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Abstract

Neurons in the dorsolateral prefrontal cortex (dlPFC) and posterior parietal cortex (PPC) are activated by differ-
ent cognitive tasks and respond differently to the same stimuli depending on task. The conjunctive representa-
tions of multiple tasks in nonlinear fashion in single neuron activity, is known as nonlinear mixed selectivity
(NMS). Here, we compared NMS in a working memory task in areas 8a and 46 of the dlPFC and 7a and lateral
intraparietal cortex (LIP) of the PPC in macaque monkeys. NMS neurons were more frequent in dlPFC than in
PPC and this was attributed to more cells gaining selectivity in the course of a trial. Additionally, in our task,
the subjects’ behavioral performance improved within a behavioral session as they learned the session-specif-
ic statistics of the task. The magnitude of NMS in the dlPFC also increased as a function of time within a sin-
gle session. On the other hand, we observed minimal rotation of population responses and no appreciable
differences in NMS between correct and error trials in either area. Our results provide direct evidence demon-
strating a specialization in NMS between dlPFC and PPC and reveal mechanisms of neural selectivity in areas
recruited in working memory tasks.
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Significance Statement

How the activity of neurons mediates performance of multiple cognitive tasks and where this is imple-
mented in the brain remain unclear. One popular theory suggests that nonlinear mixed selectivity (NMS), al-
tered tuning for the same stimuli depending on task or rule, allows neurons to represent multiple tasks
contexts. We wished to test whether NMS differed systematically between two areas that have been impli-
cated in cognitive tasks, the dorsolateral prefrontal cortex (dlPFC) and posterior parietal cortex (PPC). Our
results reveal only limited nonlinear selectivity in the two areas, though more prominent in the dlPFC. Our re-
sults constrain theories of the neural basis of cognitive function.

Introduction
Neurons at the highest levels of the cortical hierarchy

need to represent not only sensory stimuli but also the
significance each stimulus has in the context of the cur-
rent task, to achieve the level of adaptability that is

necessary for complex behavior (Riley and Constantinidis,
2016). It has been proposed that this neuronal property de-
pends on nonlinear mixed selectivity (NMS), the combination
of responses to multiple internal and external variables in a
nonlinear fashion (Rigotti et al., 2013). The prefrontal cortex
(PFC) in particular has been implicated in increased cognitive
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flexibility as a result of training (Constantinidis and
Klingberg, 2016) and of cognitive maturation in adoles-
cence (Constantinidis and Luna, 2019). Individual neu-
rons in the PFC typically encode multiple stimulus
dimensions and task rules during performance of a task
(Asaad et al., 2000; Mansouri et al., 2006; Machens et
al., 2010; Warden and Miller, 2010; Qi et al., 2015). A
proportion of prefrontal neurons indeed exhibit NMS for
these variables (Rigotti et al., 2013; Parthasarathy et al.,
2017; Johnston et al., 2020; Dang et al., 2021). These
findings however have not been universal. Some stud-
ies have failed to detect appreciable numbers of neu-
rons with NMS (Cavanagh et al., 2018; Dang et al.,
2021). It is an open question therefore whether NMS is
essential to perform any complex task.
The PFC is only part of a broader network activated

during cognitive functions such as working memory
(Constantinidis and Procyk, 2004). The posterior parie-
tal cortex (PPC), in particular, has long been known
to be active in many of the same tasks, including work-
ing memory (Gnadt and Andersen, 1988; Constantinidis
and Steinmetz, 1996; Chafee and Goldman-Rakic, 1998; Li
et al., 2021). This is not to say, however, that response pat-
terns in the two areas are identical. PFC exhibits unique prop-
erties including differential ability to represent the location of a
remembered stimulus when distracting stimuli are present (di
Pellegrino and Wise, 1993; Constantinidis and Steinmetz,
1996; Qi et al., 2010; Suzuki and Gottlieb, 2013), although the
specific patterns of responses in the two areas appear to be
task-dependent (Jacob and Nieder, 2014; Qi et al., 2015).
These differences in functional properties, in turn, can be di-
rectly attributed to differences in intrinsic circuits in the two
areas (Zhou et al., 2012; Katsuki et al., 2014; Hart and Huk,
2020).
We were thus motivated to examine whether NMS differs

systematically between the PFC and PPC and whether po-
tentially higher levels of prefrontal NMS can account for
greater capacity for plasticity. Some evidence exists for high-
er nonlinear integration of remembered stimuli with newly ap-
peared ones in the PFC (Zhou et al., 2021); however, it is
unknown whether the finding is task specific. Therefore, we
analyzed data from monkeys performing working memory
tasks involving comparison of two stimuli presented in se-
quence and thus requiring a flexible representation of a stim-
ulus depending on whether it appeared first in the sequence
(cue) or second (match). Our task also allowed monkeys to
infer the statistics of stimulus location during the course of a
daily behavioral session, providing a second opportunity to

determine how this flexibility is implemented at the neuronal
level and whether its time course differs between areas.

Materials and Methods
Test subjects
Behavioral and neurophysiological results were ob-

tained from two male rhesus monkeys (Macaca mulatta)
weighing 9–12 kg. All experimental procedures followed
guidelines set by the United States Public Health Service
Policy on Humane Care and Use of Laboratory Animals, and
the National Research Council’s Guide for the Care and Use
of Laboratory Animals and were reviewed and approved by
the Wake Forest University Institutional Animal Care and
Use Committee. Additionally, this study was conducted in
compliance with the ARRIVE guidelines.

