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Primates use perceptual and mnemonic visuospatial representations
to perform everyday functions. Neurons in the lateral prefrontal cor-
tex (LPFC) have been shown to encode both of these representa-
tions during tasks where eye movements are strictly controlled and
visual stimuli are reduced in complexity. This raises the question
of whether perceptual and mnemonic representations encoded by
LPFC neurons remain robust during naturalistic vision — in the pres-
ence of a rich visual scenery and during eye movements. Here we
investigate this issue by training macaque monkeys to perform work-
ing memory and perception tasks in a visually complex virtual envi-
ronment that requires navigation using a joystick and allows for free
visual exploration of the scene. We recorded the activity of 3950 neu-
rons in the LPFC (areas 8a and 9/46) of two rhesus macaques using
multi-electrode arrays, and measured eye movements using video
tracking. We found that navigation trajectories to target locations
and eye movement behavior differed between the perception and
working memory tasks suggesting that animals employed different
behavioral strategies. Single neurons were tuned to target location
during cue encoding and working memory delay and neural ensem-
ble activity was predictive of the animals’ behavior. Neural decoding
of target location was stable throughout the working memory delay
epoch. However, neural representations of similar target locations
differed between the working memory and perception tasks. These
findings indicate that during naturalistic vision, LPFC neurons main-
tain robust and distinct neural codes for mnemonic and perceptual
visuospatial representations.

Introduction

Seminal lesion studies in the early 20th century demonstrated
that the primate lateral prefrontal cortex (LPFC) plays a piv-
otal role during delayed response tasks involving maintenance
of information in working memory (WM) (Baddeley, 1986; see
Roussy, Mendoza-Halliday, & Martinez-Trujillo, 2021a for re-
view). Neurons in the LPFC maintain WM representations of
space (Funahashi, Bruce, & Goldman-Rakic, 1989; Goldman-
Rakic, 1994; Leavitt, Mendoza-Halliday, & Martinez-Trujillo,
2017a; Constantinidis et al., 2018; Suzuki & Gottlieb, 2013;
Miller, Erickson, & Desimone, 1996), as well as perceptual
representations (Mendoza-Halliday, & Martinez-Trujillo, 2017;
Roussy et al., 2021a). However, neurons in the LPFC are also
thought to encode signals related to eye position (Bullock,
et al., 2017; Hasegawa, Sawaguchi, Kubota, & Fuster, 1998;
Boulay, Pieper, Leavitt, Martinez-Trujillo, & Sachs, 2016).
Many of the previous studies of visual WM and perception
in the LPFC that sampled neuronal activity have been con-

ducted in conditions where gaze is constrained, and stimuli are
shown on a homogenous computer screen. However, during
natural vision, primates sample complex information via gaze
shifts and saccades in visual scenes that contain multiple items
and variable layouts. It is unclear whether perceptual and
WM representations in LPFC neurons remain invariable or
deteriorate under these naturalistic conditions.

One of the most universally recognized spatial WM tasks
is the oculomotor delayed response (ODR) task in which
animals are required to saccade to a remembered cued location
(Funahashi, Bruce, & Goldman-Rakic, 1989; Leavitt, Pieper,
Sachs, & Martinez-Trujillo, 2018). During the cue presentation
and delay epoch of the task, animals must maintain gaze on
a fixation point. Breaking fixation results in an ‘error trial’
meaning that correct performance of the task is contingent on
maintaining proper eye position during the delay epoch. This
intentional and task pertinent eye fixation limits the possible
effect of gaze, saccades,and eye position on the measured
neuronal activity. However, this strict control of eye position
during memory maintenance deviates from how WM is used
in naturalistic conditions. In day-to-day life, we move our
eyes while using WM, yet we are able to maintain robust
WM representations of locations despite those changes in eye
position. It is currently unclear how unrestrained eye position
in a visually complex environment may affect the ability of
neurons and neuronal ensembles in the LPFC to represent
perceptual and mnemonic information.

Here, we measure firing rates of neurons in the LPFC of
two macaques during virtual WM and perceptual tasks while
allowing the animals to freely view a rich visual environment.

Significance Statement

We show that LPFC neurons encode working memory and
perceptual representations during a naturalistic task set in a
virtual environment. We show that despite eye movement and
complex visual input, neurons maintain robust working memory
representations of space which are distinct from neuronal rep-
resentations for perception. We further provide novel insight on
the use of virtual environments to construct behavioral tasks
for electrophysiological experiments.
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We recorded the activity of 3950 neurons in the LPFC (areas
8a/9/46) (Petrides, 2005) of both animals while measuring eye
position. Neuronal activity was predictive of target location
during WM and perception despite changes in eye position.
Eye position poorly predicted target location when compared
to neuronal activity. Additionally, using linear classifiers, we
found that coding of remembered and perceived targets does
not generalize in LPFC neuronal populations.

Results

Naturalistic working memory and perception tasks. We devel-
oped a naturalistic spatial WM task using a virtual reality
engine (Unreal Engine 3, UDK). The task took place in a
virtual arena that allowed for free navigation using a joystick.
Importantly, to simulate natural behavior, animals were per-
mitted free visual exploration (unconstrained eye movements)
during the entire trial duration. On each trial, a target was
presented for 3 seconds during the cue epoch at 1 of 9 lo-
cations in the virtual arena (Fig. la, b). In the WM task,
the target then disappeared during a 2 second delay epoch.
Navigation was disabled (i.e., joystick movements did not trig-
ger any movement in the virtual arena) during the cue and
delay epochs. Subsequently, navigation was enabled, and ani-
mals were required to virtually navigate to the target location
within a 10 second response period to obtain a juice reward
(Fig. 1c). We also developed a perceptual version of this task
in which the target remains on screen for the trial duration
(Fig. 1c). We trained two rhesus monkeys (Macaca mulatta)
on both virtual tasks and recorded neuronal activity during
task performance using two 96-channel micro-electrode arrays
(Utah Arrays) in each animal. Arrays were implanted in the
left LPFC (area 8a 46/9; one on each side of the principal
sulcus, anterior to the arcuate sulcus) (Fig. 1d, e) (Petrides,
2005).

