focused on spatial representations in V6A (Hadjidimi-

trakis et al., 2014b) and PEc (Piserchia et al., 2017). Those ana-

lyses (e.g., Figure 3 in Hadjidimitrakis et al., 2014b) suggested

predominant body-centered representations of target locations
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during movement that imply a minor effect of elevation angle.

Similarly for PE, Lacquaniti et al. (1995) reported that target dis-

tance was two times stronger with respect to target elevation

angle during arm reaching and static posture. It should be noted

that in that study, in contrast to ours, both upward and down-

ward arm movements were performed. Accordingly, the eleva-

tion effects are expected to be weaker in our experiments.

Another limitation of our study is the fact that the two dimen-

sions of space (depth and direction) we studied were not equiv-

alent. For example, the differences we found could be attributed

to the fact that in our experimental setup the depth range

explored included most of the possible depths, whereas tested

directions covered a smaller fraction of directional space.

Although we cannot exclude this explanation, there are several

lines of evidence that argue against it. For instance, we did not

find the influence of depth to be stronger than the direction influ-

ence in the fixation epoch. In addition, although the range of

explored directions is small (30�), it comprises most of the space

where the gaze and hands interact with objects in everyday life.

In conclusion, our study provides direct evidence for hierarchi-

cal control of depth information in the parietal cortex and a

gradient of integrated versus independent coding of direction

and depth signals. Furthermore, it highlights the importance of

anatomical and functional gradients in the PPC that enable flex-

ible spatial and motor representations. Future experiments

combining inactivation and simultaneous recording from parie-

tal, premotor, andmotor cortexwill further provide a comprehen-

sive ‘‘road map’’ of 3D motor control across the cortex.
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Ministerodell’Università e dellaRicerca (2017KZNZLN), theFondazioneCassadi

Risparmio di Bologna (Bando Internazionalizzazione), and European Union-

funded projects H2020-MSCA-734227-PLATYPUS, H2020-EIC-FETPROACT-

2019-951910-MAIA, and HumanE-AI-Net-952026.

AUTHOR CONTRIBUTIONS

Conceptualization, K.H. and P.F.; data curation management activities, K.H.

and M.D.V.; formal analysis application, K.H. and M.D.V.; funding acquisition,

P.F.; investigation conduct, K.H., M.D.V., and M.F.; methodology develop-

ment or design of methodology, K.H., M.D.V., andM.G.; project administration

management, P.F.; resources provision of study materials, P.F.; software pro-

gramming, software development, K.H., M.D.V., M.G., and M.F.; supervision

oversight, P.F.; validation verification, P.F.; visualization preparation, M.D.V.

and K.H.; writing – original draft, K.H. and M.D.V.; writing – review & editing,

K.H., M.D.V, M.F., M.G., and P.F.

DECLARATION OF INTERESTS

The authors declare no competing interests.

INCLUSION AND DIVERSITY

We support inclusive, diverse, and equitable conduct of research.

Received: July 29, 2021

Revised: July 16, 2022

Accepted: October 14, 2022

Published: November 8, 2022

REFERENCES

Andersen, R.A., Andersen, K.N., Hwang, E.J., and Hauschild, M. (2014). Optic

ataxia: from Balint’s syndrome to the parietal reach region. Neuron 81,

967–983.

Apker, G.A., and Buneo, C.A. (2012). Contribution of execution noise to arm

movement variability in three-dimensional space. J. Neurophysiol. 107,

90–102.

Apker, G.A., Darling, T.K., and Buneo, C.A. (2010). Interacting noise sources

shape patterns of arm movement variability in three-dimensional space.

J. Neurophysiol. 104, 2654–2666.

Bagesteiro, L.B., Sarlegna, F.R., and Sainburg, R.L. (2006). Differential influ-

ence of vision and proprioception on control of movement distance. Exp. Brain

Res. 171, 358–370.

Bakola, S., Gamberini, M., Passarelli, L., Fattori, P., and Galletti, C. (2010).

Cortical connections of parietal field PEc in themacaque: linking vision and so-

matic sensation for the control of limb action. Cereb. Cortex 20, 2592–2604.

Bakola, S., Passarelli, L., Gamberini, M., Fattori, P., and Galletti, C. (2013).

Cortical connectivity suggests a role in limb coordination for macaque area

PE of the superior parietal cortex. J. Neurosci. 33, 6648–6658.

