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ABSTRACT 

 

Working memory is one of the most critical cognitive functions and dorsolateral 

prefrontal cortex (dlPFC) has generally been recognized as the seat of working memory. 

Development of working memory ability through adolescence, accompanied by structural 

changes has been reported in human studies, however, how neurophysiological changes 

in population prefrontal neurons mediate working memory ability has remained unclear. 

Moreover, recent studies have challenged the role of the prefrontal cortex (PFC) in 

cognitive functions. Activation of posterior parietal cortex (PPC) in working memory 

task has also been reported.  Here, we address two primary questions: First, how do 

changes in prefrontal activity during adolescence mediate working memory ability? And 

second, what is the difference of neural activity between prefrontal and posterior parietal 

neurons in a working memory task? For the first project, we reported behavioral 

performance and neurophysiological activity during monkeys’ maturation. Increased 

activity during the delay period was revealed but no change in the representation of 

stimuli. Decreased evoked activity by a distractor was also been found. As for the second 

project, we analyzed a sample of neurons from the prefrontal and parietal cortex, which 

was matched for delay period activity. No significant difference of tuning bias and 

correlation of firing rate and behavior deviations were found in a working memory task. 

The results suggest that behavioral performance during working memory is influenced by 

a distributed network of cortical areas during working memory.  
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The term “working memory (WM)” was firstly used to refer the memory for plans of 

future actions (Miller 1960). The cognitive psychologists proposed WM as a limited 

capacity system which can provide temporary storage and manipulation of information 

necessary for complex cognitive functions such as language comprehension, learning, 

and reasoning (Baddeley 1992). Baddeley proposed WM as a multi-component system, 

consisting of an attentional control system, the central executive, supported by three other 

components representing different modalities of information, the phonological loop, the 

visuo-spatial sketchpad, and episodic buffer (Baddeley 2010). The central executive 

function is to combine information from multiple sources and coordinate the slave 

systems. The phonological loop sub-system is involved in sound or phonological 

information storage, which would be held within few seconds, and memory traces can be 

refreshed via retrieval and re-articulation. The role of the visuo-spatial sketchpad is to 

store visual information for further manipulation. It is generally thought the visuo-spatial 

sketchpad has its own storage of working memory without interfering with the processes 

of phonological loop, and is a capacity-limited system which typically can hold three or 

four objects. The episodic buffer acts as the component being capable to hold 

multidimensional autobiographical episodes, which may combine information from 

different sources. It may also exchange information with long-term memory.  

Lesion studies initially revealed the association of WM and prefrontal cortex (Fig. 1) 

(Pribram, Mishkin et al. 1952). Lesions of the prefrontal cortex result in failure of 

performance on even simple tasks with working memory involvement. Various 

behavioral deficits in tasks requiring manipulation of mnemonic information have been 
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reported through recent lesion studies (Rossi, Bichot et al. 2007, Buckley, Mansouri et al. 

2009).  It has been proposed that neurons in PFC have specializations on maintaining 

sensory information of working memory by sustained neural activities during working 

memory tasks (Fig. 2) with sensitivity to specific sensory features, even there is no more 

presentation of visual stimulus (Funahashi, Bruce et al. 1989, Constantinidis, Franowicz 

et al. 2001). Persistent neural activities in the prefrontal cortex have been demonstrated to 

explain many aspects of working memory performance in visuo-spatial working memory 

tasks (Qi, Zhou et al. 2015). Subsequently, persistent neural activities for selective spatial 

location of the remembered cues are wide-existing in prefrontal neurons, approximately 

one third of the total prefrontal neurons (Qi and Constantinidis 2013). This connection 

was furthered by latest neurophysiological studies on human subjects (Kaminski, 

Sullivan et al. 2017). 

Neural substrates of WM during maturation 

Enhancement of working memory ability occurs in parallel with the time from puberty to 

adulthood (Gathercole, Pickering et al. 2004). During the development of the brain, 

behavior and cognitive systems mature at different ratios, which results in adjustments 

during adolescence. Human studies indicated that large scale changes of the ratio of 

white-to-gray matter in the brain occurred in the late teen ages (Giedd, Blumenthal et al. 