Task performance and animal behavior. We analyzed behavior
from 20 WM sessions (12 from NHP B, 8 from NHP T) and
19 perception sessions (14 from NHP B, 5 from NHP T). Both
animals performed the tasks above chance (theoretical chance
11%). Both animals performed significantly better on the
perception (NHP B: Mean = 98%, NHP T: Mean = 95%)
than the WM memory task (NHP B: Mean = 87%; NHP T:
Mean = 57%), reflecting the increased difficulty of including
a memory delay epoch (Fig. 2a). Response times for correct
trials were consistent between animals and tasks (Fig. 2b).
We plotted animal trajectories to two example target loca-
tions to understand how animals were navigating in the virtual
space (Fig. 2c). We divided the environment into a 16-cell grid
and calculated the number of times that animals entered each
cell as part of their navigation trajectory. Two example target
locations averaged over all sessions are shown in Fig 2d. We
next calculated the trajectory of animals in the environment
in each correct trial from their starting location to the location
of the target to determine how precise animals navigated to-
wards targets. This real trajectory length was divided by the
optimal trajectory length (i.e., Euclidean distance from start
to target location), resulting in a measure of deviation from
optimal trajectory where a value of 1 indicates that animals
took the shortest possible trajectory to a target. Trajectory
lengths were similar between animals during perception (NHP
B: Median = 1.0; NHP T: Median = 1.1) and during WM
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Fig. 1. Experimental Setup. a. Animal in task setup with joystick, reward system, eye
recording system, and monitor displayed. b. Overhead view of the virtual environment
indicating the start location and the nine target locations. ¢. Task timeline displaying
the cue, delay, and response epochs for the working memory and perception tasks. d.
3D modelled brain image from an MRI of NHP B with Utah array locations in the left
hemisphere indicated by pink squares. e. Surgical images showing implanted Utah
arrays in both animals.
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Fig. 2. Task Behavior. a. Percent of correct trials for the working memory and perception tasks for each animal. Dark grey lines represent mean values and each data point
represents a session. b. Response time for correct trials for the working memory and perception tasks for each animal. Dark grey lines represent mean values and each data
point represents a session. ¢. Animal trajectories plotted for an example session and two example target locations (in pink) in which green trajectories indicate correct trials and
black trajectories indicate incorrect trials. Example sessions are included for working memory and perception tasks as well as both animals. d. Virtual arena divided into 16
regional cells. The number of times each cell is entered (i.e. the number of trajectory points within each cell) is shown averaged over sessions for two example locations (in
pink). Examples are included for working memory and perception tasks as well as both animals. e. Optimal trajectory measures how optimal the trajectory to correct target
locations is based on path length in which a value of one, marked by the grey dashed line, reflects the shortest possible path. Optimal trajectory is plotted for the working
memory and perception tasks for each animal. Dark grey lines represent median values and each data point represents a session. p < 0.01=, p < 0.001="*, p < 0.0001="**.

(NHP B: Median = 1.8; NHP T: Median = 1.9). However,
trajectories were more optimal during the perception task
than during the WM task, indicating less precise navigation
to targets during WM, when the target was not visible (Fig
2e). Overall, these results indicate that both animals used
similar behavioral strategies to perform the tasks based on
similar response times and trajectories.

Eye behavior during naturalistic working memory and percep-
tion. Our virtual reality setup allowed for precise tracking of
eye movement and gaze position; therefore, we measured eye
movement behavior during both tasks. First, we calculated
the proportion of eye position data points falling within the
presentation screen. ‘Eyes off screen’ occurs when the animals
close their eyes or most often, when they look away from the
screen. The proportion of eye data points falling within screen
boundaries differed between task epochs and between the WM
and perception tasks. During WM, animals maintained eye
position on the screen less during the delay epoch (Mean
= 86.0%) than during the cue (Mean = 92.9%) or response
epochs (Mean = 95.0%). During perception, animals main-
tained their eyes on the screen less during the response epoch
(Mean = 81.0%) than during the delay (Mean = 89.9%) or cue
epochs (Mean = 92.6%). Unlike during WM, the percentage of
eye position on screen during perception cue and delay epochs
showed no significant difference (Fig 3a; Data for each NHP
in SFig la-d)

We categorized eye movement into fixations, saccades, and
smooth pursuits (Corrigan, Gulli, Doucet, & Martinez-Trujillo,
2017). Example traces displaying the categorization can be
found in Fig. 3b, ¢. We compared the proportion of eye
movements that fall within each category between task epochs
during perception and WM. The proportion of eye movements
classified as fixations significantly differed between trial epochs
and between WM and perception tasks (Fig. 3d; Data for
each NHP in SFig le-h). During WM, animals made the
most fixations during the cue epoch with fewer made during
the delay and response epochs (Cue: Mean = 46.2%; Delay:
Mean = 44.3%; Response: Mean = 33.3%). During perception,
animals also fixated the least during the response epoch with
more fixations made during the cue and delay epochs (Cue:
Mean = 47.3%; Delay: Mean = 46.2%; Response: Mean =
35.9%).

The proportion of eye movements classified as saccades
significantly differed between trial epochs and between WM
and perception tasks. During WM, the proportion of saccades
was highest in the response epoch with fewer occurring in the
cue epoch and fewest during the delay epoch (Cue: Mean
= 37.2%; Delay: Mean = 36.9%; Response: Mean = 41.8%)
(Fig. 3d, left panel, Data for each NHP in SFig. le, f).
During perception, animals also made the highest proportion
of saccades during the response epoch (Mean = 36.7%) with
fewer occurring during the cue (Mean = 33.5%) and delay
epochs (Mean = 27.6%) (Fig. 3d, right panel, Data for each
NHP in SFig. 1g, h). Between WM and perception response
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periods, there was a larger proportion of smooth pursuits
during perception (Mean = 30.4%) than during WM (Mean
= 28.1%). The latter may be linked to the presence of the
target during perception but not during WM.

Between the WM and perception delay epochs, there was
a larger proportion of eye movements classified as saccades
that occur in WM (Fig. 3d; Data for each NHP in SFig.
le-h). There were also more eye movements on screen time
(Fig. 3a, b; Data for each NHP in SFig. la-d) and a higher
proportion of saccades that occur during the WM response
epoch compared to the perception response epoch (Fig. 3d;
Data for each NHP in SFig. le-h).

To further explore saccadic activity, we calculated the main
sequence, reflecting the relationship between saccade peak
velocity and amplitude (see methods) (Fig. 3e; Data for each
NHP in SFig. 2a-d). Saccade velocity was significantly differ-
ent (higher peak velocities as a function of saccade amplitude)
in the response epoch compared to the cue and delay epochs
during perception for all amplitude bins (t-test, p < 0.05,
effect size > 0.2). The increased velocity of saccades during
perception response may reflect the use of saccades to track
the target during navigation which does not occur during WM
when the targets were no longer present (Fig. 3e; Data for each
NHP in SFig. 2a-d). It may also signify an increase in arousal
during navigation, which would be more demanding than the
other task epochs. We also compared the main sequences
between saccades that land on target and off target during the
delay epoch (Fig. 3f; Data for each NHP in SFig. 2e-h). We
found that on-target saccades resulted in larger peak velocities;
however, these differences were more pronounced and were
only significant during the perception task (WM: t-test, p >
0.05; Perception, t-test, 6 bins, p < 0.05). Therefore, saccades
that land on target versus those that land off target show
a greater difference when the target was physically present
compared to when it was removed during the WM delay.

These behavioral results indicate a difference in animal
behavior during different task epochs and between WM and
perception. In particular, less time spent looking onscreen
during the delay epoch of the WM task combined with fewer
fixations, and no significant differences in saccade amplitude
to targets compared to off targets suggests that animals were
less focused on the target location - likely due to its removal.
It is possible that animals searched for landmarks that could
serve as references for the target location. Decreased fixation
and increased number of saccades during the response epoch
as well as an increase in saccade peak velocity may suggest a
similar strategy as well as reflect the dynamic nature of the
task’s response epoch in which the visual environment changes
as the animal changes position in the arena.