Experimental setup
Monkeys sat in a primate chair with their head fixed

while viewing an LCD monitor positioned 68 cm away
from their eyes in dim ambient illumination. Animals were
required to fixate on a 0.2° white square that appeared in
the center of the monitor screen through each trial while vis-
ual stimuli were presented. Breaking fixation would result in
immediately terminating the trial without reward. Eye position
was monitored throughout the trial using a noninvasive, infra-
red eye position scanning system (model RK-716; ISCAN).
The presentation of visual stimuli, the monitoring of eye posi-
tion, and the synchronization of stimuli with neurophysiologi-
cal data were performed with in-house software (Meyer and
Constantinidis, 2005) implemented in the MATLAB environ-
ment (MathWorks).
Two 20-mm diameter craniotomies were performed

over the right lateral PFC and PPC, over which recordings
were possible in areas 8a and 46 of the posterior-dorsal
and mid-dorsal subdivisions of the PFC (Riley et al.,
2017), and areas 7a and LIP of the PPC, respectively.
Neurophysiological recordings were obtained with tung-
sten-coated electrodes with a 200 or 250mm in diameter
and 4-MV impedance at 1 kHz (FHC). Arrays of up to 4-
microelectrodes spaced within 1 mm of each other were
advanced into the cortex with a Microdrive system (EPS
drive, Alpha-Omega Engineering) through the dura into the
cortex (Zhou et al., 2016). The signal from each electrode was
amplified and bandpass filtered between 500Hz and 8kHz
while being recorded with a modular data acquisition system
(APM system, FHC). Waveforms that exceeded a user-de-
fined threshold were sampled at 25-ms resolution, digitized,
and stored for off-line analysis.

Behavioral task and stimuli display
Monkeys were trained to perform the Oculomotor Delayed

Response (ODR) task and the Match-Stay Nonmatch-Go
(MSNG) task. In both tasks, a trial started with a fixation point
at the center of the screen. After gaze was maintained on the
fixation point for 1.0 s, a cue stimulus appeared for 500ms.
The stimulus consisted of a 1° white square, which appeared
at a pseudorandom location, at an eccentricity of 10°. This
was followed by a delay period. In the ODR task, the delay
period lasted for 1.5 or 3 s, after which the animals were
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required to make a saccade to the remembered location of
the cue, which could appear at one of eight locations. In the
MSNG task, the delay period lasted for 3 s, after which a sec-
ond stimulus appeared either at the same location as the
cue, and constituted amatch, or at a different, reference loca-
tion and constituted a nonmatch. The fixation point changed
color 500ms after the appearance of the second stimulus
and the monkey was required to maintain fixation if it was a
match or to make a saccade toward the stimulus if it was a
nonmatch. Possible cue locations included a reference lo-
cation, which differed from session to session, and eight
locations deviating from the reference location by an angu-
lar distance of 11.25°, 22.5°, 45°, and 90°, either clockwise
or counterclockwise. The match would appear at the same
location as the cue in approximately half the trials (9/17
conditions). The nonmatch would appear only at the refer-
ence location in the rest of the trials (8/17 conditions).
Monkeys were rewarded with a liquid reward in both tasks.
Based on the estimated best neuronal responding location
in the ODR task, we selected the locations of stimuli used
in the MSNG task, aiming to place the reference location at
the flank of an isolated neuron’s receptive field. However,
recordings were obtained from neurons at multiple electro-
des, and the stimulus location could appear anywhere rela-
tive to a neuron’s receptive field.

Data analysis
All analyses in the current study used behavior and neu-

ral data from the MSNG task and was performed in the
MATLAB environment (MathWorks). We expressed per-
formance in the MSNG tasks as the percentage of com-
pleted trials that resulted in correct responses. Some
trials were aborted early because of breaks in fixation,
blinks, or premature saccades that occurred before the
fixation point changed color; these were ignored in per-
formance estimation. To quantify the behavior improve-
ment in a single experimental session, the percentage
correct was calculated in nonoverlapping pseudo-blocks
with 40 finished trials. Results from behavioral sessions
with at least 160 finished trials were included in this
analysis.
Recorded spike waveforms were sorted into separate

units using a semi-automated cluster analysis process re-
lying on the KlustaKwik algorithm (Harris et al., 2000). To
classify neurons of the MSNG task into different catego-
ries of selectivity, we performed ANOVA tests to investi-
gate how neurons encode various combinations of
different task variables. We first performed a two-way
ANOVA to determine the influence of task epoch (first vs
second stimulus presentation epoch) on the neuron’s
spatial turning (Dang et al., 2021). The two ANOVA factors
were the visual stimulus location and the task epoch (cue
or match period) in which the stimulus appeared. The de-
pendent variable was the neuron’s average firing rates
across stimulus presentation epochs. Neurons with clas-
sic selectivity (CS) exhibited a main effect of only one fac-
tor without any significant interaction term, evaluated at
the a = 0.05 significance level. Neurons with linear mixed
selectivity (LMS) exhibited main effects of both factors
without a significant interaction term. Neurons with NMS