1999, Sowell, Delis et al. 2001). The rapid expansion of the strength of connections 

between PFC and other brain areas happens during this period as well (Luna, Thulborn et 

al. 2001, Sowell, Delis et al. 2001, Sowell, Trauner et al. 2002). Additionally, it has been 

revealed that patterns of brain activation during working memory tasks varied with 

distinct changes between childhood and adulthood via human imaging studies (Luna, 
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Thulborn et al. 2001, Burgund, Lugar et al. 2006, Olesen, Macoveanu et al. 2007). 

Animal models also demonstrated that prefrontal intrinsic connectivity changed in 

parallel with ages (Zhou, Zhu et al. 2014). 

However, the research on the changes of PFC neurons and neuronal population from 

puberty to adulthood has been sparse, due to lack of longitudinal experiments from same 

subjects on these properties. Moreover, how changes of neural activities mediate the 

cognitive improvements as the result of anatomical maturation remains unclear.  

Role of PFC and PPC in working memory task 

Neurons with memory-related neural activities have been reported in multiple brain areas 

(Fuster and Jervey 1981, Andersen, Essick et al. 1987). Moreover, Goldman-Rakic 

proposed that working memory was mediated by activities of neurons in parallel, 

distributed networks. The posterior parietal cortex, the area of the parietal region most 

closely interconnected to PFC, also demonstrated key properties in WM via direct 

neurophysiology from animal models (Constantinidis and Procyk 2004, Qi, Katsuki et al. 

2010, Rawley and Constantinidis 2010, Katsuki and Constantinidis 2012). The 

simultaneous involvement of both areas has been revealed in human imaging studies of 

working memory (Courtney, Ungerleider et al. 1997, Stern, Sherman et al. 2001). Despite 

of close association and similar properties of PFC and PPC with WM (Chafee and 

Goldman-Rakic 1998), the two areas have unique roles in the context of WM. The PFC 

has been demonstrated being better to hold salient stimulus representation while 

disregarding distractors (Qi, Katsuki et al. 2010), while PPC neurons represent most 

recent stimulus presentation (Constantinidis and Steinmetz 1996). The importance of 
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prefrontal cortex in working memory behavior has been demonstrated in cooling 

inactivation experiments. Inactivation of PFC resulted in greater WM task performance 

deficits comparing to the task performance of inactivating PPC via cooling experiments 

(Chafee and Goldman-Rakic 2000). Small lesions on one hemisphere of prefrontal cortex 

would produce deficits of the behavioral performance for a remembered cue in 

contralateral space, an effect termed as “mnemonic scotoma” (Funahashi, Bruce et al. 

1993, Funahashi 2015). However, similar results from lesion studies on PPC are still 

unavailable, which further emphasizes the functional specialization of these two areas in 

WM. 

However, in recent years, the traditional view that working memory is an exclusive 

domain of the prefrontal cortex has been challenged. Imaging studies have demonstrated 

that information held in working memory can be recovered from the activity patterns 

recorded from the human visual cortex (Harrison and Tong 2009). Working memory 

capacity has also been associated with parietal cortex activity (Todd and Marois 2004, 

Todd and Marois 2005). 

Recent studies have established the “bump attractor” model (Fig. 3) to combine the 

correlation of neural activities at single neuron basis with behavioral performance in WM 

task with PFC neural activities (Wimmer, Nykamp et al. 2014). However, such analysis 

has not been applied to other cortical areas yet. 

Introduction of experiments and methods 

In the following chapters, experiments were conducted to reveal how the changes of PFC 

neural activities mediate cognitive functions following maturation, and to resolve the 
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roles of PFC and PPC in WM. To disclose the effects of changes of PFC neural activities 

through maturation on WM function, monkeys were trained with oculomotor delay 

response (ODR) task and ODR variant tasks, and neurophysiological recordings were 

collected from two developmental stages, after the onset of puberty and in adulthood. We 

tracked the monkeys’ anatomical development markers and collected neurophysiological 

data from PFC neurons during these two developmental stages. The result revealed how 

changes of PFC neural activities during maturation influence coding capacities of 

working memory. Moreover, to address the role of specific cortical area in WM, it is 

urgent to find out the correlation of putative neural activities and WM performance. 

