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The heart of goal-directed behavior organization is working memory. Recent studies have emphasized
the critical role of the prefrontal cortex (PFC) in working memory, highlighting elevated spiking levels in
PFC neurons during working-memory delays. As a higher-order cortex, PFC contains various types of
neurons with complex receptive fields, making it challenging to identify task-engaged neurons,
particularly during the working memory periods when firing rates are lower compared to stimulus
periods. While previous studies have primarily focused on neurons selective for sensory stimuli, there
are also task-sustained neurons that are not selective for specific stimulus characteristics. In this
study, we differentiate between working memory (WM)-sustained neurons, which show task-related
activity without stimulus spatial selectivity, and working memory (WM)-selective neurons, which are
selective for the location of the stimulus. To investigate their roles, we investigated the neural activities
of the lateral PFC neurons in two macaque monkeys during a spatial working memory task. Fano factor
analysis revealed that the neuronal variability of both WM-selective and WM-sustained neurons was
similar and significantly higher than that of non-active neurons (neurons not modulated by the task).
Moreover, the Fano factor of active neurons diminished during error trials compared to correct trials.
The spike phase locking (SPL) value was measured to evaluate the coupling of local field potentials
(LFPs) phases to spike times, considering neural network characteristics. SPL results indicated that
both WM-selective neurons and WM-sustained neurons exhibited higher SPL in the alpha/beta-band
compared to non-active neurons. Additionally, the alpha/beta-band SPL of working memory-active
neurons decreased during error trials. In summary, despite the non-stimulus-specific activation of
WM-sustained neurons, they may contribute to task performance alongside WM-selective neurons.

The ability to retain and manipulate information in mind for a short period
over time is known as working memory, and it is essential to executive
functions'’. Working memory has been the subject of extensive research
due to its crucial role in goal-directed behaviors and cognitive flexibility’”.

In nonhuman primates, neurophysiological studies revealed neurons
that respond to sensory stimuli and keep firing even after a stimulus stops
being present. This phenomenon, known as “persistent activity” or “delay
activity” has been linked to the neurological basis of working memory*™"’. In
other words, the persistent activity that maintains neural populations active
is reflected in delay activity. Though persistent activity can arise from single-
neuron mechanisms, it has been suggested that neuron activation has been

sustained by recurrent connections in a network of neurons'""*.

A large portion of cortex is involved in working memory including
posterior cortical regions that support maintaining particular content, as
well as the frontal cortex which is associated with executive tasks™"’. Fur-
thermore, earlier studies revealed that neurons in higher-order cortex,
including the prefrontal cortex (PFC), show delay activity™’.

Persistent activity in the PFC has been demonstrated to encode
information other than the physical properties of stimuli. For example,
persistent activity can reflect stimulus category'*™', numerical concepts'’,
and abstract rules of the cognitive task'*"”. Moreover, the persistent activity
of single neurons has the potential to represent information related to the
animal’s prior experience. Hence, it has been suggested that persistent

activity also plays an important role in learning procedure’’.
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In persistent activity phenomena, some neurons either become active
or stay activated after the stimulus offset. These neurons are believed to
represent stimulus or task features to be used in further task procedures. We
can categorize neurons with elevated activity in the absence of stimulus as
WDM-sustained neurons and WM-selective neurons. WM-sustained neu-
rons refer to neurons that are activated in the working memory periods
relative to before the stimulus onset (i.e., the fixation epoch). It is noteworthy
that sustained neurons are not necessarily selective for a specific feature of
the stimulus (for example, the location of the stimulus). In contrast, WM-
selective neurons exhibit significantly increased activity in response to a
feature of the presented stimulus in the working memory period (i.e., after
the stimulus offset).

Most previous studies have considered WM-selective neurons to
address the role of persistent activity in working memory, because they
capture stimulus characteristics more accurately. Since WM-sustained
neurons are not exclusively feature-selective, their roles are not well
understood during working memory. In this study, we aimed to compare
the roles of WM-sustained and WM-selective neurons in working memory
task and uncover the probable functions of them.

Results

In the current study, two macaque monkeys were trained on a delayed
match-to-sample task. There were nine possible locations for the white
square on a 3 x 3 grid in the stimulus set. Each trial featured two spatial
stimuli presented sequentially, with a 1500 ms delay between them. After the

second delay, the fixation point disappeared, and two target alternatives
appeared on the screen (Fig. 1). The monkeys had to saccade to the green or
blue target, depending on whether the two stimuli matched or did not
match. To obtain a reward of a drop of juice, the monkeys were required to
attend, retain the location of the first stimulus in working memory, compare
it with the location of the second stimulus, and correctly report the matching
status of stimuli. Spiking activities and local field potentials (LFPs) were
recorded from three PFC subdivisions: the posterior-dorsal, mid-dorsal, and
posterior-ventral prefrontal cortex”*,