Bakola, S., Passarelli, L., Huynh, T., Impieri, D., Worthy, K.H., Fattori, P., Gal-

letti, C., Burman, K.J., and Rosa, M.G.P. (2017). Cortical afferents and mye-

loarchitecture distinguish the medial intraparietal area (MIP) from neighboring

subdivisions of the macaque cortex. ENeuro 4.

Barany, D.A., Della-Maggiore, V., Viswanathan, S., Cieslak, M., and Grafton,

S.T. (2014). Feature interactions enable decoding of sensorimotor transforma-

tions for goal-directed movement. J. Neurosci. 34, 6860–6873.

Batista, A.P., Buneo, C.A., Snyder, L.H., and Andersen, R.A. (1999). Reach

plans in eyecentered coordinates. Science 285, 257–260.

Baylis, G.C., and Baylis, L.L. (2001). Visually misguided reaching in Balint’s

syndrome. Neuropsychologia 39, 865–875.

van Beers, R.J., Sittig, A.C., and Denier van der Gon, J.J. (1998). The precision

of proprioceptive position sense. Exp. Brain Res. 122, 367–377.
van Beers, R.J., Wolpert, D.M., and Haggard, P. (2002). When feeling is more

important than seeing in sensorimotor adaptation. Curr. Biol. 12, 834–837.

van Beers, R.J., Haggard, P., and Wolpert, D.M. (2004). The role of execution

noise in movement variability. J. Neurophysiol. 91, 1050–1063.

Bhat, R.B., and Sanes, J.N. (1998). Cognitive channels computing action dis-

tance and direction. J. Neurosci. 18, 7566–7580.

Bosco, A., Breveglieri, R., Chinellato, E., Galletti, C., and Fattori, P. (2010).

Reaching activity in the medial posterior parietal cortex of monkeys is modu-

lated by visual feedback. J. Neurosci. 30, 14773–14785.

Bosco, A., Breveglieri, R., Hadjidimitrakis, K., Galletti, C., and Fattori, P. (2016).

Reference frames for reaching when decoupling eye and target position in

depth and direction. Sci. Rep. 6, 21646.

Bosco, A., Breveglieri, R., Filippini, M., Galletti, C., and Fattori, P. (2019).

Reduced neural representation of arm/hand actions in themedial posterior pa-

rietal cortex. Sci. Rep. 9, 936.

Bremner, L.R., and Andersen, R.A. (2012). Coding of the reach vector in pari-

etal area 5d. Neuron 75, 342–351.

Bremner, L.R., and Andersen, R.A. (2014). Temporal analysis of reference

frames in parietal cortex area 5d during reach planning. J. Neurosci. 34,

5273–5284.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Twomalemacaquemonkeys (Macaca fascicularis, monkeysM1 andM2) with aweight ranging between 4 and 4.6 kgwere involved in

this study. The experiment 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.

METHOD DETAILS

Data recording and experimental design
During training and recording sessions, particular attention was paid to any behavioral and clinical sign of pain or distress. For

detailed surgical and electrophysiological procedures, see Gamberini et al., 2018. In brief, we performed multiple electrode penetra-

tions using a five-channel multielectrode recording system (5-channel MiniMatrix, Thomas Recording). The signals from the elec-

trodes were amplified (at a gain of 10,000) and filtered (bandpass between 0.5 and 5 kHz). The action potentials recorded in each

channel were isolated using a waveform discriminator (Multi Spike Detector; Alpha Omega Engineering) and were sampled at 100

kHz.

Reconstruction of microelectrode penetrations and the criteria used to recognize V6A, PEc, and PE were in accordance with pre-

vious reports (Gamberini et al., 2011; Luppino et al., 2005; Pandya and Seltzer, 1982).

Electrophysiological data were collected while monkeys were performing a fix-to-reach task with the contralateral limb (with

respect to the recording hemisphere), in darkness, while maintaining steady fixation of the target. Animals sat in front of a horizontal
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panel located at eye level with nine light-emitting diodes (LEDs, 6 mm in diameter) placed at different distances and directions and

used both as fixation and reaching targets. The time sequence of the task was identical to the one described in Hadjidimitrakis et al.