Analysis using the bump attractor model was applied to PFC and PPC neural data to 

recognize the role of PPC in working memory task. Functional distinction can also be 

verified via applying same analysis to neurophysiological data from both cortical areas.  



7 
 

FIGURES 

 

Figure 1: Diagram of monkey brain, including four cortical regions involved in WM. 

Prefrontal cortex (PFC), posterior parietal cortex (PPC), primary visual cortex (V1), and 

inferior temporal cortex (IT).  
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Figure 2: Schematic diagram of prefrontal neural activities evoked by visual stimulus. 

Neural activities keep sustained without existing presentation of stimulus during delay 

period in WM task.  
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Figure 3: Illustration of network activities in a single trial. 

Top: drift of network activity during the delay period results in inaccurate behavior. The 

X axis indicates the preferred location of neurons in the network, for stimuli arranged on 

a ring. The Y axis indicates time during the delay period. Colors indicate the scale of 

firing rate. Bottom: deviation between original encoded location and eventual decoded 

location. The solid lines indicate the network activity at the beginning of the delay period 

and at the end of the delay period, respectively. The black triangle indicates the original 

cue location, while the red triangle shows the location decoded from network activity at 

the end of the delay period. The displacement of the two triangles indicates the 

behavioral deviation in this trial.  
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ABSTRACT 

 

Working memory ability matures after puberty, in parallel with structural changes in the 

prefrontal cortex, but little is known about how changes in prefrontal neuronal activity 

mediate this cognitive improvement in primates. To address this issue, we compare 

behavioral performance and neurophysiological activity in monkeys as they transitioned 

from puberty into adulthood. Here we report that monkeys perform working memory 

tasks reliably during puberty and show modest improvement in adulthood. The adult 

prefrontal cortex is characterized by increased activity during the delay period of the task 

but no change in the representation of stimuli. Activity evoked by distracting stimuli also 

decreases in the adult prefrontal cortex. The increase in delay period activity relative to 

the baseline activity of prefrontal neurons is the best correlate of maturation and is not 

merely a consequence of improved performance. Our results reveal neural correlates of 

the working memory improvement typical of primate adolescence. 
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INTRODUCTION  

 

Working memory ability and other cognitive faculties increase considerably between the 

time of puberty and adulthood (Mischel, Shoda et al. 1989, Fry and Hale 2000, 

Gathercole, Pickering et al. 2004, Kramer, de Sather et al. 2005, Casey, Jones et al. 

2011). Human studies indicate a monotonic increase in working memory performance 

during this time period, particularly for tasks that require retaining information during 

distraction (Fry and Hale 2000, Gathercole, Pickering et al. 2004, Ullman, Almeida et al. 

2014). This prolonged cognitive enhancement that persists after the onset of puberty 

parallels the maturation of the prefrontal cortex (Yakovlev PI 1967, Chugani, Phelps et 

al. 1987, Jernigan, Archibald et al. 1991, Pfefferbaum, Mathalon et al. 1994, Sowell, 

Delis et al. 2001, Ullman, Almeida et al. 2014). Anatomical changes in the prefrontal 

cortex that continue throughout adolescence include increases in grey and white matter 

volumes, and in myelination of axon fibres within the prefrontal cortex and between the 

prefrontal cortex and other brain areas (Yakovlev PI 1967, Chugani, Phelps et al. 1987, 

Jernigan, Archibald et al. 1991, Pfefferbaum, Mathalon et al. 1994, Luna, Thulborn et al. 

2001, Sowell, Delis et al. 2001, Olesen, Nagy et al. 2003, Ullman, Almeida et al. 2014). 