The first analysis was performed to identify WM-sustained neurons
from 850 recorded neurons (171 in the posterior-dorsal, 321 in the mid-
dorsal, and 358 in the posterior-ventral). Neurons with elevated spiking
activity during the first and second delay periods, compared to the 1-s
fixation period were identified as WM-sustained neurons (Wilcoxon
signed-rank test, p <0.05). A total of 233 neurons (38/171 [22.2%] in the
posterior-dorsal, 96/321 [29.9%] in the mid-dorsal, and 99/358 [27.7%] in
the posterior-ventral) and 191 neurons (45/171 [26.3%] in the posterior-
dorsal, 80/321 [24.9%] in the mid-dorsal, and 66/358 [18.4%] in the pos-
terior-ventral) were WM-sustained based on firing rate during the first and
second delay periods, respectively. In contrast, 449 neurons (92/171 [53.8%]
in the posterior-dorsal, 148/321 [46.1%] in the mid-dorsal, and 209/358
[58.4%] in the posterior-ventral) were classified as non-sustained, as they
did not exhibit elevated firing activity in any task epoch.

Secondly, the firing rates during the working memory epochs (the first
and the second delay periods, analyzed separately) were statistically

Fig. 1 | Behavioral spatial working memory task. A
A Task procedure: Monkeys were trained to deter-
mine if the first and second stimuli matched or did
not match in terms of location. B Nine potential
stimulus locations in the task. C The anatomical PFC
subdivisions. D Number of WM-sustained and

WDM-selective neurons in each delay period.
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Fig. 2 | Firing rates of working memory-active neurons and non-active neurons in
the spatial task. The mean firing rate was averaged across spatial stimuli for neurons
classified as A) WM-sustained neurons and B) WM-selective neurons, based on
firing rates in the first delay and second delay periods. n =233, n =191, n = 449
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neurons for the first delay WM-sustained, the second delay WM-sustained, and the
not sustained neurons, respectively. n = 120, n = 124, n = 507 neurons for the first
delay WM-selective, the second delay WM-selective, and the not selective neurons,
respectively. Data are represented as mean + SEM.

compared across different stimulus locations to identify WM-selective neu-
rons from 850 recorded neurons (one-way ANOVA, p <0.05). A total of
120 neurons (20/171 [11.7%] in the posterior-dorsal, 85/321 [26.5%] in the
mid-dorsal, and 15/358 [4.2%)] in the posterior-ventral) and 124 neurons (25/
171 [14.6%] in the posterior-dorsal, 82/321 [25.5%] in the mid-dorsal, and
17/358 [4.7%] in the posterior-ventral) were WM-selective to a specific
location based on the first and second delay period firing rates, respectively.
Importantly, during the second delay period, WM-selective neurons were
identified based on their selectivity to either the location of the first or the
second stimulus. On the other hand, 507 neurons (99/171 [57.9%)] in the
posterior-dorsal, 128/321 [39.9%] in the mid-dorsal, and 280/358 [78.2%] in
the posterior-ventral) were classified as non-selective. Non-selective neurons
did not exhibit significant firing rate differences in response to specific sti-
mulus locations during any task epochs.

Our results revealed that there were more WM-sustained neurons than
spatial WM-selective neurons in the recorded region of PFC: 233 vs.
120 neurons and 191 vs. 124 based on neuronal activity in the first and
second delay periods, respectively. Additionally, 68% of WM-sustained
neurons were sustained during both the first and second delay periods, and
62% of WM-selective neurons were common across both delay periods.

Notably, 26% (61 neurons) and 25% (48 neurons) of the WM-
sustained neurons were also WM-selective during the first and second delay
spiking activities, respectively (Fig. 1D). This indicated that although there
was some overlap between WM-sustained and WM-selective neurons, the
two populations did not fully coincide. In other words, there were WM-
selective neurons that were not WM-sustained and vice versa. This dis-
tinction between WM-sustained and WM-selective was critical. WM-
sustained neurons were identified by elevated firing activity during the delay
periods, regardless of stimulus location selectivity, while WM-selective
neurons exhibited significant firing rate differences to specific locations
during the working memory epochs. The lack of a strict subset relationship
suggested that a neuron can be sustained to the delay periods without being
selective to a stimulus location.

Figure 2 illustrates the mean firing activity of WM-sustained and WM-
selective neurons compared non-sustained and non-selective neurons,
respectively. As expected, WM-sustained and WM-selective neurons
exhibited significantly higher spiking activity than their non-active coun-
terparts, confirming the effectiveness of our active neuron selection method.