(2014a, 2015) and De Vitis et al. (2019, 2022). Briefly, a trial began when the monkey pressed a home button (2.5 cm in diameter)

placed 4 cm in front of its trunk (HB, Figure 1A). After 1 s, one of the nine LEDs was switched on to green. The monkey had to fixate

the LED while keeping the HB button pressed (FIX; Figure 1A, left) and then wait 1.5–2.5 s for a change in the color of the same LED

(from green to red) without performing any eye or arm movement (preparation of the movement, PLAN, Figure 1A, center). The color

change was the go signal for the animal to release the HB and to start an arm movement toward the target (movement execution,

REACH, Figure 1A, right). The monkey then reached the target and held its hand on the target for 0.8–1.2 s. The switching off of

the target cued the monkey to release it and to return to the HB, which ended the trial and allowed the monkey to receive its reward.

The presentation of stimuli and the animals’ performance were monitored using custom software written in Labview (National Instru-

ments), as described previously (Kutz et al., 2005). Eye position signals were controlled by an electronic window (43 4�) centered on

the fixation target and sampled with 2 cameras (ISCAN, 100Hz), one per eye. If the monkey broke fixation or did not respect the tem-

poral constraints of the task, the trial was aborted. The task was performed in the darkness, in blocks of 90 randomized trials, 10 for

each target position.

At the beginning of each recording session, the monkeys were required to perform a calibration task consisting in gazing at targets

on a frontal panel placed at a distance of 15 cm from the eyes. For each eye, signals to be used for calibration were extracted during

fixation of five LEDs arranged in the shape of a cross, one centrally alignedwith the eye’s straight-ahead position and four peripherally

placed at an angle of ±15� (distance 4 cm) in both the horizontal and vertical directions. From the two individual calibrated eye po-

sition signals, we derived the mean of the two eyes (conjugate or version signal) and the difference between the two eyes (disconju-

gate or vergence signal) using the following equations: version = (R + L)/2 and vergence = L - R, where L and R are the position of the

left and right eye, respectively, expressed in degrees of visual angle. The version and vergence valueswere also used by the LabVIEW

software to control the gaze position. In the Fix-to-reach task, the fixation target was always coincident with the reaching target.

Given that the target was foveated in all epochs of interest, its depth and direction in visual (eye-centered) and head/body-centered

space were equal to the vergence and version angles of the eyes, respectively. In movement (i.e., hand-centered) space, in our setup

apart from target direction and depth, there was also the elevation angle. It should be added that these last two parameters were

correlated, as nearer/farther targets were associated with larger/smaller elevation angles. Accordingly, it cannot be completely

excluded that some elevation effects could have influenced the neural activity (see discussion).

QUANTIFICATION AND STATISTICAL ANALYSIS

All the analyses were performed using customized scripts in MATLAB (Mathworks, Natick, MA, US, RRID: SCR_001622). The neural

activity was analyzed by quantifying the discharge in the following three different epochs (Figure 1A): (1) the early fixation epoch (FIX),

from 50 ms after the end of the saccade performed to gaze at the LED until 450 ms after it; (2) the preparation epoch (PLAN), the last

500ms of fixation before the go-signal; and (3) the reach epoch (REACH), from 200ms before armmovement onset until the end of it,

signaled by the pressing of the LED target. From trial to trial, this epoch was of different duration, depending on animal’s movement

times.We also quantified neural activity in amovement epoch of a fixed duration of 300ms, frommovement onset until 300ms after it.

All analyses were done offline.

ANOVA and spike density function
To quantify the proportion of V6A, PEc and PE neurons modulated by each variable in each epoch, we performed a 2-way analysis of

variance (ANOVA). Target depth was defined as the distance of the target from the animal (near, intermediate, far), and target direc-

tion 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 < 0.01). 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.

In addition, we tested for significant tuning at multiple time points t using a two-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 < 0.01, Figure 2B). Criteria for significant

tuning were the same as for the ANOVA analysis of the fixed time epochs.

Population response of all the recorded cells was calculated as averaged spike density function (SDF). An SDF was calculated

(Gaussian kernel, half-width 40 ms) for each neuron included in the analysis and averaged across all the trials for each tested target.