exhibited a significant interactions term. Finally, nonselec-
tive (NS) neurons exhibited no significant main effect or in-
teraction term. Cells with at least six match trials for each
location were included in this analysis. Similarly, we also
performed a two-way ANOVA to determine the influence
of spatial tuning on the neuron’s reward response. The
two ANOVA factors were the visual stimulus location in
the cue period and if the trial was rewarded or not. The
dependent variable was the neuron’s average firing rate in
the 500-ms window after the reward time for the trial. For
this analysis, we chose correct trials from the match con-
dition and error trials from the nonmatch condition for
comparison, to avoid confounds caused by saccades
right before the reward. To be included in this analysis, a
neuron must have had at least four correct and error trials
in at least three cue locations. To quantify location selec-
tivity in the cue and the delay period, an one-way ANOVA
tests were used to quantify location selectivity in the cue
and the delay period. The mean firing rates in the cue and
the delay period from all trials were used to fit a Gaussian
function to estimate the tuning curve of the cell. The cen-
ter of the Gaussian was defined as the preferred location
of the cell.
We used a permutation test to evaluate differences in

CS across the dlPFC and PPC. First, we calculated the
proportion of both types of CS cells (selective for loca-
tion/task epoch) in both areas. Then, in each iteration, we re-
sampled the original dlPFC and PPC cell pool, controlling the
proportion of CS cells to be the same as the calculated ratio
in either area. A total of 500 iterations were conducted for
each area and for each CS proportion combination.
We repeated the ANOVA analysis on subsets of data

obtained at different time points during the course of each
behavioral session, to quantify changes in the proportion
of NMS cells. A three-trial long sliding window was then
used to construct a subset of trials (three trials for nine lo-
cations, thus 27 trials for each time point) for the ANOVA
from each stimulus location in chronological order. A non-
parametric permutation test was applied to examine the
statistical significance of changes in NMS during each
session. The trial order was shuffled for every stimulus
location in each iteration of the permutation test. The
same sliding window sampling procedure and ANOVA
test was then performed for each iteration. The F-score
for the interaction term of the ANOVA analysis was line-
arly regressed to trial order. The distribution of regres-
sion slopes from the randomly shuffled sample was
compared with that of the original data. The difference
was deemed to be significant if the empirically ob-
served slope occurred at the extremes of this null distri-
bution (p, 0.05, two-tailed).
To further analyze the composition of NMS cells across

the dlPFC and PPC, we categorized NMS based on their
selectivity in the cue and match period. For this analysis,
we ran a one-way ANOVA comparing firing rates of single
NMS cells to different locations in the cue and match peri-
ods and calculated cue-selective, match-selective, and
dual-selective NMS cells (p, 0.05 for each comparison).
We used the F statistic of the ANOVA interaction term

to compare NMS in correct and error trials. This analysis
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exclusively used neurons with at least four trials in both
the correct and error datasets in at least three different
stimulus locations. The number of minimum trials and
stimulus locations was chosen to maximize the average
trial numbers for each selected cell while retaining a suffi-
ciently large sample (.100 cells). The same number of tri-
als from each stimulus location were randomly chosen in
the correct and error dataset. This randomized trial selec-
tion process was repeated 50 times to minimize the vari-
ability because of the uneven number of available trials in
the two datasets.
We applied principal components analysis (PCA) to vis-

ualize the neural population activity manifolds during the
MSNG tasks. PCA was performed on the mean firing rate
in the cue and the match period for the match trials. Only
neurons with .8 trials at each location were included in
the analysis. We organized the mean firing rates in the
match trials of MSNG task into a 16� N matrix, where 16
is the number of conditions (eight locations � cue/match)
and N is the number of neurons. We then performed di-
mensionality reduction using singular value decomposi-
tion (SVD), implemented in MATLAB, which yielded the
principal components of the population response. We se-
lected the first three eigenvectors for visualization. In the
3D PCA space, the representations of the eight locations
in both the cue and the match period roughly formed a
two-dimensional plane (as shown in Fig. 4). The angle of
two planes P1 and P2 was then calculated using the fol-
lowing equation:

P1;P2 ¼ cos�1 jð~v1 �~v2Þ � ð~v3 �~v4Þj
j~v1 �~v2j � j~v3 �~v4j

 !
;

where “hP1;P2i” denotes the angle between P1 and P2,
and “~v1 �~v2” is the cross product that finds the vector
perpendicular to the plane spanned by~v1 and~v2. To esti-
mate the variance of the rotation angles, we resampled
our PFC and PPC dataset 100 times, each time randomly
picking half of the cells in the dataset to calculate the
rotation.

Results
Extracellular neurophysiology recordings were obtained

from areas 8a and 46 of the dlPFC and areas 7a and LIP
of the PPC of two adult monkeys trained to perform the
MSNG task (Fig. 1). A total of 404 dlPFC neurons and 654
PPC neurons had sufficient trials in all MSNG conditions
and were used for further analysis. The task requires the
subjects to observe and remember the locations of two
stimuli presented on a screen, separated by a delay pe-
riod of 3 s. If the two stimuli were displayed at the same
location, they defined a match trial, and the monkey
should hold fixation (stay) to get a reward. If the two loca-
tions differed, then the trial was a nonmatch, and the
monkey was required to make a saccade to the location
of the second stimulus, which remained visible at the
screen at that point (go). Possible cue locations included
a reference location and eight locations deviating from the
reference location by an angular distance of 11.25°, 22.5°,
45°, and 90°, clockwise and counterclockwise. The cue

could be followed by a matching stimulus appearing at
the same location in approximately half the trials (9/17
conditions) or by a nonmatch stimulus, which could only
appear at the reference location (8/17 conditions). The ref-
erence location changed from session to session. In the
MSNG task, the monkey’s response is categorical, and
the saccade is always directed to the same location, thus
allowing us to dissociate activity representing the location
of the visual stimuli from that of motor preparation.