Higher Fano factor in active PFC neurons

In this section, we sought to characterize neuronal response variability in
monkeys during task performance. For this analysis, we focused on the Fano
factor (FF), defined as the variance divided by the mean of neuronal spike

counts™ . The Fano factor was computed for WM-sustained, WM-selec-
tive, and non-active neurons, allowing for direct comparison across these
populations (Fig. 3 and Supplementary Fig. 1). WM-sustained and WM-
selective neurons based on the first delay period exhibited an increased Fano
factor compared with non-active neurons (two-sided Wilcoxon rank-sum
test, p <0.05). The results were in line with a prior study finding on the
response variability of PFC neurons™. Notably, the results were consistent
across the analyzed PFC subdivisions (Supplementary Fig. 2) and across
individual subjects (Supplementary Fig. 3). Active neurons according to the
second delay firing rate also showed the same results (two-sided Wilcoxon
rank-sum test, p < 0.05).

To further explore potential differences in neuronal selectivity during
the second delay period, we compared the Fano factor of WM-selective
neurons for the first and second stimulus locations (Supplementary Fig. 4).
While the Fano factor was slightly higher for neurons selective to the first
location compared to the second location, this difference was not statistically
significant (two-sided Wilcoxon rank-sum test, p > 0.05). These findings
support pooling neurons selective for the first and second stimulus locations
for subsequent analyses.

Regardless of some differences between WM-sustained neurons and
WM-selective neurons, both groups exhibited the same general trends in
neuronal response variability as reflected in the Fano factor (Fig. 4). Fur-
thermore, the comparison of Fano factor values between WM-sustained
and WM-selective neurons showed no significant differences (Supple-
mentary Fig. 5).

To control for the influence of neurons that were both WM-sustained
and WM-selective during the first and second delay periods on the observed
enhanced Fano factor, we recalculated the Fano factor after removing
neurons common to both the WM-sustained and WM-selective sets. The
number of exclusive WM-sustained and WM-selective neurons based on
the first delay activity was 172 and 59, respectively, and based on the second
delay activity was 143 and 76. Even when considering only these exclusive
neurons, the difference in Fano factor between active neurons and non-
active neurons persisted (Fig. 5).

Lower firing variability of working memory neurons in error trials
In this part of the study, we investigated the role of WM-sustained neurons
and WM-selective neurons during trials in which monkeys chose the
incorrect target. Figure 6 demonstrates the mean firing rate of WM-
sustained and WM-selective neurons based on the first and second delay
activity in error trials (i.e., incorrect decisions following the second stimulus
presentation) compared to correct trials. Since there was no significant
difference in firing rates of active neurons between correct and error trials, it
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Fig. 4 | Comparison of response variability of working memory-active neurons.
Working memory-active neurons were identified based on the significant increase in
firing rates during the first and second delay periods, and their Fano factors were
measured. A WM-sustained neurons. B WM-selective neurons. n =233, n =191
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neurons for the first delay WM-sustained and the second delay WM-sustained,
respectively. n = 120, n = 124 neurons for the first delay WM-selective and the
second delay WM-selective neurons, respectively. Data are represented as
mean + SEM.

can be inferred that firing rate of active neurons was not the main factor
contributing to the monkeys’ incorrect decisions.

In the next step, the response variability of active neurons in
error trials was calculated and compared with that in correct trials.
Both WM-sustained and WM-selective neurons produced higher Fano
factor in correct trials compared to error trials (Fig. 7). WM-sustained and
WM-selective neurons based on the first delay period in correct trials
showed an enhanced Fano factor compared with error trials (two-sided
Wilcoxon rank-sum test, p < 0.05). Moreover, active neurons based on the
second delay period activity also produced higher response variability in
correct trials than incorrect ones (two-sided Wilcoxon rank-sum
test, p < 0.05).

Spike phase coupling in working memory active PFC neurons

High-level cognitive functions such as working memory might be more
sophisticated than just spike persistence, and neuronal populations as a
network are more likely to be involved”". The locking of spiking activities
to the phase of LFP oscillations (SPL) is a common method for determining

the temporal coordination of individual neurons within a neuronal
ensemble. The SPL approach determines the angular summation of LFP
phases at spike times to assess the degree of locking of phases to spiking
activities” . Many cortical regions, including the hippocampus®, pre-
frontal cortex’*”, motor cortex, and visual areas™, have been shown to
exhibit this type of coupling.

The fact that the value of SPL depends on spike numbers is an
important constraint on the SPL estimate. Conditions with a higher number
of spikes generate a lower SPL value***". To prevent any effects of the
different numbers of spikes and trials of the two conditions, a fixed window
of 20 spikes is considered, and the SPL magnitude for each window’s spikes
is measured before taking the mean across these windows*?. Moreover, the
phase value of each LFP was calculated based on a wavelet transform, and
100 ms after the stimulus offset in delay periods was excluded to avoid
power contamination. The analyzed frequency range was 1-64 Hz, with a
step of 1 Hz. The following conventional frequency bands were taken into
account in the analysis: delta (2-4 Hz), theta (4-8 Hz), alpha (8-16 Hz), beta
(16-32 Hz), gamma (32-40 Hz). While SPL in the frequency range of above
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n =169 neurons for correct and error trials of the second delay WM-sustained
neurons, respectively. n = 120, n = 104 neurons for correct and error trials of the first
delay WM-selective neurons, respectively. n = 124, n = 104 neurons for correct and
error trials of the second delay WM-selective neurons, respectively. Data are
represented as mean + SEM.