Spatial selectivity in single neurons. We recorded the activity
of 3950 units between the dorsally (1992 units) and ventrally
(1958 units) placed multi-electrode arrays. Many units in
this sample displayed delay activity. Fig. 4ab shows activity
patterns of two neurons that selectivity increased their activity
during the delay epoch for preferred target locations. Tuning
for target location was identified in the population for cue and
delay epochs (Cue: Ventral: Mean = 22%, Dorsal: Mean =
16%; Delay: Ventral: Mean = 14%, Dorsal: Mean = 12%)
and many neurons were tuned during both the cue and delay
epochs (Ventral: Mean = 37%; Dorsal: Mean = 48%) (Fig.
4cd; Data for each NHP in SFig. 3ab).

To determine how much information about the remembered
target locations was contained in the population of neurons,
we used a linear classifier (SVM - Support Vector Machine)
to decode target location from neuronal firing rates within
500 ms time bins. We used a best ensemble method in which
the most informative unit was found and was paired with all
other neurons in the population until the best pair was found.
The best pair was grouped with all neurons in the population
until the best trio was found. This process was continued until
the ensemble contains 20 neurons (Leavitt, Pieper, Sachs, &
Martinez-Trujillo, 2017b). In order to achieve a sample size
required for training and testing the classifier for all sessions,
we combined trials from all targets located on the right, left,
and center of the environment so decoding was performed
using three classes. An example session in Fig. 4e shows
decoding accuracy for different ensemble sizes during the delay
epoch divided into four 500 ms time segments. Decoding
accuracy over time was above chance (33.33%) for all time
windows, ranging from 68% during the last 500 ms of the
included response epoch to 87% towards the end of the cue
epoch (Fig. 4f; Data for all sessions in SFig. 3c). The decoding
accuracy was consistent over the delay epoch using both neural
ensembles (Fig. 4f) and full populations of simultaneously
recorded neurons (SFig. 5i), indicating robust information
content for remembered locations during our naturalistic task.
Decoding was also performed in 13 sessions using 9 target
locations, resulting in comparable decoding accuracy (Fig 6a,

b).

Fixation on target location. One potential issue in allowing
for natural eye movements is that animals could maintain
their gaze on the empty cued location during the delay or
visually ‘rehearse’ their movement plan. We explored this
possibility by analyzing gaze behavior on the targets. We
plotted all fixation points on the screen for one session for two
example target locations (Fig. 5a). Fixation points span the
horizontal extent of the screen (constitutes the task relevant
area). Fig. 5b shows heat maps of fixation locations averaged
over all sessions for two example target locations during the
delay epoch. Gaze was not limited to the location in which
the target was presented. It was also directed to non-target
stimuli in the environment such as the tree, as would occur in
naturalistic contexts.

To examine if increased fixation on the cued target location
was used as a behavioral strategy to improve performance, we
calculated the percent of fixations falling within the bounds
of the target’s location. Overall, the percentage of fixations
on the target location was very low during the delay epoch
(Median = 3%). There was no significant difference between
correct and incorrect trials suggesting that increased fixation
on cued target locations during the delay epoch may not be
an effective strategy in correctly performed trials. (Correct:
Median = 3.5%; Incorrect: Median = 2.6%; Wilcoxon Rank-
Sum, p > 0.05) (Fig. 5c; SFig. 4a).

To determine how predictive fixation location was of target
location, we divided the screen into 16 cells and calculated
the number of fixation points that fell within each cell during
the cue and delay epochs. We trained a SVM classifier with a
linear kernel to predict which of the nine target locations was
presented based on where on screen the animal was fixating.
The classifier performed above chance (11.11%) during both
epochs but performed significantly better during the cue epoch
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saccades (green), and smooth pursuits (purple) for an example working memory trial and an example perception trial. ¢. All eye traces categorized into fixations (orange),
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(Median Decoding Accuracy = 31.4%) compared to the delay
epoch (Median Decoding Accuracy = 20.8%), suggesting re-
duced patterns of target specific fixation during the delay (Fig.
5d; SFig. 4b). To determine whether eye fixation was similar
between cue and delay epochs of the WM task, we trained
classifiers using eye fixation position during the cue epoch and
tested the classifiers using eye fixation positions from the delay
epoch. We similarly trained classifiers on delay data and tested
them on cue data. Decoding accuracy was close to chance level
(11.11%) when classifiers were cross-trained between epochs
of the WM task and it was significantly lower than training
and testing on congruent epochs (Fig. 5d; SFig. 4b). This
shows that the position of fixations (i.e., gaze position) were
different between the cue and delay epochs during the WM
task.

‘We compared these results with a classifier that uses neu-
ronal firing rates with the same number of features as the
eye position classifier (16 neuron ensemble). The population
of neurons contained more information about target location
than gaze position in both the cue (Median Decoding Accuracy
= 55.4%), and delay epochs (Median Decoding Accuracy =
45.1%) (Fig. 5e, f; SFig. 4c-f). This suggests that a population
of 16 neurons encodes more information about remembered
locations than the pattern of gaze positions.

Decoding of gaze position from neural activity in LPFC neu-
rons. Previous studies have shown that LPFC neurons encode
information related to eye movements (Bullock, Pieper, Sachs,
& Martinez-Trujillo, 2017). To corroborate these findings we
examined whether neuronal activity in our sample of LPFC
neurons contained information about the animals gaze posi-
tion. We selected four targets shown in Fig. 5g that were
non-overlapping on the screen and measured neuronal firing

rates while animals fixated each one of the target locations.
We used SVM classification and found that we could decode
the gaze position from neural activity. The decoding accuracy
was significantly higher during the cue epoch (Median Decod-
ing Accuracy = 65.4%) of the WM task compared to the delay
epoch (Median Decoding Accuracy = 35.0%) (Fig. 5h; SFig.
4g, h), suggesting that more information was available to the
neuronal population when animals fixate on a target that was
present on screen compared to when the target was no longer
present. Indeed, the decoding accuracy during the delay epoch
was close to chance (25%) suggesting that firing rates during
fixation in the delay period carried little information about
the remembered target location. One possible explanation for
this finding is that decoding during the cue epoch may have
been dominated by visual responses to the target. During
the delay epoch, when no visual cue was present, eye position
contributes poorly to decoding. These findings suggest that
eye position signals do not primarily contribute to the ability
of LPFC neurons to encode WM representations in complex
and dynamic environments.

Separation between coding for working memory and percep-
tion. Unlike the WM task, during the perception task, the
target was accessible throughout the trial. Thus, it is pos-
sible that some neurons respond to the target only when it
was present in the perception task (perceptual neurons) and
some neurons are only active during the delay period of the
WM task (mnemonic neurons) (Mendoza-Halliday et al., 2017;
Roussy et al., 2021a). Therefore, we hypothesized that neural
population activity profiles differ during the perception and
WM tasks. To test this hypothesis, we collected neuronal data
from 13 sessions in which animals performed both the WM
and perception tasks. The same population of simultaneously
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active neurons were recorded during both tasks during these
sessions. This allowed us to use SVM classification to cross-
train neural data between WM and perception to predict the
9 target locations. We specifically tested the prediction that
SVM classifiers trained in one task will not generalize the
performance to the other task.