PFC showsmore NMS than PPC
Individual dlPFC and PPC neurons typically encode

more than one variable, sometimes exhibiting NMS,
which means that their response to the combination of
variables cannot be predicted by the linear summation of
their responses to single variables (Rigotti et al., 2013;
Parthasarathy et al., 2017; Johnston et al., 2020). In the
context of the MSNG task, NMS is defined as the neu-
rons’ spatial tuning depending on whether the stimulus
used to evaluate was presented in the first epoch of the
task (cue) or in the second (match). This information is es-
sential for successfully completing the task, since sub-
jects need to know whether they should maintain stimuli
into working memory or compare it with the existing con-
tents of working memory. This action could be imple-
mented in the form of NMS. Our analysis does not
consider nonmatch stimuli, which always appeared at the
same reference location, and their spatial selectivity could
not be evaluated in this dataset.
We used a two-way ANOVA with factors of stimulus lo-

cation and epoch sequence to classify neurons into differ-
ent categories of selectivity. CS neurons exhibited a
significant main effect on only one of the factors (stimulus
location or task epoch) and had no significant interaction
term. In Figure 2, the first exemplar plot depicts such a CS
cell, selective for location, regardless of whether the stim-
ulus appeared as the cue or the match. The second exem-
plar of Figure 2 displays another CS cell not selective for
the location of the stimuli but demonstrating higher mean
response when the stimulus appeared as the match.
Linear mixed selective (LMS) neurons exhibited a signifi-
cant main effect for both factors but had no significant in-
teraction term. The third exemplar of Figure 2 displays
such an LMS neuron showing a higher mean firing rate
when stimuli appear as cue while simultaneously display-
ing the same rank order preference for location. NMS neu-
rons exhibited a significant interaction effect, as shown in
the last exemplar in Figure 2, a neuron exhibiting different
selectivity patterns for locations when shown as cue ver-
sus match.
Previous research has suggested that NMS may be im-

portant for implementing complex tasks. Thus, the first
question we wanted to investigate is how ubiquitous NMS
is in brain areas that are involved in high order cognitive
task performance. The ANOVA analysis showed that
more dlPFC neurons (8.7%, 35/404) than PPC ones
(4.4%, 29/654) exhibited a significant interaction term
(i.e., possessed NMS) to task variables (Fig. 3A). dlPFC
neurons in our sample were more selective overall to the
stimulus, so to ensure that the higher percentage of NMS
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was not driven by higher overall selectivity in dlPFC, we
repeated in our analysis (Fig. 3A), in samples of neurons
equated for task-variable selectivity in the two areas. The
results confirmed a higher proportion of NMS cells in
dlPFC than PPC: the mean NMS cell proportion was
8.6% in dlPFC, whereas the mean NMS cell proportion
was 6.6% in PPC, in a sample selected to match the
dlPFC selectivity. The NMS cell proportion in the two
areas was significantly different (permutation test p,
0.01). Resampling neurons using the PPC proportion of
selectivity yielded 6.2% of dlPFC neurons and 4.5% of
PPC neurons with NMS, which also constituted a signifi-
cant difference (permutation test, p,0.01).
We quantified and compared NMS in the two areas in

an alternative manner by computing the F ratio for the in-
teraction term of the ANOVA analysis. The mean F-ratio,
computed across all neurons (not only those reached sig-
nificance and were defined as NMS) was higher in the
dlPFC (1.04) than the PPC (0.88). The difference between
the two areas was highly significant (two-sample t test,
t(1405) = 3.2, p=3.9� 10�5).

The type of NMS we examined in our MSNG task is
epoch-dependent location selectivity, and a few different
profiles of responses could fall under this definition. The
NMS could arise because of a shift in location preference
across epochs, or because of cells that only show loca-
tion selection in one of the two stimulus presentation
epochs. With this intuition, we further categorized the
NMS cells based on their location selection in two epochs
(Fig. 3C). This analysis revealed that in dlPFC, location se-
lectivity was much greater in the second stimulus period
(dlPFC 17/35 =48.6%, PPC 7/29 =24.1%) compared with
the first stimulus period (dlPFC 6/35=17.1%, PPC 8/
29=27.6%). In other words, dlPFC neurons showed
greater stimulus selectivity when it appeared as a match
than when it appeared as a cue in the context of the task,
resulting in nonlinearity in responses.
So far, we have analyzed NMS on the single-cell level.

Previous research on dlPFC has shown that the neural
representation of stimuli across the entire population ex-
hibits transformations and dynamics (Minxha et al., 2020).
We thus hypothesized that if we visualize the population

Figure 1. Tasks and areas for neurophysiological recordings. A, Frames represent the sequence of event during the MSNG task, in
which they were required to report whether two visual stimuli appeared at a matching spatial location, by either continuing to fixate
on the center fixation point (match trials), or by saccading to the location (nonmatch trials) of the second stimulus. B, The possible
locations of stimuli were arranged in an invisible half circle with 10° of visual angle eccentricity, and the presentations of the stimuli
were separated by a 3-s delay period in which no stimuli were displayed. The first stimulus could appear pseudo-randomly at one
of nine possible spatial locations. Possible cue locations included a reference location (shown here at the top location) and eight lo-
cations deviating from the reference location by an angular distance of 11.25°, 22.5°, 45°, and 90°, either clockwise or counterclock-
wise. The reference location was changed from session to session and could appear in eight locations 45° apart around the fixation
point (see Materials and Methods). This cue was followed by a second stimulus (henceforth referred to as the match or nonmatch).
The match would appear at the same location as the cue in approximately half the trials (9/17 conditions). Similarly, the nonmatch
would appear at the reference location in approximately half the trials (8/17 conditions). The reference location varied from session
to session. C, Neurophysiological recordings were performed in two cortical areas: the dlPFC, including areas 8 and 46, and the
PPC, including areas 7a and LIP. IPS, intraparietal sulcus; STS, superior temporal sulcus; AS, arcuate sulcus; PS, principal sulcus.