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 nonpreferred target positions were constructed by averaging the individually-normalized SDFs of the

cells (Marzocchi et al., 2008), aligned at the behavioral event of interest. The maximum response of the preferred condition was used

to normalize the SDFwithin each area and for each behavioral event of alignment. To statistically compare the population SDF curves

we employed a permutation test and permuted (10,000 iterations) the data from all 9 positions, then selected a new preferred and

nonpreferred condition, and finally compared the sum of squared errors of these two new conditions to the original findings. The in-

tervals of the curve permutation test comparisons varied according to the epoch considered: for FIX, the interval was from 50 to

450 ms after saccade offset; for PLAN, the interval included the last 500 ms of fixation before the go-signal; for REACH, the interval

was from 200ms before themovement onset until the red target LEDwas reached. In order to enhance the temporal resolution of the
Cell Reports 41, 111608, November 8, 2022 e2



Article
ll

OPEN ACCESS
analysis, we divided the data of each time epoch considered in bins of 20 ms and performed the permutation test in each time bin

independently.

Mutual information
We quantified the amount of information conveyed by neurons about depth and direction using information-theoretic analysis as

reported previously (Ghodrati et al., 2016, 2019). The MI between the spiking activity and depth or directional information was calcu-

lated using the following equation:

MIt;dtðq;RÞ = ScqpðqÞScRpðRjqÞlog2ðpðRjqÞpðRÞÞ
Where:

pðRÞ = S$SpðqÞpðRjqÞ
Where, R is the spike count in a time interval t (aligned at fixation/movement onset) of width dt; p(q) is the probability of presenting

depth or direction q, which is close to uniform in our case (1/3); p(R) is the probability of observing responseR evoked across all depth

and direction conditions; p(Rrq) is the conditional probability of observing responseR given target depth or direction qwas presented.

We also applied a bootstrap-based bias-correction method to have an unbiased estimation of information (Efron and Tibshirani,

1993).

The above calculation was performed twice in 200-ms bins: i) during the early phase, which is the time window between�200 and

1 s after the fixation onset, ii) during the interval encompassing the PLAN and REACH epochs, in the time window between �0.8

before till 1.2 s after the movement onset. Using binned neuronal activity aligned at specific task events, we were able to compare

the amplitudes and temporal evolution of the two types of mutual information across the three parietal areas.

Gradient and separability analysis
Gradient analysis was used to assess whether a cell was significantly tuned and, if so, which of the two behavioral variables (depth or

direction) exerted a stronger influence on the firing rate of the cell (Buneo, 2011; Buneo and Andersen, 2012). In this analysis the 33 3

matrix of mean firing rates was converted (using the MATLAB function ‘gradient’) into a gradient i.e., a two-dimensional vector field

(see also red arrows in the left plots of Figure S4). The directions and lengths of the set of red arrows indicate how the activity changes

between matrix elements i.e., when the target depth and the direction position shift. The length of each arrow is numerically calcu-

lated as the gradient i.e., a derivative of the firing rate. Put together, they indicate the relative influence of depth and direction position

on the activity. For example, in the cell of Figure S4most of the red arrows point to the left, illustrating the stronger effect of changes in

direction (Di) with respect to changes in depth (De). Then in the circular plots to the right of each matrix, we summarized this infor-

mation into a single resultant angle vector (or field orientation vector) that was computed by summing (vector addition) all the gradient

elements i.e., all the individual red arrows. In some cases, matrices could show a symmetrical pattern of red arrows (some arrows

pointing to the left/up and others to the right/down) that would cancel out during vector summation. To account for symmetric

red arrows, the angles of the red arrows were doubled (e.g., p/2 was converted to p) before being summed). The result of this sum-

mation i.e., the resultant angle, was illustrated on circular plots from 0� to +/�180�. In Figure S2, a-c, each circular plot is shown with

the interpretation of the relative strength of direction (Di) and depth (De) position: Di at 0�, De at +/�180�, Di-De at �90�. More spe-

cifically, resultant vectors pointing at 0� reflect a left/right pattern of red arrows and indicate a strong effect of target location direction

Di, whereas a resultant vector pointing +/�180� an upward/downward pattern and indicate a strong effect of depth De. In Figure S2C

resultant vectors with angles of�90� reflect a mixed pattern of red arrows, with Di-De vector is the difference between direction and

depth position that can be interpreted as encoding of relative direction-depth encoding. Each matrix was classified as tuned if the

resultant length was significantly greater than the resultant length calculated after randomization of the matrix elements (Gradient

randomization test). In each single cell, arrow length of the resultant was normalized in unit length before being plotted. Rayleigh’s

test was used to assess the uniformity of circular histograms for tuned resultant angles (p < 0.05, with Bonferroni correction for mul-

tiple comparisons).