During the cue and delay epochs, decoding performance
was similar between WM and perception when classifiers were
trained and tested on the same task (Fig. 6a, b; SFig. 5a-d).
The same population of neurons can maintain similar amounts
of information about target location whether targets remain on
screen (perception) or disappear (WM) (Perception: Median
Decoding Accuracy = 71.5%; WM: Median Decoding Accuracy
= 68.1%). Although the same neurons were recorded during
each task, decoding performance dropped close to chance level
(11.11%) when the classifiers were trained on perception trials
and tested on WM trials or when the classifiers were trained
on WM trials and tested on perception trials (Fig. 6a, b; SFig.
5a-d). In comparison, classifiers trained on one half of the
WM trials and tested on the other half resulted in performance
well above chance levels (Median Decoding Accuracy = 51.3%)
(Fig. 6c; SFig. 5e, f). The latter indicates that our results
were not an artifact of using different sets of trials for testing
and training the classifiers, but were an effect of task type
(perception vs WM).

We also conducted cross-epoch decoding for WM in which
we trained and tested on combinations of cue, delay, and
response epochs. Decoding performance was greatest when
the classifiers were trained and tested with data from the same
epoch and lowest when it was trained and tested on data from
response and cue epochs (Train on cue - test on response:
Median Decoding Accuracy = 11.0%; Train on response - test
on cue: Median Decoding Accuracy = 12.3%) and when data
was trained on the delay epoch and tested on the cue epoch
(Median Decoding Accuracy = 17.0%) (Fig. 6d; SFig. 5g, h).

We also conducted cross-temporal decoding in which we trained
and tested classifiers between congruent and incongruent time
windows of 500 ms. These results indicate higher decoding
accuracy when classifiers were trained and tested between
temporally-near time windows within the same trial epoch.
(SFig 5i). This data suggests that different neural activity
profiles support LPFC neural codes for WM and perception.

Discussion

By using complex virtual reality tasks, we were able to explore
visuospatial WM and perception in naturalistic settings - incor-
porating natural eye movements and virtual navigation. We
found that animals were able to accurately perform both tasks
and identified distinct navigation strategies and eye movement
behavior that occur during WM and perception. Whereas
animals used a visually guided strategy in the perception task,
they necessarily switched their strategy during WM. We also
demonstrate the suitability of naturalistic WM tasks for neu-
ronal recording in the LPFC, particularly those that allow
for natural eye movements. We found that neurons in the
primate LPFC are strongly tuned for target location during
cue and delay epochs and that the amount of information
during delay about target location remains consistent within
the population of neurons on the single trial level. We also
found that neuronal activity during fixation on target location
is less predictive of target location during the delay epoch
compared to the cue epoch indicating that eye position in-
formation does not contribute to decoding of target location
during WM tasks. Information about target location encoded
by the same neuronal population during the perception delay
was not predictive of target location during the memory de-
lay, indicating different patterns of population activity during
perception and WM. Different population dynamics also exist
between target encoding and memory epochs in the WM task.
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Influence of naturalistic task elements. One unique element of
our task is the complex virtual environment in which it takes
place since it contains non-relevant task stimuli. Based on
the robust WM signals we describe, the LPFC may allow for
the encoding of representations that are uniquely dissociated
from distracting stimuli. Indeed, previous studies demonstrate
that LPFC differs from areas such as the posterior parietal
cortex where WM representations are perturbed by visual
distractors (Suzuki, & Gottlieb, 2013; Jacob & Nieder, 2014).
Evidence collected decades earlier from Malmo (1942) and Or-
bach and Fischer (1959) also report the importance of the PFC
in maintaining WM representations in the presence of irrele-
vant incoming visual signals. However, we must be cautious
when defining non-relevant stimuli, particularly in our virtual
WM task where some of the elements of the environment (e.g.,
tree) may potentially be used as landmarks to estimate the
target location during navigation.

Importantly, despite unconstrained eye movements, animals
perform well on our WM task and the neuronal population
maintains target selectivity and information about remem-
bered location throughout the delay epoch. These findings
may seem to contradict some previous literature showing that
forced saccadic eye movements during memory delay reduces
WM performance in human subjects (Postle, Idzikowski, Sala,
Della, Logie, & Baddeley, 1999) and differentiates the LPFC
from regions like the frontal eye fields where shifts in gaze
disrupt WM signals (Balan, Ferrera, 2003). However, a distinc-
tion between our task and previous research is the production
of forced versus naturally occurring saccades. Because the
latter may be spontaneously and voluntarily triggered by the
subjects, they may not interfere with performance in the
same manner as task dependent saccades. Indeed, before the
widespread use of the ODR and other oculomotor dependent
tasks, simple delayed response tasks were used that displayed
two targets and relied on an arm motor response through the
use of the Wisconsin General Test Apparatus or button press-
ing. Although eye movements were not controlled in these
classic experiments, studies reported neurons in the PFC that
displayed clear delay activity and spatial selectivity (Fuster,
& Alexander, 1971; Kojima, & Goldman-Rakic, 1982).

Natural eye behavior and visuospatial working memory. Al-
though the aim of our experimental paradigms was to approach
natural behavior, potential concerns may arise surrounding
the decision to not control eye position. For example, one may
argue that animals would simply visually rehearse the target
location by maintaining gaze fixation on the target of interest.
We found substantial evidence against this behavioral strategy.
Eye behavior differed between periods when the target was
available compared to times when the target was unavailable
like during the WM delay and response epochs. During WM
delay, animals spent significantly less time looking onscreen,
suggesting eye movement behavior that is less focused on
specific elements in the environment such as target location.
The number of fixations to target locations during WM delay
only comprised 3% of fixations and there was no significant
difference between the number of fixations on target between
correct and incorrect trials, suggesting that fixation on target
location during delay was not used as a successful behavioral
strategy. From these results, one may infer the LPFC main-
tains an allocentric representation of the remembered location
that is independent from gaze or fixation position. This issue,
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however, needs further exploration.

Using linear classifiers, we also identified that eye position
on screen was significantly more predictive of target location
during the cue epoch compared to the delay epoch. Classifiers
that were trained on eye position data from the cue epoch
and tested on eye position data from the delay epoch resulted
in decoding accuracy below chance level suggesting different
eye movement patterns between target encoding and memory
maintenance. Moreover, in a recent study, we demonstrate
that eye behavior remains unaffected by pharmaceutical ma-
nipulation that severely reduces WM coding and performance.
In this study, despite significant changes to WM processing,
gaze is equally as predictive of target location before and after
systemic ketamine administration (Roussy et al, 2021b).