Research Article: New Research 5 of 13

March/April 2022, 9(2) ENEURO.0517-21.2022 eNeuro.org



response in PCA space, the transformation between the
two planes defining neuronal responses in the cue and
match period would be more pronounced for dlPFC. This
was not the case. In both brain areas, representations of
stimuli in the cue and match epochs were separable; how-
ever, in both cases, the planes that defined population re-
sponses exhibited minimal rotation (Fig. 4). The mean
(and standard deviation) of the rotation angle between the
cue-defined and match-defined planes was 16.96 15.7°
for the dlPFC and 11.3 6 7.0° for the PPC. The results
suggest that although a greater proportion of individual
neurons in dlPFC alter their selectivity between epochs,
the overall representation of the stimuli remained stable
within a subspace in the match period.

Changes in NMS during a single session
Although the monkeys were trained to perform the

task with any combination of cue, match, and nonmatch
locations, the reference location around which match
and nonmatch stimuli were presented was kept the
same in each recording session. Theoretically, knowing
the reference location is not necessary for the task if
working memory could maintain information with per-
fect precision. However, previous experimental studies
have shown that working memory is imprecise and sub-
ject to drift over the delay period (Wimmer et al., 2014;

Barbosa et al., 2020). Therefore, knowing the position of
the reference stimulus could aid performance in the task,
and would be expected to alter the neural representation of
information in the brain. For example, under a Bayesian in-
ference framework, to infer the posterior (match or non-
match), one needs to accumulate data about the likelihood
of the alternatives, which are expected to be reflected in
the distribution of neural response for match and non-
match conditions (Wei and Stocker, 2015).
We divided single sessions into blocks of 40 trials and

plotted performance in sequential blocks. As expected,
the monkeys’ performance increased overall as a function
of time in single sessions (Fig. 5). However, this net bene-
fit in performance was the result of two opposing trends:
performance improved for nonmatch trials deviating by
small distances from the cue location, as the monkey was
presumably able to recognize the nonmatch stimulus
when it appeared at the increasingly familiar reference lo-
cation. At the same time, performance for match stimuli
appearing at the reference location declined (0° location
in Fig. 5), presumably again because of the monkey’s
understanding that the likelihood of any stimulus at this
location being a nonmatch was low (1/9 conditions).
Since NMS has been proposed to be essential for flexi-

ble behavior in complex tasks, we wondered whether
NMS changed within a single session as well. We thus an-
alyzed neural data into blocks of trials and performed an

Figure 2. Exemplar neural responses from the MSNG task. Examples of four dlPFC neurons are shown, exhibiting CS, LMS, and
NMS cells, defined by the task variables of stimulus location and task epoch. The x-axes represent the relative location to the center
reference location. The y-axes represent the spiking rates during two 500-ms stimulus presentation epochs. Error bars indicate SE.
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ANOVA analysis for each block. We found that NMS sig-
nificantly increased within a single session in both dlPFC
and PPC (Fig. 6A,C), with a greater change in dlPFC. The
mean F-score of the interaction term for dlPFC neurons
was 0.99 in the first group of three trials, whereas it in-
creased to 1.15 in the last group of three trials. In PPC,
the mean F-score of the interaction term in first three trials
was 0.96 and increased to 1.02 in last three trials ana-
lyzed. Further, the increase of NMS in the dlPFC was ac-
counted for mainly by location selectivity emergence
in the match period, rather than selectivity disappear-
ance in the cue period (Fig. 6B). The slope of the linear
regression on trial-order-dependent location selectiv-
ity was highest for the match period in the dlPFC; it
was lower for the cue period relative to the match, and
for the PPC relative to the dlPFC (slope values: 0.086
for the match period in dlPFC; 0.052 for the cue period
in dlPFC; 0.033 for the match period in PPC; 0.021 for
the cue period in PPC). In other words, neurons be-
came more selective for the location of the match stim-
ulus, as the reference location became more obvious,

and subjects presumably relied more on the location of
the match to perform the task.

NMS in correct and error trials
The correlation between behavior and NMS cell propor-

tion in dlPFC suggested that NMS may be important for
successfully completing the task. If that were true, one
would expect a higher level of NMS in correct trials com-
pare to error trials. We therefore examined the F-score of
the main effects and their interaction in the ANOVA test in
correct versus error trials for the MSNG task (Fig. 7). The
number of trials and task variables was matched for each
cell to avoid confounds in the comparison. Contrary to
this expectation, we did not find any decrease in the F-
score of the interaction term of the ANOVA analysis. In
dlPFC, the mean interaction term for correct trials was
0.95 and for error trials 0.96, a nonsignificant difference
(paired t test, t(166) = 0.14, p=0.89), lastly. In PPC, the
means for correct and error trials were 0.96 and 0.94,
which also did not represent a significant difference
(paired t test, t(155) = 0.25, p=0.81).