A progressive increase of prefrontal activation between childhood and adulthood has also 

been well documented via imaging studies for tasks that require working memory and 

filtering of distractors (Luna, Thulborn et al. 2001, Bunge, Dudukovic et al. 2002, 

Klingberg, Forssberg et al. 2002, Kwon, Reiss et al. 2002, Olesen, Nagy et al. 2003, 

Burgund, Lugar et al. 2006, Olesen, Macoveanu et al. 2007).  
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Much less is known about how the physiological properties of prefrontal neurons, which 

likely mediate these changes, develop during adolescence. Non-human primate models 

have provided neural correlates of working memory in the persistent activity of prefrontal 

neurons during the delay period of working memory tasks (Fuster 1973, Funahashi, 

Bruce et al. 1989). Similar to the human pattern of development, the monkey prefrontal 

cortex continues to undergo anatomical maturation during adolescence and early 

adulthood (Bourgeois, Goldman-Rakic et al. 1994, Fuster 2002). By some accounts, 

however, biochemical and anatomical changes in the prefrontal cortex characteristic of 

adolescence in humans occur at an earlier, pre-pubertal age in monkeys (Lewis 1997, 

Hoftman and Lewis 2011), but longitudinal studies in monkeys tracking neural activity 

changes have been sparse. For these reasons, it is not known if working memory 

development occurs after puberty in monkeys, or what changes in neural activity mediate 

cognitive enhancement during development. To address these questions, we tracked 

developmental markers of monkeys as they transitioned from puberty to adulthood and 

followed their cognitive development by testing them in working memory tasks. We 

identified behavioral changes in monkeys around the time of puberty by tracking animals 

longitudinally and we additionally recorded neural activity from the prefrontal cortex. 

The results show concomitant changes in the coding capacities of prefrontal neurons 

during this critical period of development, which mainly involved increased activity 

during the delay period of the task. 
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METHODS 

 

Developmental profiles. The subjects used in this study were male macaque monkeys 

(Macaca mulatta). Animal use procedures reported here were reviewed and approved by 

the Wake Forest University Institutional Animal Care and Use Committee, in accordance 

with the U.S. Public Health Service Policy, as informed by the National Research 

Council’s Guide for the care and use of laboratory animals. The study compares measures 

of working memory performance and neural correlates of working memory in two stages, 

during puberty and adulthood. To obtain these, it was necessary to track developmental 

measures and to ascertain the onset of puberty. The monkey life span is ~25 years in the 

wild, and up to 40 in captivity, indicating a rate of aging of ~3 times that of humans 

(Roth, Mattison et al. 2004, Mattison, Plant et al. 2011). The age of puberty and full 

sexual maturity can vary considerably between individuals, however. It was necessary, 

therefore, to obtain developmental measures around the time of the experiments, which 

we did in a quarterly basis. The onset of puberty was determined based on morphometric 

measures including body weight, crown-to-rump length, chest circumference, ulna and 

femur length, and testicular volume (determined with a Prader Orchidometer, ESP 

Limited, Rustington, UK). We also checked for visible eruption of canines and bone 

maturation based on X-rays of the upper and lower extremities. Blood samples were used 

to estimate the serum concentration of testosterone and dihydrotestosterone through 

extraction and enzyme immunoassay (performed at the Assay Services Unit of the 

Wisconsin National Primate Research Center). 
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Body mass, bone length and testes size measurements during the young stage were all 

consistent with individuals in a growth trajectory, as we have documented elsewhere 

(Zhou, Zhu et al. 2016). Canines had not erupted in 3/4 monkeys, and epiphyseal plates 

of extremities were open in 4/4 subjects, which are also signs of continued growth. 

Behavioral tasks. All monkeys were initially trained to perform the ODR task (Fig. 1a). 