Saccade characteristics are influenced by external motiva-
tions like task reward (Takikawa, Kawagoe, Itoh, Nakahara,
& Hikosaka, 2002). Increases in peak velocities have been
observed for task-related saccades - when fixating on a target
is needed for information processing - compared to saccades
without a task related motivation (Bieg, Bresciani, Biilthoff,
& Chuang, 2012). This increased saccadic speed may be used
to gather task related information quicker. Saccades to target
locations may be considered task relevant compared to non-
target saccades, thus supporting correct task completion and
reward. We found that saccades that land on targets versus
those that land off target show a greater difference in velocity
when the target is physically present during the cue epoch
or perception task compared to when it is removed during
the WM delay. In fact, there were no significant differences
in saccade speed to targets compared to non-targets during
the WM delay. This may suggest that saccades to target
locations during memory delay were influenced less by task
relevant motivation and information seeking than those made
during the cue encoding period. Alternatively it may reflect
the fact that visually guided saccades to a target show higher
peak velocities than to an ‘empty’ location in space (Edelman,
Valenzuela, Barton, 2006).

Another potential issue is contamination of WM signals by
signals related to eye movement. We explored the amount of
information contained by neural activity about target location
during fixation on target locations during the cue and delay
epochs. We found significantly lower decoding accuracy during
the delay epoch compared to the cue epoch, suggesting that
more information was available to the neuronal population
when animals fixate on a target that is present compared to
when the target is absent. Indeed, the decoding accuracy
during the delay epoch was close to chance (25%), suggesting
that animals did not receive substantial spatial information
about target location during periods of target location fixation
during delay. These results may be due to activation of visual
neurons by the presence of a visual target during the cue
epoch.

Although saccadic responses are seen in the PFC, the task
and type of motor response required by the task has been
shown to alter neuronal responses (Quintana, Yajeya, & Fuster.
1988; Sakagami, & Niki, 1994; Yajeya, Quintana, & Fuster,
1988; Johnston & Everling, 2006). Neuronal response to eye
movements like saccades in the PFC are often identified during
trials of tasks that are contingent on an oculomotor response.
Neuronal responses to saccades are however notably absent
when saccades are spontaneous and task independent such

as during inter-trial intervals (Funahashi, 2014). Indeed, in
a recent study, using the same virtual task, we analyzed the
proportion of neurons that were tuned for saccade position
in retinocentric and spatiocentric reference frames. Only 9%
of neurons were tuned for retinocentric saccades and 11% for
spatiocentric. More importantly, only 2% and 3% of neurons
respectively were also tuned for remembered target location,
providing further evidence for separate populations of neurons
that code for eye position and remembered locations during
WM tasks (Roussy et al.,2021b).

Perception and working memory in area 8a and 9/46. The sep-
aration of perception and WM has been recognized since 1883
when neurological conditions were described in which patients
exclusively lost either the ability to perceive objects or pic-
ture them in mind (Bernard, 1883; Behrmann, Moscovitch, &
Winocur, 1994). Early lesion studies also point to a separation
of these functions in LPFC in which large lesions consistently
produced WM deficits while retaining perceptual discrimina-
tion functions (Reviewed in Roussy et al., 2021a). Moreover,
pharmacological manipulations using muscimol and ketamine
produce WM deficits without altering perceptual performance
(Sawaguchi, & Iba, 2001; Roussy et al., 2021b).

Here, we found that population codes for perception and
WM representations of target location are not interchangeable.
This finding is supported by previous work from Mendoza-
Halliday et al, who found separate populations of LPFC neu-
rons that code for either perception or WM for visual motion
direction (Mendoza-Halliday et al., 2017). After combining
neurons into a pseudo-population, they further demonstrated
that population activity patterns could decode whether neu-
ronal representations were perceptual or mnemonic, suggesting
different patterns of neuronal activity corresponding to each
function. That study; however, used pseudo populations of
neurons rather than simultaneously recorded neurons and did
not use naturalistic virtual tasks. Our results expand on and
validate the ones of that study.

How is it possible for the LPFC to represent perceived vi-
sual features without confounding WM representations? One
possibility is that patterns of activity remain separate through
the activation of perceptual, mnemonic, and mixed neurons.
Activity patterns of perception and WM cells may help the
brain monitor and discriminate between the internal (WM)
and external (perception) representations. Abnormal patterns
of activation may cause disruptions in internal and externally
driven representations triggering hallucinations for example if
perceptual neurons are activated without visual input. Inter-
estingly, ketamine administration similarly disrupts patterns
of activity during WM through disinhibition of neuron activity
for non-preferred locations causing severe WM deficits (Roussy
et al., 2021b).

Conclusion. Our findings provide evidence of robust percep-
tual and WM representations in the macaque monkey LPFC
during naturalistic tasks in virtual environments in which eye
movements are unconstrained and the visual scene contains
complex stimuli. We find minimal impact of natural eye move-
ment on WM performance or neuronal coding for WM. Finally,
we provide evidence for different neural codes for perceptual
and mnemonic representations in the LPFC.
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Materials and Methods

The same two male rhesus macaques (Macaca mulatta) were
used in both tasks (age: 10, 9; weight: 12, 10 kg).

Ethics statement. Animal care and handling including basic
care, animal training, surgical procedures, and experimental
injections were pre-approved by the University of Western
Ontario Animal Care Committee. This approval ensures that
federal (Canadian Council on Animal Care), provincial (On-
tario Animals in Research Act), and other national CALAM
standards for the ethical use of animals are followed. Regular
assessments for physical and psychological well-being of the
animals were conducted by researchers, registered veterinary
technicians, and veterinarians.

Task. The current task takes place in a virtual environment
that was created using Unreal Engine 3 development kit (UDK,
May 2012 release; Epic Games). The nine targets were ar-
ranged in a 3 x 3 grid spaced approximately 0.5 seconds apart
(movement speed during navigation was fixed). For the work-
ing memory task, the target is present only during the cue
epoch. For the perception task, the target is present in the
cue, delay, and response epochs. Detailed descriptions of this
platform and the recording setup can be found in Doucet,
Gulli, and Martinez-Trujillo, 2016.

Experimental setup. During the task training period, animals
were implanted with custom fit, PEEK cranial implants which
housed the head posts and recording equipment (Neuronitek).
See Blonde et al, 2018 for more information. Subjects per-
formed all experiments while seated in a standard primate
chair (Neuronitek) located in an isolated radiofrequency (RF)
shielded room with the only illumination originating from the
computer monitor. Animals were head posted during experi-
ments and were delivered juice reward through an electronic
reward integration system (Crist Instruments). The task was
presented on a computer LDC monitor positioned 80 cm from
the animals’ eyes (27" ASUS, VG278H monitor, 1024 x 768
pixel resolution, 75 Hz refresh rate, screen height equals 33.5
cm, screen width equals 45 cm). Eye position was tracked
using a video-oculography system with sampling at 500 Hz
(EyeLink 1000, SR Research).