Figure 3. Proportion of NMS neurons in PFC and PPC. A, Bar graphs show the proportions of cells tuned to stimulus location, task
epoch and their interaction (i.e., NMS), in the dlPFC (N=404) and PPC (N=654). Increased selectivity to single task variables does
not fully explain the increased levels of NMS in the dlPFC. This area continued to display a higher proportion of NMS cells com-
pared with the PPC, even after a permutation test was used to control for different levels of CS (see Materials and Methods).
B, Probability and cumulative density function for the F-scores in the ANOVA test on factor of location, epoch and their interaction.
C, Classification of NMS cells shows that in dlPFC, the NMS is mainly contributed by cells that shows location selectivity only dur-
ing the match period. All crosses (black, red, purple, and green) represent NMS cells with color coding for different selectivity cate-
gories. Gray dots indicate all other cells.
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We actually observed a slight increase in spatial selec-
tivity during error trials compared with controls. In dlPFC,
the mean F-score in correct trials for the location variable
was 2.32, while for the error trials, the mean was 2.60
(paired t test, t(166) = 1.04, p=0.30). In PPC, the mean F-
score in correct trials for the location variable was 1.28,
and 1.47 for error trials (paired t test, t(155) = 2.01,
p=0.04). The mean F-score in correct trials for the epoch
variable was 1.63, while that for the error trials was 1.93
(paired t test, t(155) = 1.95, p=0.05).
Similarly, there was also a modest increase in error

trials for the main effect of epoch (tendency for re-
sponses during the cue epoch to be higher overall than
the match epoch, or vice versa). In dlPFC, the mean F-
score in correct trials for the epoch variable was 1.41
and in error trials the mean was 1.67 (paired t test,
t(166) = 1.90, p = 0.06). In PPC, the mean F-score was

1.63 in correct trials and 1.93 in the error trials (paired t
test, t(155) = 1.95, p = 0.05).

Other forms of NMS
The mixed selectivity of a specific neuron could be de-

fined in different ways, depending on what task variables
were under examination. Both PFC and PPC show loca-
tion selectivity in a spatial working memory task, during
the stimuli presentation and the delay period (Li et al.,
2021). We thus considered whether such selectivity may
constitute another form of NMS, and we wanted to know
how many cells maintained spatial selectivity in different
task epochs. Using a two-way ANOVA as we did for the
cue versus match comparison, we found that PFC had a
higher degree of NMS compared with PPC (Fig. 8A, PFC
11.5%, PPC 5.7%). We also confirmed that the higher
percentage of NMS could not be accounted for by an
overall higher location selectivity in dlPFC, by equating for
task-variable selectivity in the two areas in a permutation
test (Fig. 8A). The results, again, confirmed a higher pro-
portion of NMS cells in dlPFC than PPC: the mean NMS
cell proportion was 11.5% in dlPFC, whereas the mean
NMS cell proportion was 7.4% in PPC, in a sample se-
lected to match the dlPFC selectivity. The NMS cell pro-
portion in the two areas was significantly different
(permutation test p, 0.01). Resampling neurons using

Figure 4. Population responses in PCA space. Each point rep-
resents responses of dlPFC (top) and PPC (bottom) neurons to
one stimulus location. Numbers in points denote the eight pos-
sible locations of cue and match stimuli in Figure 1B, right, or-
dered in clockwise fashion. Red planes, Best-fit planes for the
representations mean firing rate of neurons in the cue period.
Blue planes, Best-fit planes in the match period. PC1, PC2, and
PC3 are the first three principal components of the response
space.

Figure 5. Behavior performance during each session. Mean
correct behavior performance is plotted in successive 40-trial
blocks. Top, Performance in match trials, when the match ap-
peared to a position deviating from the reference location by
the angle indicated. Bottom, Performance in nonmatch trials,
when the cue appeared at the reference location and nonmatch
stimulus appeared at the position deviating by the angle indi-
cated. Error bars indicate SEM.
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the PPC proportion of selectivity yielded 8.9% of dlPFC neu-
rons and 5.6% of PPC neurons with NMS, which also consti-
tuted a significant difference (permutation test, p, 0.01).
We additionally identified cue-period selective, delay-

period selective, and both-period selective cells (Fig. 8B).

We found that PFC had higher proportion (PFC cue-selec-
tive 14.6% vs PPC cue-selective 7.9; PFC delay-selective
13.3% vs PPC 10.1%) of cells that lose or gain spatial selec-
tivity in different task epochs than PPC (Fig. 8C). For cells that
displayed spatial selectivity in both the cue and the delay

Figure 6. Changes in cell selectivity across a single experimental session. A, Average F-score for the interaction term in the ANOVA
test for dlPFC and PPC neurons plotted as a function of trial order across sessions. B, Average F-score for location factor in the
AVOVA in either the cue or the match period, is plotted against trial order in a session. dlPFC cells developed selectivity to location
over the course of a single session more obviously, compared with PPC. C, Permutation tests demonstrate that both dlPFC and
PPC, displayed statistically significant changes in degree of nonlinearity, measured by F-ratio for the interaction term in ANOVA
test. x-axes of the plots represent slopes for linear regression of trial-order-dependent F-score change. Vertical lines indicate empir-
ical values form unshuffled data.