~35Hz did not show significant differences, it was thus excluded from
detailed analysis to enhance clarity.

The analysis revealed that WM-sustained and WM-selective neurons
induced a higher level of locking between the LFP phase and spike

occurrence. Moreover, the increased SPL was more pronounced in active
neurons selected based on the first delay firing rate compared to the firing
rate of second delay period (Figs. 8 and 9). In alpha and beta bands, the first-
delay-based WM-sustained and WM-selective neurons generated higher
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SPL compared to non-active neurons (p-values of 1.9E-3 for the alpha band
and 4.4E-3 for the beta band in WM-sustained neurons; and 4.8E-2 for the
alpha band and 7.5E-3 for the beta band in WM-selective neurons; two-
sided Wilcoxon rank-sum test). This effect was also observed for second
delay-based WM-sustained and WM-selective neurons, although it was
diminished and restricted to a narrower band (Fig. 9).

As a signature of interaction between neural population activity and
single unit activity, SPL in correct and error trials was investigated to explore

whether erroneous decisions were reflected in them. WM-sustained and
WM-selective neurons exhibited stronger locking of spiking activity to the
LFP phase in correct trials compared to error trials (Fig. 10 and Supple-
mentary Fig. 6). This phenomenon was more pronounced in the theta, alpha
and beta bands in WM-sustained and WM-selective neurons based on the
first delay activity (p-values of 7.6E-5 for the theta band, 7.1E-3 for the alpha
band, and 3.9E-02 for the beta band in WM-sustained neurons; and 2.1E-3
for theta band, 2.2E-3 for alpha band, and 6.6E-03 for beta band in WM-
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n =124 neurons for the second delay WM-sustained and the second delay WM-
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selective neurons, respectively. n = 449, n = 507 neurons for the not sustained and

the not selective neurons, respectively. * Shows significant effects (p < 0.05), and n.s.
stands for not significant based on the two-sided Wilcoxon rank-sum test. Gray dots
represent individual data points for each unit. Data are represented as mean + SEM.

selective neurons; two-sided Wilcoxon rank-sum test). Moreover, WM-
sustained and WM-selective neurons identified based on the second delay
activity also displayed stronger SPL during correct trials compared to error
trials, but this effect was restricted to the beta band (p-values of 2.2E-3 in
WM-sustained neurons and 2.3E-2 in WM-selective neurons; two-sided
Wilcoxon rank-sum test). SPL analysis revealed that WM-sustained and
WM-selective neurons showed similar patterns of synchrony with the LFP
phase (Supplementary Fig. 6). However, the difference in SPL between
correct trials and error trials was evident in active neurons identified based
on the first delay activity. Furthermore, the coordination of spiking activity
with the LFP phase of active neurons, particularly in the 14-22 Hz frequency
range, distinguished correct from error trials.

Discussion

Enhancement of firing variability in working memory active
neurons

Delayed response tasks include working memory gaps in time between
sensory stimuli and making the decision based on the task rules. Increased
neuronal activity is observed over delay periods in higher cortical regions,
particularly PFC, suggesting that neurons are filling the delay periods by
continuing to fire in response to task information®. The Fano factor, which
quantifies neuronal variability, plays a significant role in understanding
neuronal computation and cognitive processes. Research indicates that this
variability is associated with attentional states and motor preparation,
suggesting that the Fano factor serves as a marker for task engagement
within neural circuits* ™. For instance, lower Fano factor values at stimulus
onset often reflect stable encoding of sensory inputs, while higher variability
may signal neural flexibility required for transitions between cognitive
states™"’. In the context of working memory, the Fano factor is particularly
significant because it reflects neural response modulations during the
encoding and maintenance of task-relevant information”**. These
observations underscore the dependence of Fano factor dynamics on task

context and the importance of variability in maintaining a balance between
stability and flexibility in neural representation, which may ultimately
enhance task performance®.

It has been widely reported that neurons in sensory and association
cortices, including the PFC, exhibit reduced variability (lower Fano factor)
when actively processing stimuli. This reduction in variability has
been proposed as a general property of the cortex’”. This modulation is
particularly evident in task-engaged neurons during attention, working
memory, and decision-making tasks, where neurons actively encoding or
maintaining information typically demonstrate reduced Fano factor during
specific task epochs. This decrease in variability is thought to reflect
stable task-related representations and the efficient processing of task
demands™"*.