Microelectrode array implant. We chronically implanted two
10x10 microelectrode Utah arrays (96 channel, 1.5 mm in
length, separated by at least 0.4 mm) (Blackrock Microsys-
tems) in each animal located in the left LPFC (area 8a dorsal
and ventral, anterior to the arcuate sulcus and on either side
of the principal sulcus) (Petrides, 2005). Electrode arrays were
placed and impacted approximately 1.5 mm into the cortex.
Reference wires were placed beneath the dura and a grounding
wire was attached between screws in contact with the pedestal
and the border of the craniotomy.

Processing of neuronal data. Neuronal data was recorded us-
ing a Cerebus Neuronal Signal Processor (Blackrock Microsys-
tems) via a Cereport adapter. The neuronal signal was digi-
tized (16 bit) at a sample rate of 30 kHz. Spike waveforms were
detected online by thresholding at 3.4 standard deviations of
the signal. The extracted spikes were semi-automatically re-
sorted with techniques utilizing Plexon Offline Sorter (Plexon
Inc.). Sorting results were then manually refined. We collected

10 |

behavioral data across 20 WM sessions (12 in NHP B, 8 in
NHP T) and neuronal data from 19 WM sessions. Behavior
was recorded from 19 perception sessions (14 in NHP B, 5
in NHP T). Neuronal data was analyzed from 13 sessions in
which the WM and perception task were performed during
the same session.

Task performance. Percent of correct trials was calculated
for both the WM and perception task. Response time was
calculated for correct trials as the duration between the start
of navigation and the time in which animals reach the correct
target location. The task arena was divided into an 4 x 4 grid
forming 16 area cells (Fig. 2d). The trajectory of the animal
was calculated for each trial consisting of x and y coordinates
sampled every 0.002 seconds. We calculated the number of
samples that fell within each cell — this determined which cells
the animals entered during navigation as well as how much
of the total trajectory fell within each cell (related to time
spent in cells). Our optimal trajectory measure is calculated
by dividing the real length of the trajectory (the Euclidean
distance from each x, y positional data point) by the true
optimal distance (determined by the Euclidean distance from
the start location to the target location for a particular trial).
A value of 1 indicates the shortest possible (i.e., most optimal)
trajectory length.

Characterizing eye movement. The percent of eye data points
on screen is calculated as the number of data points that fall
within the screen limits divided by the total number of eye
data points during a given epoch. Off screen data points occur
when the animal looks outside of the defined screen limits or
when the animal closes its eyes (i.e., during blinking).

We characterized eye movements as saccades, fixations, or
smooth pursuits based on methods outlined in Corrigan et
al. (2017). Eye movement data was first cleaned by removing
blinks, periods of lost signal or corneal-loss spikes (occurs when
corneal reflection is lost and regained). The clean eye signal
was smoothed with a second-order Savitzky-Golay filter with a
window of 11 samples. Saccades were identified by periods of
high angular acceleration of the eye of at least 10 ms. Individ-
ual saccades were determined by an intersaccadic intervals of
at least 40 ms. Saccade start and end points were determined
by consistent direction and velocity considering a threshold of
continuous change of > 20° for at least three samples, or an
acute change of > 60° at one sample. Foveations were classi-
fied as fixations or smooth pursuits based on sample direction
and ratios of distances. Dispersion of samples, consistently of
direction, total path displacement, and the total spatial range
were considered.

We calculated the percentage of total eye movement events
classified as fixations or saccades for each epoch during WM
and perception and the percentage of smooth pursuits for the
response epoch.

Main sequence calculation. The main sequence reflects the
relationship between the amplitude of the saccade and the
peak velocity of the eye rotation towards the saccade’s end-
point. Saccade amplitude and velocity can change based on
the value of the saccade target (Bendiksby & Platt,2006) or
alertness of the subject (Di Stasi, Catena, Cafas, Macknik, &
Martinez-Conde,2013). To calculate the main sequence, we
separated saccades into bins of 3° of amplitude, starting at
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2° and computed the average peak velocity for each bin. Sac-
cades within the same amplitude bins were matched between
tasks to account for the influence of saccade start location and
direction (direction with a tolerance of £13°, and the starting
location within 7°).

Spatial tuning. Tuning for spatial location was computed in all
units (3950, 3092 in NHP B, 858 in NHP T) in 19 WM sessions
using Kruskal-Wallis one-way analysis of variance on epoch-
averaged firing rates with target location as the independent
variable. A neuron was defined as tuned if the test resulted in
p < 0.05.

Decoding target location from neuronal ensembles. We used
a linear classifier (SVM) (Libsvm 3.14) (Fan, Chang, Hsieh,
Wang, & Lin 2008) with 5-fold cross validation to decode target
position from z-score normalized population-level responses
using both single units and multiunits on a single trial basis.
We grouped targets based on location in the virtual arena into
three groups: right targets, center targets, and left targets
leaving us with 3 classes (33.33% chance level). We used the
best ensemble method detailed in Leavitt et al. (2017b), in
which we determined the highest performing neuron, paired
this neuron with all others in the population to achieve the
best pair, and combined the best pair iteratively with all other
neurons to form the best trio. This was repeated until we
reached a best ensemble of 20 neurons or 16 neurons. The
classifiers used firing rates calculated over 500 ms time windows.
Decoding accuracy at each time window was compared to
chance performance using t-tests.

Gaze analysis. We calculated the total fixation time during
the delay epoch as well as the fixation time on the trial spe-
cific target location for correct trials and incorrect trials. We
compared the proportion of fixation time on the target loca-
tion related to all fixation time during delay (target location
fixation duration / total fixation duration) between correct
and incorrect trials.

Decoding target location using eye position. The screen was
divided into 16 cells of equal dimensions. The number of
foveations classified as fixations were calculated within each
cell during the cue and delay epochs. We used a linear classifier
(SVM) with 5-fold cross-validation to determine whether target
location could be predicted by the number of fixations within
each area of the screen under the assumption that animals
gather information from the virtual environment during such
fixation periods (Corrigan et al., 2017). This analysis was
compared with a decoding analysis using neuronal ensembles
utilizing the same number of features (16 neuron ensembles).

Decoding eye position from neuronal data. We used a linear
classifier (SVM) with 5-fold cross validation to decode eye
position on screen based on neuronal firing rates during period
of eye fixation. Four target locations were selected as part
of this analysis since their locations were non-overlapping on
screen. Fixation periods occurring in either the cue or delay
epoch that fell within these regions were used. Short fixation
periods were removed (amplitude < 6 ms). Firing rate was
calculated for each neuron during each fixation period and
were z-score normalized. Neuronal populations included single
units and multiunits.

Decoding target location for working memory and perception.
We used a linear classifier (SVM) with 5-fold cross validation to
decode target location (9 targets) based on population neuronal
activity. We used 13 sessions in which animals performed
both the WM and perception task so that we could use the
same population of neurons. We altered training and testing
conditions so that classifiers were either trained on population
activity during congruent tasks or incongruent tasks (e.g.,
trained on WM and tested on perception).

We divided WM trials into two random and separate
datasets and tested/ trained classifiers on one half of the
trials and trained on the other half. For the WM task, we
trained classifiers on either congruent or incongruent task
epochs (e.g., train during cue and test during delay).