Figure 7. Neuronal selectivity in correct and error trials. Selectivity is plotted in the dlPFC and PPC, after controlling for the number
of trials and the location pairs that were examined. No decrease in the mean F-score of the interaction term (i.e., NMS) was ob-
served. Box boundaries represent 25�75% data range, whiskers indicate 1.5 interquartile range, and squares indicate means
across each brain area.
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period, the preferred locations were comparatively stable in
both areas (Fig. 8D), and the few neurons with large location
preference changes were all found in PFC.
We also wondered whether the more prominent NMS

we found so far in PFC was specific to pure sensory infor-
mation encoding. For this purpose, we checked neural re-
sponse at the end of the trial, once feedback was
provided on whether the trial was correct, and reward de-
livered, or not. For this analysis we considered whether
stimulus tuning differed depending on the correct or error
status of the trial. Individual examples of cells coding both
stimulus location and reward status nonlinearly at the end
of the trial period are shown in Figure 9A. However, these
cells were rare in both areas. The overall incidence of
NMS for reward and stimulus location was near the
chance level expected by the false positive rate of our
ANOVA test, in both areas (Fig. 9B).

Discussion
Our study revealed that NMS is more prevalent among

dorsolateral prefrontal than posterior parietal neurons in
the MSNG task, in which activity from both areas has been
shown to influence spatial working memory behavior (Li et

al., 2021). NMS was greater in the PFC, even after control-
ling for the higher overall selectivity for stimulus variables
that was present in our prefrontal sample. However, even
prefrontal NMS was present in only a small percentage of
neurons, did not result in a substantial rotation of the popu-
lation responses in PCA space, and lower magnitude on a
trial-to-trial basis was not predictive of errors in task execu-
tion. These findings suggest that the role of NMS is some-
what limited and that this is not the only mechanism
through which complex tasks are represented in neural ac-
tivity, in agreement with other recent studies (Dang et al.,
2021).

Role of NMS
Neurons in the PFC and other areas exhibit NMS for dif-

ferent variables, which cannot be predicted by the linear
summation of their responses to single variables (Rigotti
et al., 2013; Parthasarathy et al., 2017; Johnston et al.,
2020). Theoretical studies have shown that NMS is useful
for linear readouts of flexible, arbitrary combinations of
variables (Buonomano and Maass, 2009; Rigotti et al.,
2010; Fusi et al., 2016), allowing flexible control between
discrimination and generalization (Barak et al., 2013;

Figure 8. Location selectivity in the cue and the delay period. A, Left, Bar graphs show the proportions of cells tuned to stimulus lo-
cation, task epoch (cue vs delay) and their interaction in the dlPFC (N=362) and PPC (N=624). dlPFC exhibited a higher proportion
of cells showing NMS (the interaction bar) defined by location selectivity during the cue and the delay period. Right, Increased se-
lectivity to single task variables does not fully explain the increased levels of NMS in the dlPFC. This area continued to display a
higher proportion of NMS cells compared with the PPC, even after a permutation test was used to control for different levels of CS
(see Materials and Methods). B, Three representative cells that showed cue, delay, and both period selectivity for the locations of
stimuli. Shaded area represents standard error of the mean firing rate. C, Scatter plot for location selectivity in the cue and the delay
period, for PFC and PPC populations. D, Scatter plot indicating the preferred location for the cue (abscissa) and delay period (ordi-
nate) for cells that showed location selectivity in both periods. Each circle represents one neuron. Only neurons with responses that
could be fitted by a Gaussian function were included in this analysis (N=23 in PFC, N=7 in PPC).
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Johnston et al., 2020). The nonlinearity can naturally
emerge in recurrent networks with Hebbian plasticity
(Lindsay et al., 2017). Both PFC and parietal cortex exhibit
networks of recurrent connections in which the mainte-
nance of working memory is thought to persist (Riley and
Constantinidis, 2016), providing a substrate for such non-
linear selectivity to emerge.
Performance in cognitive tasks that require working

memory can be improved with training (Klingberg et al.,
2002, 2005; Bherer et al., 2008; Jaeggi et al., 2008; Dux et
al., 2009). This malleability of cognitive performance in
turn is mediated by the underlying plasticity in neural re-
sponses (Constantinidis and Klingberg, 2016; Li et al.,
2020). In the context of our task, plasticity was evident in
two timescales: in representing the context of a stimulus
when it appeared as a cue and as a match stimulus, over
the duration of a single trial; and as a result of learning the
location of the reference stimulus, during the course of a
daily behavioral session. NMS was evident in both of
these timescales, and more so in the PFC than in the

PPC. The emergence of NMS was mainly contributed by
appearance of selectivity during the match period. Recent
theoretical studies posit that efficient coding constrains
stimulus representations to match the statistical distribu-
tion of external sensory stimuli (Wei and Stocker, 2015;
Taylor and Bays, 2018; Walker et al., 2020). The behav-
ioral and neuronal response changes we observed may
reflect the process in which the dlPFC was accumulating
evidence for likelihood distribution of the visual stimuli.
Whatever the cause behind the learning process, NMS in
dlPFC seems to correlate with this behavioral flexibility.
This agrees with previously proposed role of NMS in flexi-
ble behavior.
Furthermore, we investigated NMS defined by both