In our study, we observed that working memory active neurons
demonstrated a general reduction in Fano factor toward the end of the delay
periods, in anticipation of the next task event (Fig. 4), consistent with prior
findings®. However, we also identified a key distinction: working memory
active neurons exhibited significantly higher response variability compared
to non-active neurons. This suggests that while task-engagement stabilizes
neural responses, active neurons maintain a level of variability to address
task demands, reflecting their dynamic involvement in encoding and
maintaining task-relevant information. In contrast, non-active neurons
showed lower variability, indicating the difference in the level of engagement
between the two neuronal populations.

Based on our results, active-neurons exhibited greater firing variability
due to their responsiveness or selectiveness to task-related information.
WM-selective neurons demonstrated higher activity for specific stimulus
locations during delay periods. The higher Fano factors in selective neurons
reflected the variability required to encode and maintain precise spatial
information about stimuli. This spatial selectivity was crucial for the delayed
match-to-sample task, as it involves the precise and variable encoding of
specific locations.

Communications Biology | (2025)8:767


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-08211-8

Article

A _ First delay WM-sustained neurons
[ ElCorrect
0:28 EError |

—~0.26/

=

L0241 * * *

< I —

=} A

20.22 : : 1

o :

& 02 - |

&

&0.18 |
0.16 1
0.14 - > :

Theta Alpha Beta

Frequency band (Hz)

B First delay WM-selective neurons
[ EECorrect
L I-Error
~0.26

3

80.24; * * *

= 51 | — 1

s

2022/

e

& 02 i

&

5 0.18 1
0.16 - 1
0.14! : ' '

Theta Alpha Beta

Frequency band (Hz)

Fig. 10 | SPL of working memory-active neurons in correct and error trials. SPL of
correct and error trials of first and second delay active neurons was calculated during
the first delay period (left column) and the second delay period (right column).

A WM-sustained neurons. B WM-selective neurons. n = 233, n = 197 neurons for
correct and error trials of the first delay WM-sustained neurons, respectively.

n =191, n =169 neurons for correct and error trials of the second delay WM-

Second delay WM-sustained neurons

[ EECorrect|
0:28 EError
—~0.26
=
T0.24; i
P o n.s. n.s.
= & o 1
20.22 :
g ;
&» 0.2
&
S 0.18
0.16
0.14" . . g
Theta Alpha Beta
Frequency band (Hz)
Second delay WM-selective neurons
| I T BEcCorrect
028 _Error
~0.26
3
T0.24 i I
s n.s.
20.22 .
< .
&» 0.2
&
& 0.18
0.16
0.14' : - -
Theta Alpha Beta

Frequency band (Hz)

sustained neurons, respectively. n = 120, n = 104 neurons for correct and error trials
of the first delay WM-selective neurons, respectively. n = 124, n = 104 neurons for
correct and error trials of the second delay WM-selective neurons, respectively.

* Shows significant effects (p < 0.05) and n.s. stands for not significant based on the
two-sided Wilcoxon rank-sum test. Gray dots represent individual data points for
each unit. The vertical black lines represent + SEM.

In contrast, WM-sustained neurons exhibited increased firing activity
during delay periods compared to fixation, possibly reflecting a role in
maintaining general task-relevant information, which may not necessarily
be tied to a specific location. Despite not exhibiting location-specific selec-
tivity, their elevated neuronal variability suggests that they may contribute to
the adaptive maintenance of information critical for task performance,
supporting flexibility in response to the task demands. Future studies could
investigate whether WM-sustained neurons are engaged across all working
memory processes or play a more specific role, such as the representation of
specific rules of individual tasks. This could be examined using targeted
manipulations or task variations designed to dissociate these functions.

Non-active neurons were not engaged in the task actively and displayed
baseline or background activity. In other words, they had generally more
stable and less variable firing patterns. This stability was reflected in lower
Fano factors, as they were not responding to the same degree of dynamic
input and cognitive processing.

The lower Fano factors observed in WM-sustained and WM-selective
neurons during error trials suggest that these neurons exhibit reduced firing
variability when the task is not performed correctly. This reduction in
variability may indicate a failure to engage cognitive control mechanisms,
potentially limiting the flexibility needed for effective working memory
maintenance during errors. While Hussar and Pasternak reported overall
lower Fano factors during error trials compared to correct trials, they did not
examine these changes separately for WM-sustained and WM-selective
neurons”. Our findings provide new insights into the distinct roles of WM-
sustained and WM-selective neurons, underscoring the critical role of
neuronal variability in supporting the cognitive processes required for
successful task performance.