Statistics. Additional statistical information is outlined in Ta-
ble. S1.
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Figure 1: Eye Behavior for Each Animal. a. The percent of eye data points that fall within the
boundaries of the screen during WM between trial epochs for NHP B. b. The percent of eye data
points that fall within the boundaries of the screen during WM between trial epochs for NHP T. c.
The percent of eye data points that fall within the boundaries of the screen during perception between
trial epochs for NHP B. d. The percent of eye data points that fall within the boundaries of the
screen during perception between trial epochs for NHP T. Dark grey lines represent mean values and
each data point represents a session. e. Mean percent of eye movement events classified as fixations
or saccades during WM between trial epochs for NHP B. f. Mean percent of eye movement events
classified as fixations or saccades during WM between trial epochs for NHP T. g. Mean percent of eye
movement events classified as fixations or saccades during perception between trial epochs for NHP B.
h. Mean percent of eye movement events classified as fixations or saccades during perception between
trial epochs for NHP T. Error bars are SEM. Asterisks on the left represent significance between the cue
and delay epochs, asterisks in the middle represent significance between the cue and response epochs,
and asterisks on the right represent significance between the delay and response epochs. Asterisk color
corresponds to eye movement type. p < 0.01 = * p < 0.001 = ** p < 0.0001 = ***,
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Figure 2: Saccade Behavior for Each Animal. a. Main sequence during WM between trial epochs
for NHP T. b. Main sequence during perception between trial epochs for NHP T. ¢. Main sequence
during WM between trial epochs for NHP B. d. Main sequence during perception between trial epochs
for NHP B. Asterisks represent significance at each amplitude bin. Blue asterisks represent significance
between the cue and delay epochs. Green asterisks represent significance between the cue and response
epochs. Pink asterisks represent significance between the delay and response epochs. e. Main sequence
during WM for saccades landing on and off targets for NHP T. f. Main sequence during perception
for saccades landing on and off targets for NHP T. g. Main sequence during WM for saccades landing
on and off targets for NHP B. h. Main sequence during perception for saccades landing on and off
targets for NHP B. p < 0.01 = *, p < 0.001 = **, p < 0.0001 = ***,
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Figure 3: Neural Coding of Working Memory for Each Animal. a. Neural tuning during trial
epochs for the dorsal array in NHP B and NHP T. b. Neural tuning during trial epochs for the ventral
array in NHP B and NHP T. c. Decoding accuracy for neural decoding of target location. Each line
represents data from one session. The orange column indicates the delay period. The grey dashed

line indicates chance performance. Blue and grey bars on top of the figure represent significance from
chance at each time window.
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Figure 4: Eye Fixation Behavior for Each Animal. a. Percent of fixations on target for correct and
incorrect trials. Dots represent data from individual sessions and lines connect correct and incorrect
data from the same session. b. Decoding accuracy for predicting target location from the location of
eye fixations on screen during the cue and delay epochs. Classifiers are trained on the first epoch listed
in the label and tested on the second epoch. Dots represent data per session. c. Median decoding
accuracy for target location based on neural data compared to eye position data for the cue epoch
for NHP B. d. Median decoding accuracy for target location based on neural data compared to eye
position data for the cue epoch for NHP T. e. Median decoding accuracy for target location based
on neural data compared to eye position data for the delay epoch for NHP B. f. Median decoding
accuracy for target location based on neural data compared to eye position data for the delay epoch
for NHP T. g. Median decoding accuracy for eye position based on neural data during eye fixation
periods for cue and delay epochs for NHP B. Grey dashed line represents chance performance. h.
Median decoding accuracy for eye position based on neural data during eye fixation periods for cue
and delay epochs for NHP T. Error bars are SEM. Grey dashed line represents chance performance.
p < 0.01 =* p < 0.001 =** p < 0.0001 = ***,
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Figure 5: Cross-Trained Decoding Accuracy for Each Animal. a. Decoding accuracy for
predicting target location for the perception and WM tasks during the cue epoch for NHP B. b.
Decoding accuracy during the delay epoch for NHP B. c¢. Decoding accuracy during the cue epoch for
NHP T. d. Decoding accuracy during the delay epoch for NHP T. Dark grey lines represent median
values. The grey dashed line indicates chance performance. Classifiers are trained on the task that
appears first in the x-axis label and tested on the task that appears second. e. Decoding accuracy
with training and testing on one half of working memory trials during the delay epoch for NHP B. f.
Decoding accuracy with training and testing on one half of working memory trials during the delay
epoch for NHP T. The red lines represent median values and the bottom and top edges of the box
indicate the 25th and 75th percentiles. The whiskers extend to non-outlier data points (within 1.5
std) and the outliers are plotted using '+’. g. Median decoding accuracy for WM when classifiers
are cross-trained between epochs for NHP B. h. Median decoding accuracy for WM when classifiers
are cross-trained between epochs for NHP T. i. Median decoding accuracy for WM when classifiers
are cross-temporally crossed on 500 ms time windows throughout the trial period. Red rectangles
surround classification results between time windows within epochs. p < 0.01 = *, p < 0.001 = ** p
< 0.0001 = ***,
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Table 1. Statistics Reporting Table
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Correct Trials
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Response
Time
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Optimal
Trajectory
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Percent on
Screen

Subj.

NHP B,
NHP T

NHP B,
NHP T

NHP B,
NHP T

NHP B,
NHP T

Data
Counts

20 WM
sessions,
19
perception
sessions

20 WM
sessions,
19
perception
sessions

20 WM
sessions,
19
perception
sessions
20 WM
sessions,
19
perception
sessions

Statistical
Test
2-way
ANOVA

Tukey-
Kramer
Multiple
Comparison

2-way
ANOVA

Wilcoxon
Rank-Sum
Test

2-way
ANOVA

Tukey-
Kramer
Multiple
Comparison

Comparison

Animal
Task
Interaction

NHP B Per—
NHP B WM

NHP T Per—
NHP T WM

NHP B WM-
NHP T WM

Animal
Task
Interaction

NHP B
NHP T

Epoch
Task
Interaction

cueWM-
delayWM

delayWM-
responseWM

cueWM-
responseWM

cuePer-
delayPer

Stat.