sensory stimuli and internal goals, to test the hypothesis
that the two different areas may display NMS encoding
different aspects of the tasks. In all the variable combina-
tions we tested, we found either higher or similar levels of
NMS in dlPFC compared with PPC. This may suggest that
the differences in the NMS we observed are more attrib-
uted to some basic properties of the circuits, like biophys-
ical or anatomic parameters of single cells. Other than the
prevalence of NMS, it is also worthy to point out that our
results revealed that some task factors seemed to be less
frequently nonlinearly combined than other task factors.
For example, in our task, although we found significant
reward status tuning in both areas, NMS defined by re-
ward and stimuli location was near chance level. It has
been hypothesized (Rigotti et al., 2013) that NMS is
beneficial for arbitrary binary classification of task
conditions, thus facilitating highly flexible downstream
readout and ultimately highly flexible behavior. Factors
like reward status belong to the downstream readout
step that may benefit from upstream NMS, since typi-
cally subjects need to make flexible decisions based
on sensory inputs and strategies in mind, but the goal
of behavior is rigid, namely, to obtain rewards. The
subject needs a simple binary classification in terms of
reward regardless of the way reward is obtained. This
may explain why we observe some task factors were
less involved in NMS.
Our results are consistent with another recent study

from our laboratory which documented emergence of
NMS in the PFC after training to perform working memory
tasks for the first time, in a different cohort of animals
(Dang et al., 2021). In both of these studies, the percent-
age of neurons that exhibited NMS was modest, and
nearly absent in some task variants (Dang et al., 2021).
Furthermore, lower NMS was not predictive of error trials,
as would be expected by the suggested role of NMS in
regulating flexible behavior (Rigotti et al., 2013). This sug-
gests that the loss of information encoded in a nonlinear
manner may not be the primary factor in failing the spatial
working memory in our task. A caveat for this conclusion
is that the low overall incidence of NMS may have pre-
vented a further decline from becoming apparent, and a
smaller number of error than correct trials were available
for this analysis. Our population analysis also suggested
that the small incidence of NMS neurons did not result in
a substantial rotation of the stimulus geometry. Other

Figure 9. Mixed selectivity for cue location and reward. A, An
example cell that reversed its location preference in rewarded
versus nonrewarded conditions. Black line represents the time
that reward was expected. Shaded area represents standard
error of the mean firing rate. B, Bar graphs show the propor-
tions of cells tuned to stimulus location, reward, and their inter-
action (i.e., NMS), in the dlPFC (N=314) and PPC (N=500).
Error bar represents standard deviation in 50 resamples.
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studies, too, have failed to detect an appreciable percent-
age of neurons that exhibit NMS (Cavanagh et al., 2018).

Prefrontal and posterior parietal specializations
The PPC and dlPFC are part of a broader network that

processes visuospatial information and spatial working
memory (Jaffe and Constantinidis, 2021). Tested with the
ODR task, virtually identical proportions of neurons exhib-
iting working memory responses are found in posterior
parietal and dorsolateral prefrontal areas (Chafee and
Goldman-Rakic, 1998). Testing the two areas with more
complex tasks, however, reveals unique properties. For
example, the PFC had a greater ability to generate persis-
tent activity representing a stimulus and suppress the re-
sponse to distractors, independent of the actual temporal
order of the distractor in a sequence of stimuli (Qi et al.,
2010, 2015; Suzuki and Gottlieb, 2013; Jacob and Nieder,
2014). Persistent activity in the PFC is generally more ro-
bust (Masse et al., 2017) and exhibits lower levels of vari-
ability than the PPC (Qi and Constantinidis, 2012, 2015),
when recordings from the same animals executing the
same tasks are compared. Several studies have thus
identified distinct patterns of responses and correspond-
ing roles played by dlPFC and PPC in working memory
and other cognitive functions such as categorization
(Swaminathan and Freedman, 2012; Crowe et al., 2013),
attentional selection (Ibos et al., 2013; Meyers et al.,
2018), and response inhibition (Zhou et al., 2016). These
differences in functional properties, in turn, can be attrib-
uted to differences in intrinsic properties of neurons and
circuits in the two areas (Zhou et al., 2012; Katsuki et al.,
2014; Hart and Huk, 2020). Most importantly, prefrontal
pyramidal neurons exhibit more extensive dendritic trees
and the highest numbers of spines of any cortical neurons
(Elston, 2000), thus providing a substrate for greater plas-
ticity within larger ensembles.
Our current results provide another manifestation of the

greater capacity for plasticity of prefrontal neurons. It is
possible that NMS appears for variables strongly repre-
sented in neural activity of an area, and in this respect the
PFC may constitute a better substrate for NMS emer-
gence in the context of this task than the PPC. Our find-
ings are consistent with the conclusions of a recent study
suggesting greater nonlinear integration in the prefrontal
than the PPC, using a motion-direction task for which
parietal cortex exhibited strong selectivity (Zhou et al.,
2021). However, nonlinear properties were not quantified
in the samemanner and that study did not provide an indi-
cation of how prevalent NMS is at the level of single neu-
rons. Our study suggested that a higher percentage of
NMS neurons was evident in the dlPFC than the PPC in
animals that had been trained to perform the MGNS task.
Additionally, a more significant increase of NMS was evi-
dent in the dlPFC during the course of a single session.
Other recent studies have also suggested stronger nonlin-
ear integration of inputs in the PFC compared with the pa-
rietal cortex (Zhou et al., 2021). These results suggest a
unique role for dlPFC in subserving working memory and
flexible behavior more generally.
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