It is worth noting that while high Fano factor values have been asso-
ciated with greater variability and task engagement, prior research has also
shown Fano factor quenching upon stimulus onset particularly in sensory
neurons”. We observed this quenching phenomenon at the onset of the
stimuli, where the Fano factor initially dropped. Following this, the Fano
factor increased as the task progressed toward the delay periods. However,
during delay periods, a decreasing trend in Fano factor was observed.
Beyond this variation in the Fano factor across task epochs, active neurons
exhibited dynamic task-related variability, as reflected in the elevated Fano
factors observed in both WM-sustained and WM-selective neurons com-
pared to non-active neurons. Therefore, although Fano factor quenchingisa
well-known phenomenon associated with sensory processing, the higher
Fano factors observed in our study reflect the neural flexibility required for
maintaining and manipulating working memory content, particularly
during the delay periods.

Contributions of PFC’s working memory neurons
The completion of goal-directed behavior tasks requires access to the wide
range of information needed to identify potential goals and the rules that can
achieve them. Despite the activation of many different brain areas, PFC is
particularly crucial for executive functions™. Neurons in this region process
information related to task-relevant stimuli and rules, maintain repre-
sentations during working memory periods, and contribute to decision-
making processes. It was suggested that to address a variety of cognitive
functions, the selectivity of PFC neurons changes at the single-neuron level,
according to the performed task’".

The distribution of information in PFC neurons is affected by task
information, and PFC has a crucial role in forming the representations of
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task rules™”. A prior study reported the sensitivity of PFC neural activity to
rule information by varying task demands®. It was suggested that PFC is
active during a wide range of cognitively demanding tasks as a part of the
multiple-demand system, in contrast with brain regions that respond
selectively to particular types of information™. In fact, task demands often
influence PFC neural activity more than sensory inputs'®**. Moreover,
training of complex cognitive tasks has a significant impact on the neuronal
activity of PFC, and the number of task-activated neurons in the PFC
increased after monkey task-learning>.

Working memory is a complex process that involves the coordination
of various cognitive functions over time, with neural networks supporting
stimuli and task information, particularly during memory delays™. This
complexity implies that different neuron types with distinct characteristics
contribute to various aspects of the process. In this study, both WM-
sustained and WM-selective neurons were modulated by working memory
task demands. Although WM-sustained neurons were not selective to the
spatial location of stimuli, their spiking variability was influenced by these
demands. Working memory activity in the PFC likely involves processes
that extend beyond specific stimulus characteristics including the main-
tenance of abstract representations, rule-based processing, and cognitive
control.

Our findings suggest that both types of working memory active neu-
rons contribute to the overall working memory process. While their roles
may not be entirely distinct due to the similarity in Fano factors, the
functional distinction lies in the specificity of their involvement: WM-
selective neurons are likely more involved in encoding spatial information,
whereas WM-sustained neurons may support more general task-related
processes. Importantly, as non-selective neurons could still be sustained,
they may play a role in supporting task-relevant information, as suggested
by previous work™. These neurons may contribute indirectly to the infor-
mation coding process, aligning with the idea that neural population coding
benefits from including neurons that are not strictly tuned to stimulus
features. This finding highlights the importance of considering a range of
neuron types in population analyses, as their inclusion may reveal broader
contributions to the robustness and efficiency of information processing.

Elevated alpha/beta spike-phase coherency of working memory
neurons

Working memory serves as a crucial workspace for storing and processing
information, making it essential for cognitive functions. Therefore, various
mechanisms have been developed to enhance working memory. Previous
studies have highlighted the fundamental role of cortical rhythms in reg-
ulating the task-dependent dynamics of working memory, suggesting these
thythms as key components of top-down control over thoughts™.

Recent investigations in primates have shown that bottom-up signals
emerge in the gamma band, while top-down influences predominantly
occur in the low frequencies, particularly alpha and beta bands™”. Fur-
thermore, recent findings suggest that the alpha/beta top-down signals
(8-30 Hz) inhibit the gamma band bottom-up signals (34-60 Hz)"". It is
revealed that spiking activities, which periodically update the synaptic
weight supporting memory maintenance, are mediated by the interaction of
alpha/beta and gamma signals.

Spiking activities, crucial for preserving working memory content,
have been linked to gamma-band activity®. Previous studies suggest that
gamma-band activity is modulated by low-frequency top-down signals
particularly in the alpha and beta bands’"*". This indicates that spiking may
also be influenced by these low-frequency rhythms. Through this
mechanism, the single-neuron activity interacts with the summed activity of
neuronal populations, as reflected in LEPs. Adaptive changes in individual
neuronal responses may, therefore, reflect broader network dynamics,
optimizing population coding to meet diverse cognitive demands®**.

Alpha/beta band rhythms play a key role in PFC during cognitive
functions such as executive control®, working memory**”, and avoiding
distraction®. Generally, low-frequency activity (10-30 Hz) is associated
with the preservation of the current cognitive state and is crucial for working

memory”*®, Our results illustrated that alpha/beta LFP phase and spiking
activity interacted in working memory active neurons. According to the
analysis, WM-sustained and WM-selective neurons exhibited significantly
greater SPL than non-active neurons in the alpha and beta bands.