F(1,35) =
84.7
F(1,35) =
199.6
F(1,35) =
58.9

F(1,35) =
0.62
F(1,35) =
0.01
F(1,35) =
0.98

Rank = 234
Rank =72

F(2,111) =
6.9
F(1,111) =
8.4
F(2,111) =
20
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delayPer-
responsePer

cuePer-
responsePer

cueWM- p=1
cuePer

delayWM- p=0.44
delayPer

responseWM-
responsePer

3d NHP B, 20 WM 2-way Fixation

Percent Eye NHP T sessions, ANOVA

Movement 19 Epoch F(2,111) =

Events perception Task 191.8

sessions Interaction F(1,111) =

11.3
F(2,111)= p=0.54
0.62

Tukey- cueWM- p=0.3
Kramer delayWM
Multiple
Comparison cueWM-
responseWM

delayWM-
responseWM

cuePer- p=0.85
delayPer

cuePer-
responsePer

delayPer-
responsePer

2-way Saccade
ANOVA
Epoch F(2,111) =
Task 64
Interaction F(1,111) =
142.2
F(2,111) =
10.9
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Tukey- cueWM- p=0.99
Kramer delayWM
Multiple
Comparison cueWM-
responseWM

delayWM-
responseWM

cuePer-
delayPer

cuePer-
responsePer

delayPer-
responsePer

cueWM-
cuePer

delayWM-
delayPer

responseWM-
responsePer

3e NHP B, 20WM 1-way WM

Main NHP T sessions, ANOVA Amplitude bin
Sequence 19

Between perception Tukey-

Epochs sessions Kramer Cue-delay

Cohen’s d

Cue-response
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Delay-
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Wallis

Wilcoxon
Rank-Sum
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Cue-delay

Cue-response

Delay-
response

WM

Perception

Time windows

All trial time

Delay time

Correct -
Incorrect
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h(13,252) =
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sessions,
13
perception
sessions

Kruskal-
Wallis

Tukey-
Kramer
Multiple
Comparison

Wilcoxon
Rank-Sum
Test

Wilcoxon
Rank-Sum
Test

Wilcoxon
Rank-Sum
Test

Kruskal-
Wallis

Tukey-
Kramer
Multiple
Comparison

Epochs
cueCue-
delayDelay

cueCue-
delayCue

cueCue-
cueDelay

delayDelay-
delayCue

delayDelay-
cueDelay

delayCue-
cueDelay

Eye - Neural
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Cue - Delay

Tasks
WMWM-
PerPer

WMWM-
WMPer

WMWM-
PerWwM

PerPer -
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PerPer-
PerWM

h(3,76) =
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Rank =473
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h(3,48) =
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WMPer-
PerWM p=1
6b NHP B, 13WM Kruskal- Tasks h(3,48) =
Delay - Cross NHP T sessions, Wallis 39.2
Task 13
Decoding perception Tukey- WMWM- p=0.99
sessions Kramer PerPer
Multiple
Comparison WMWM-
WMPer
WMWM-
PerWM
PerPer-
WMPer
PerPer-
PerWM
WMPer- p=0.79
PerWM
6¢c NHP B, 13WM Kruskal- Full and half h(1,24) =
WM Half-Trial NHP T sessions Wallis WM trials 11.6
Decoding
Supplemental Figures
S1a NHP B 12 WM 1-way Epoch F(2,33) =
Percent On sessions ANOVA 234
Screen
Tukey- Cue-Delay
Kramer
Multiple Cue-Response p=0.8
Comparison
Delay-
Response
S1b NHPT 8WM 1-way Epoch F(2,21) =
Percent On sessions ANOVA 21.2
Screen
Tukey- Cue-Delay p=0.54

Kramer
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Multiple Cue-Response
Comparison
Delay-
Response
S1c NHPB 14 1-way Epoch F(2,39) =
Percent On Perception ANOVA 41.4
Screen sessions
Tukey- Cue-Delay p=0.18
Kramer
Multiple Cue-Response
Comparison
Delay-
Response
S1d NHPT 5 1-way Epoch F(2,12) = p =0.07
Percent On Perception ANOVA 3.3
Screen sessions
S1e NHPB 12 WM 1-way Fixation
Percent Eye sessions ANOVA Epoch F(2,33) =
Movement 1132.2
Events
Tukey- Cue-Delay
Kramer
Multiple Cue-Response
Comparison
Delay-
Response
1-way Saccade F(2,33) =
ANOVA Epoch 25.8
Tukey- Cue-Delay p=0.11
Kramer
Multiple Cue-Response
Delay-
Response
S1f NHP T 8 WM 1-way Fixation F(2,21) =
Percent Eye sessions ANOVA Epoch 10.2
Movement
Events
Tukey- Cue-Delay p=0.9

Kramer
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ANOVA
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Cue-Response
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F(2,21) =
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F(2,39) =
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F(2,39) =
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F(2,12) =
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Tukey- Cue-Delay p=0.92
Kramer
Multiple Cue-Response
Comparison
Delay-
Response
1-way Saccade F(2,14) =
ANOVA Epoch 14.6
Tukey- Cue-Delay
Kramer
Multiple Cue-Response
Comparison
Delay-
Response
NHP T, 20WM 1-way Smooth
NHPB sessions, ANOVA Pursuit
19
perception WM and F(1,37) =
sessions Perception 5.8
S2a NHPT 8WM t-test Amplitude bins
Main sessions
Sequence
Between Cue - Delay
Epochs
Cue -
Response
Delay -
Response
S2b NHPT 5 t-test Amplitude bins
Main Perception
Sequence sessions
Between Delay — Cue 0 bins, p <
Epochs 0.05
Cue -
Response
Delay -

Response
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S4dc NHPB 11 WM Wilcoxon Eye - Neural Rank = 198
Cue - Eye, sessions Rank-Sum
Neural Test
Decoding
S4d NHPT 8WM Wilcoxon Eye - Neural Rank = 81 p=0.19
Cue - Eye, sessions Rank-Sum
Neural Test
Decoding
Sde NHPB 11 WM Wilcoxon Eye - Neural Rank = 198
Delay — Eye, sessions Rank-Sum
Neural Test
Decoding
S4af NHPT 8WM Wilcoxon Eye - Neural Rank = 80 p=0.23
Delay - Eye, sessions Rank-Sum
Neural Test
Decoding
S4g NHPB 11 WM Wilcoxon Cue - Delay Rank =176
Decoding sessions Rank-Sum
Eye Position Test
with Neural
S4h NHPT 8WM Wilcoxon Cue - Delay Rank = 96
Decoding sessions Rank-Sum
Eye Position Test
with Neural
S5a NHPB 10 WM Kruskal- Task h(3,36) =
Cue - Cross sessions Wallis 31.2
Task
Decoding Tukey- WMWM- p=0.51
Kramer PerPer
Multiple
Comparison WMWM-
WMPer
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WMPer- p=1
PerWwM
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Multiple
Comparison WMWM-
WMPer
WMWM-
PerWM
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PerWM
WMPer- p=0.71
PerWM
S5¢c NHP T 3 WM Kruskal- Task h(3,8) =8.3
Cue - Cross sessions Wallis
Task
Decoding Tukey- WMWM- p=1
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Multiple
Comparison WMWM- p=0.17
WMPer
WMWM- p=0.14
PerWM
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PerPer - p=0.17
PerWM
WMPer- p=1
PerWM
S5e NHP B 10 WM Kruskal- WM half vs full  h(1,18) =
WM Half-Trial sessions Wallis trials 9.6
Decoding
S5f NHPT 3WM Kruskal- WM half vs full | h(1,4) = 3.9
WM Half-Trial sessions Wallis trials
Decoding
S5i1 NHP B, 19 WM Kruskal- Time windows
Cross NHP T sessions Wallis
Temporal
Decoding All trial time h(3,72) =
7.7
Delay time h(13,252) =

21.7
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