This task required them to remember the spatial location of a 1° white cue stimulus 

presented on a screen for 0.5 s. The cue appeared pseudo-randomly at one of eight 

possible locations arranged on a circle of 10° eccentricity. The presentation of the cue 

was followed by a 1.5 s delay period, over which only the fixation point was visible on 

the screen. At the end of the delay period, the fixation point was extinguished and the 

monkey was required to make an eye movement to the remembered location of the cue 

within 0.6 s to receive a liquid reward. Correct responses were considered those in which 

the saccadic end point deviated no more than 5-6° from the center of the stimulus (3-4° 

from the edge of the stimulus), and the monkey held fixation within this window for 0.1 

s. Trials in which eye position failed to be maintained/at any point before the offset of the 

fixation point (monitored with an infrared eye tracking system: ISCAN, RK-716; ISCAN, 

Burlington, MA) were aborted immediately and the trial resulted in no reward. The visual 

stimuli were presented and the online control of behavior was performed by in-house 

software (Meyer and Constantinidis 2005) developed in the MATLAB environment 

(Mathworks, Natick, MA). 

In addition to the ODR task, two of the four young monkeys and two of the adult ones 

(three in total) were trained to perform the ODR with distractor task (Powell and 

Goldberg 2000) (ODR + d, Fig. 1b). This task also required the monkeys to remember 
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the spatial location of a cue stimulus, but it additionally involved presentation of a second 

stimulus (distractor), which the monkeys needed to ignore. Delay periods intervened 

between the presentation of the stimuli, however, the total duration of the trial was 1.5 s, 

as in the standard ODR task. The cue could appear at any of eight locations used in the 

ODR task and the distractor was always diametric to it. Since the location of the 

distractor was predictable relative to the cue, it is possible that the distractor might have 

been used to plan the eye movement towards the rewarded location. Nonetheless, the 

ODR + d task allowed us to test the ability of the monkeys to correctly choose the initial 

over the second stimulus, and to determine the neuronal activity associated with it. 

Surgery and neurophysiology. The monkeys were initially naive to behavioral training 

or task execution of any kind. They were first trained in the ODR and subsequently in 

ODR with distractor tasks during the young stage. The animals were additionally trained 

to perform anti-saccade tasks, data from which have presented elsewhere (Zhou, Zhu et 

al. 2016). Once the young animals had reached asymptotic performance in their tasks, a 

craniotomy was performed and a 20-mm recording cylinder was implanted over the 

prefrontal cortex of the right hemisphere. Neurophysiological recordings could then be 

obtained from dorsolateral prefrontal areas 8a and 46. Positioning of the recording 

cylinder and localizations of electrode penetrations were aided with magnetic resonance 

imaging, processed with the BrainSight system (Rogue Research, Montreal, Canada). 

Epoxylite-coated Tungsten electrodes of 250 mm diameter and an impedance of 4MO at 

1 KHz (FHC Bowdoin, ME) were used in these experiments. The raw signal was 

amplified, band-pass filtered between 500 and 8 kHz, and stored for off-line analysis 

through a modular data acquisition system with 25 ms temporal resolution (APM system, 



17 
 

FHC, Bowdoin, ME). Histological verification that would allow precise localization of 

areas was not available, but we distinguished between anterior recordings in the principal 

sulcus region (area 46) and posterior sites between the caudal end of the principal sulcus 

and the arcuate sulcus (area 8a) in each monkey, for some analyses. At the conclusion of 

these recordings, the animals were no longer tested or trained for a period of ~1 year. 

After reaching adulthood, determined with the developmental indexes described above, 

the animals were again tested in the same tasks that they were originally trained. They 

were generally able to quickly remaster the tasks. A new stage of recordings was then 

performed from the same areas, using identical recording methods. 

Behavioral data analysis. We expressed correct performance in the ODR task and ODR 

with distractor task as the percentage of trials that resulted in correct responses. Some 

trials resulted in breaks in fixation, blinks or premature saccades, before offset of the 

fixation point. We therefore analyzed performance in more detail, by expressing the 

percentage of correct trials after the offset of the fixation point, at the end of the delay 

period. Statistical comparisons were performed using a two-way analysis of variance 

(ANOVA) with factors young/adult stage, and individual subject. All analysis of 

behavioral (and neural) data was performed in the MATLAB environment. 