Moreover, a reduction in SPL in alpha and beta bands was evident in
working memory active neurons during error trials. Our results were con-
sistent with earlier research that assessed the impact of alpha/beta coupling on
the performance of monkeys during task execution’***. Poor coupling of
spiking activity and the alpha/beta top-down signal was observed in error
trials, suggesting that disruption in this coupling may contribute to working
memory deficit. Our findings imply that working memory deficits can be
reflected in the alpha/beta SPL and that patients with working memory-related
disorders may benefit from interventions aimed at improving alpha/beta
coupling.

Methods

In this article, we analyzed the neural data of two male macaque monkeys,
aged 5-9 years and weighing 5-12 kg. None of these animals had ever been
employed in any form of research before the experiment. The monkeys were
housed either individually or in pairs within communal environments that
allowed for sensory interactions with other monkeys. All experimental
procedures were approved by the Wake Forest University Institutional
Animal Care and Use Committee under protocol number A14-196 and
followed the guidelines provided by the National Research Council’s Guide
for the Care and Use of Laboratory Animals and the U.S. Public Health
Service Policy on Humane Care and Use of Laboratory Animals. The
procedure was carried out as previously described””’. We have complied
with all relevant ethical regulations for animal use.

The monkeys were required to sit with their heads fixed in primate
chairs, viewing a monitor that was 68 cm away from their eyes with low
ambient illumination, and concentrate on a 0.2° white square that appeared
in the center of the screen. Each trial started with a fixation period of
1000 ms. The monkeys were instructed to maintain their gaze on the fixa-
tion point during the presentation of visual stimuli, which were presented
either at a peripheral location or over the fovea. After stimuli and delay
periods, the monkeys were required to make a saccade to the correct choice.
The correct performance of monkeys was rewarded with a drop of juice. The
trial terminated immediately with any fixation break, with no reward.
During the experiment, the subjects’ eyes were continuously tracked using a
non-invasive, infrared eye position scanning device (model RK-716;
ISCAN, Burlington, MA). The system provided a resolution of 0.3° at the
vision center. The eye position of subjects was sampled and recorded at a
rate of 240 Hz. The Psychophysics Toolbox™ and the MATLAB environ-
ment (Mathworks, Natick, MA) were employed to run custom programs
that displayed visual stimuli, tracked eye position, and synchronized stimuli
with neurophysiological data.

Behavioral task

Two macaque monkeys were trained to execute a spatial working memory
task. At the start of each trial, a cue (the first stimulus) was presented for
500 ms, followed by a 1000 ms fixation period during which only a fixation
point was displayed. Subsequently, a delay interval began with the fixation
point remaining on the screen for 1500 ms. Thereafter, the second stimulus
was presented for 500 ms. This stimulus could appear either at the same
location as the first stimulus or at the directly opposite location. To maintain
an equal number of match and non-match trials within the stimulus set,
each cue was paired with exactly one non-match stimulus. After the pre-
sentation of the second stimulus, a 1500 ms delay period followed, during
which only the fixation point remained visible. Finally, the monkeys were
required to make a saccadic movement toward one of two target stimuli:
green for a matching stimulus and blue for a non-matching stimulus. The
target stimuli for each trial were pseudo-randomly presented at one of two
orthogonal positions relative to the first/second stimuli. Importantly, the
positions of the green and blue targets were not fixed across trials, elim-
inating any consistent association between target color and spatial position.
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This task design ensured that the monkeys relied on their memory of the
precise location of the first stimulus to determine whether the second sti-
mulus matched it.

Surgery and neurophysiology

A circular craniotomy with a diameter of approximately 18 mm was car-
ried out over the PFC, followed by the implantation of a recording cylinder.
Anesthesia was induced with an intramuscular injection of ketamine
(5 mg/kg) and maintained throughout surgery using 1-3% inhalant iso-
flurane. Following surgery, stereotaxic coordinates and anatomical mag-
netic resonance imaging (MRI) were employed to confirm the accurate
placement of the cylinder. Electrode penetrations across the cortical sur-
face were systematically mapped. Six distinct regions within the LPFC were
identified: area 10 in the frontopolar region; area 45 in the posterior ventral
region; area 8A in the posterior dorsal region; area 8B and area 9/46 in the
mid-dorsal region; area 9 and area 46 in the anterior-dorsal region; and
area 47/12 in the anterior-ventral region. Notably, the frontopolar and
anterior subdivisions were under-sampled for the purposes of this analysis.