A sliding window population gradient analysis was also performed for each area to investigate the temporal evolution of population

responses along the task progress in more detail. Here the resultant length and orientation of the gradient in each cell tuned in at least

one epochwas computed in 300-mswindows that moved in 50ms steps. Firing rates were aligned to the start of fixation from 500ms

before to 700 ms after it, and to the Key Up signal from 500 ms before, to 700 ms after it. In each area, the mean resultant population

vector was computed at each time step. Arrow lengths for the population analysis were averaged (vector summation) within each

subpopulation and therefore they were not comparable across subpopulations.

We used singular value decomposition (SVD) to determine whether the response matrix for a neuron in each of the FIX, PLAN and

REACH epochs was separable or inseparable for the depth (De) and direction (Di) variable. In a separable response, depth and di-

rection position affect neural activity independently by a multiplicative i.e., gain-like coding mechanism, whereas in an inseparable

response this mechanism could not completely reconstruct the neural responses (Bremner and Andersen, 2012, 2014; Peña and

Konishi, 2001; Pesaran et al., 2006, 2010). More specifically, in a separable response the firing activity of a neuron shows a gain rela-

tionship to a pair of variables:

Firing rate = f(Di).f(De), Alternatively, if the firing activity of a neuron can be described as:
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Firing rate = f(De-Di), it means that a neuron shows an inseparable response with De and Di being part of the same function f and

cannot bemultiplicatively separated. SVD is amethod of linear algebra used to reconstruct a general, two-dimensional matrix M con-

taining multivariate data. In theory, an inseparable response could result frommore complex patterns (e.g., ‘De + Di’) not considered

here. SVD reduces the matrix M into a weighted sum of products of two independent vectors, termed ‘singular vectors’. The relative

contribution of the products to the original matrix is quantified by their weights (s1, s2, etc.), named ‘singular values’. The method

reduces M into another matrix, called N, using the formula:

N = USVT

where S is a diagonal matrix containing singular values, and U and V are orthogonal matrices containing singular vectors. From the

33 3 (Depth x Direction) matrices for each cell and epoch (i.e., the two-dimensional responsematrix described above) we calculated

the diagonal matrix S that contained the singular values:

fðDe; DiÞ = s1t1ðDeÞh1ðDiÞ + s2t2ðDeÞh2ðDiÞ + .:

If the first singular value is quite large compared to second and rest singular values, then the matrix can be reconstructed only by

the first term of the equation above:

fðDe; DiÞ = s1t1ðDeÞh1ðDiÞ
In this case, there is a gain relationship between depth and direction that shows multiplication. If instead the first singular value is

not much larger with respect to the rest (i.e. 2nd, 3rd etc) singular values, the modulation of the neural response by one variable (e.g.,

target) is likely to be affected by the position of the other variable (e.g., hand), thus the responses are inseparable. To disambiguate

between these two alternatives, neural responses were classified as separable if the first singular value was significantly larger (one-

tailed t test, p < 0.05) compared to the first singular value calculated when conditions were randomized by permuting (Randomization

test, 5000 permutations) the rows and the columns of the response matrix (Pesaran et al., 2006). In more detail, during the Random-

ization test the elements of the response matrix (i.e., the 9 mean firing rates, one per each condition) were permuted 5000 times and

each rearranged matrix was subjected to SVD. The first singular values from all the rearranged matrices (N = 5000) formed a distri-

bution that was used to test for statistical significance. If the first singular value of the original matrix was greater than 95% of the

singular values in this distribution, then the neural responses were classified as separable. A mean value, computed from all 9 con-

ditions, was subtracted from each of the 9 mean firing rates of the response matrix elements before performing the SVD.

Demixed principal component analysis
We applied a dimensionality reduction technique called demixed Principal Component Analysis (dPCA, Kobak et al., 2016), using

freely available code: http://github.com/machenslab/dPCA. This method disentangled the variance of high-dimensional neural

data into a sum of low-level dimensions that quantify the variance only relative to the behavioral parameters of the task. Accordingly,

the decomposition performed by dPCA provides a comprehensive view of the structure in the neural data that is related to the exper-

imentally controlled variables. In relation to the classic PCA, dPCA uses information about the task parameters (i.e., depth, direction

and interaction) to calculate the percentage of variance accounted by each one of them. A condition-independent component that

represents fluctuations of the population activity occurring during the task progress that are common in all conditions is calculated