Neurophysiological recordings

Neural recordings were made in the previously indicated PFC areas during
the spatial working memory task. To record extracellular signals, multiple
glass- or epoxylite-coated tungsten microelectrodes with a diameter of
100-250 ym and a 1-4 MQ impedance at 1kHz (Alpha-Omega Engi-
neering, Nazareth, Israel) were used. A microdrive system (EPS drive,
Alpha-Omega Engineering) was employed to position arrays of up to eight
microelectrodes, spaced 0.2 to 1.5 mm apart, through the dura mater and
into the PFC. Signals from each electrode were amplified and filtered:
spiking activity was band-pass filtered between 500 Hz and 8 kHz, while
LFPs were filtered between 0.5 and 200 Hz, using a modular data capture
system (APM system, FHC, Bowdoin, ME).

Data analysis

Neural data analysis was implemented with the MATLAB platform
(R2020b, MathWorks, Natick, MA). To calculate the trial-averaged peri-
stimulus time histograms, the spiking events were convolved at 50 ms
intervals.

The firing rate of each neuron was calculated for each task period,
separately. By applying a paired ¢-test, the neurons that exhibited a sig-
nificant increase in firing rate during the delay periods (first and second
delay periods separately) compared to the 1000 ms fixation interval were
labeled as working memory-sustained neurons (p < 0.05). Using a one-way
ANOVA test on the firing rates of each neuron during delay periods,
neurons were identified as working memory-selective based on the sig-
nificantly different responses to the spatial location of the stimulus.

To ensure robustness and minimize false positives, we applied addi-
tional criteria to identify WM-selective neurons: they were required to have
a firing rate of at least 2 Sp/s for their best stimulus location during the task
period in which the ANOVA test indicated a significant effect of stimulus
location. Moreover, WM-sustained neurons were required to exhibit higher
firing rates in the analyzed epoch compared to the fixation period. Neurons
showing a significant decrease in firing rate were therefore excluded from
the sustained category. We additionally required that a WM-sustained or
WM-selective neuron exhibit a firing rate of at least 2 Sp/s during the
analyzed delay period.

To study the trial-to-trial spike count variability, Fano factor was
calculated”. The Fano factor, which is the variance relative to the mean of
spike counts, was calculated as follows:

var(spike count
Fano factor = M
mean(spike count)

We computed the Fano factor in each neuron using a 100 ms sliding
window with a 10 ms stepping size. The calculated Fano factor in each
window was assigned to the time point in the middle of the window. Then,

Fano factors were averaged across neurons. The Fano factor was computed
for each neuron across all correct trials, without separating trials by stimulus
location. This approach was chosen to assess the overall trial-to-trial
variability of neurons during task performance rather than condition-
specific variability (Supplementary Figs. 7 and 8).

LFP recordings were preprocessed using custom code implemented in
the MATLAB computational environment (2020b, Mathworks, Natick,
MA). A band-pass filter (0.5-100 Hz) was applied for phase and amplitude
extraction from the recording channels. We removed line power (60 Hz)
and other artifacts from each electrode and trial of the LFP signal, if present.

To investigate SPL, the instantaneous phase value of each LFP signal
was quantified using a complex Morlet wavelet transform. To avoid edge
effects during stimulus presentation in working memory periods, 100 ms of
the LFP signals after the stimulus offset in delay periods were excluded. The
analysis frequencies ranged from 1 to 64 Hz in 1 Hz steps. After extracting
the phase values using the wavelet analytic signal, a vector was created with
the instantaneous phase at the spike time and an amplitude of one. The
vector averaging method was applied to calculate the spike-phase locking
magnitude.

N
SPL=1/N|» exp(ip,)

n=1

where ¢ represents the LPF phase at which the spike occurred, and N is the
number of spikes. To control for effects due to different numbers of spikes
and trials and to capture a more stable effect, a fixed window of 20 spikes was
considered”. The spikes from all trials of each neuron were pooled together.
We measured the SPL magnitude for the spike times of each window and
then took the mean across these windows.

Statistics and reproducibility

In this study, all statistical analyses were carried out using the MATLAB
platform (R2020b, MathWorks, Natick, MA). To identify working
memory-sustained neurons, a Wilcoxon signed-rank test was applied to
compare firing rates during each delay period with the fixation period. To
identify working memory-selective neurons, a one-way ANOVA was per-
formed to assess the effect of stimulus location on firing rate during the delay
periods. To compare neural variability across different groups, the Fano
factor was computed for each neuron. Fano factors were then averaged
within each task epoch (first stimulus, first delay, second stimulus, and
second delay). The two-sided Wilcoxon rank-sum test was applied to
compare the Fano factor between groups. For SPL analysis, SPL values were
first calculated for each neuron and then filtered into theta, alpha, and beta
frequency bands. The two-sided Wilcoxon rank-sum test was applied for
comparisons between groups. A significance threshold of p < 0.05 was used
for all statistical tests.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The source data used to generate all figures in this paper are provided in
Supplementary Data 1. All other data supporting the findings of this study
are available from the corresponding author upon reasonable request.
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