first and then the condition-dependent components that express the variance due to a specific task parameter are computed. For

each brain area, a five-dimensional matrix of the firing rate was created: one dimension for the neurons in that brain area, one dimen-

sion for the three depth conditions, one dimension for the three directions, one dimension for the time, and one dimension for the

trials. This five-dimensional matrix was used as input for the algorithm, but for calculating the demixed principal components, trial

averages were used (i.e., a four-dimensional matrix), so the calculations were not influenced by the intrinsic trial-by trial variability

of the neuronal firing. The algorithm was implemented using the following parameters: the first 20 components were calculated,

the number of repetitions used for optimal lambda calculation was 10, the number of iterations for cross-validation was 100, and

the number of shuffles used to compute the Monte Carlo chance distribution was set to 100, as detailed in Kobak et al. (2016).
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Figure S1 (related to Figure 1). Population activity in individual monkeys. Average normalized spike density 

function (SDF) of recorded V6A, PEc and PE populations illustrated separately for each monkey. Each SDF was 

aligned twice at the fixation onset (left panels) and at the movement onset (right panels) and the average activity for 

the preferred (red curves) and non-preferred position (blue curves) are plotted. Thin black lines in SDFs represent the 

standard error of the mean. Vertical bars in all SDF plots: 100% of normalized activity.  



 

 

 

 

 

 

Table S1 (related to Figure 2). Incidence of direction and depth effects in individual monkeys. Percentages of 

cells in Monkey 1/Monkey 2 that showed tuning for depth only, direction only, and both factors in the different task 

epochs (two-way ANOVA, p<0.01). 

  FIX 
  

PLAN 
  

REACH 
  

  depth only dir only both depth only dir only both depth only dir only both 

V6A 21/13 17/28 16/20 22/17 11/16 12/25 27/22 15/14 18/27 

PEc 16/11 22/23 10/13 16/12 14/17 8/15 25/18 13/19 15/18 

PE 6/9 8/12 1/3 2/9 5/6 1/2 15/16 1/8 5/8 

 

 

  



 

 

Figure S2 (related to Figure 3). Mutual information in cells with combined direction and depth effects. 

Timing (top panels) and magnitude (bottom panels) of directional and depth mutual information in neurons 

tuned by both depth and direction (two-way ANOVA, p<0.05) at fixation (left) and movement (right) onsets. Around 

fixation interval the directional MI led depth MI (left upper panel), whereas around hand movement this trend was 

preserved only in PE (right upper panel). In all areas the peak depth MI was significantly higher compared to 

directional MI around the movement period interval (Wilcoxon Rank sum test: p<0.05 for PE, p<0.0001 for PEc and 

V6A. 

  



  

 

Figure S3 (related to Figure 3). Mean magnitude of depth (solid lines) and directional (dashed lines) mutual 

information in individual monkeys. Mean MI is aligned at fixation onset (left) and movement onset (right) across 

tuned cells (two-way ANOVA, p<0.01) in V6A, PEc and PE. Vertical dashed lines indicate the fixation (left) and 

movement (right) onsets. 



 

Figure S4 (related to Figure 4). Gradient and separability analysis of modelled neural responses. A-C. Idealized 

neural responses. A-B: Weak modulation (gain field) of direction coding (Di) by depth (De) and vice versa. C: Vector 

relationship between Di and De. Left panels show idealized matrix responses for the Di and De pair of variables. 

White represents a high firing rate and black represents a low firing rate. Small red arrows show the gradient of each 

matrix response field. Right panels show the overall response field orientation calculated from the red gradient arrows. 

The response field orientation indicates the relative influence of each variable on the firing rate of the cell. 

 



 

 

Figure S5 (related to Figure 4). Sliding window population gradient analysis in individual monkeys. 

Each data point corresponds to the angle of population’s response field orientation, thus indicating which 

of the two variables has a stronger effect on activity at each time step. The distance from the center of the 

circle is proportional to the strength of tuning. Plots are aligned at fixation onset (two columns on the left) 

and movement onset (two columns on the right). 

 



 

 

Figure S6 (related to Figure 5). Demixed Principal Component Analysis in individual monkeys. Pie 

charts showing the variance of the individual demixed principal components (depth, blue; direction, light 

blue; interaction, yellow; condition-independent, white) in each area, aligned at fixation onset (two columns 

on the left) and movement onset (two columns on the left right).  
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