Neural data analysis. Recorded spike waveforms were sorted into separate units using 

an automated cluster analysis method based on the KlustaKwik algorithm (Harris, Henze 

et al. 2000). Firing rate of units was then determined by averaging spikes in each task 

epoch. In the ODR task, we identified neurons with significant elevation of firing rate in 

the 500 ms presentation of the cue. Firing rate in this period was compared to the 1 s 

baseline fixation period, before the presentation of the cue, and neurons with significant 
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difference in firing rate were identified (paired t-test, P＜0.05). Neurons with significant 

responses during the stimulus presentation were used in further analysis presented here. 

Population peri-stimulus time histograms were constructed averaging responses of 

multiple neurons. Statistical comparisons in the ODR task involved firing rates 

distributions recorded during the delay period of the task. 

ROC analysis was performed, comparing the distribution of responses to the best location 

and the location diametric to it. The area under the ROC curve represents the probability 

that an ideal observer can discriminate between a stimulus appearing in the overall best 

and diametric location firing rate in each trial, based on the relative difference in firing 

rate between the two stimulus conditions (Katsuki and Constantinidis 2012). The analysis 

was performed for spikes recorded during the entire cue period and delay period, and also 

in a time-resolved fashion, in sliding 100 bins, stepped every 10 ms. 

Decoding accuracy was evaluated based on the accuracy of a correlational classifier to 

determine which stimulus was presented based on the responses of 500 neurons, which 

were treated as if they were recorded simultaneously (Meyers, Qi et al. 2012). This 

analysis was performed in a time-resolved fashion in sliding 500 ms bins, computed 

every 50 ms. The classifier computes correlation values across the vector of neuron 

responses for each stimulus condition, in essence discounting the absolute firing rate of 

individual neurons. 

Some comparisons involved responses recorded in sessions equated for performance, 

doing so separately for each monkey. Sufficient data from two monkeys were available 

for these comparisons. We identified the set of highest performance sessions during the 
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young stage and lowest performance sessions in the adult stage (mean performance for 

young 96%; for adult 97%), so that there was no significant difference in performance 

drawn from the two stages. We then proceeded to analyze neuronal responses drawn from 

these sessions, as described above. 
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RESULTS 

 

Subjects. Four male macaque monkeys (Macaca mulatta) were used in this study. 

Behavioral and neural experiments were performed at two stages of development: after 

the onset of puberty (which we refer to as the ‘young’ stage) and in adulthood (‘adult’ 

stage). The time of puberty was determined based on morphometric, radiographic and 

hormonal measures (see the ‘Methods’ section). The first round of neurophysiological 

recordings was obtained after the onset of puberty, while the monkeys were on a growth 

trajectory. The last measurement before the onset of neurophysiological recordings 

corresponded to a median age of 4.3 years (range: 4.0–5.2 years). This experimental stage 

lasted 3–6 months. Monkeys were then returned to their colony and received no further 

training or exposure to any behavioral task for ~1 year. The monkeys were briefly re-

introduced to the task and a second round of recordings was obtained. The median age of 

animals at the onset of the second stage of experiments was 6.3 years (range of ages: 5.6–

7.3; range of intervals from young stage: 1.6–2.1 years). Morphometric measures had 

plateaued at the time of recordings in the adult stage. 

Behavioral performance. We evaluated working memory performance with variants of 

the oculomotor delayed response (ODR) task (Fig. 1a-c). The basic task (Fig. 1a) 

required monkeys to observe a visual cue that could appear at one of eight locations (Fig. 

1c) and, after a delay period, to make an eye movement to the location of the remembered 

visual stimulus (Fig. 1a). Recordings commenced once each monkey reached asymptotic 

performance and no further consistent improvement was observed during experiments 
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(Supplementary Fig. 1). Young monkeys achieved an average of 86% correct responses 

(Fig. 1d) in 19,560 trials that had not been aborted by the end of the delay period because 

of a break in fixation (Zhou, Zhu et al. 2013). The monkeys additionally made a number 

of errors (premature eye movements or breaks in fixation), which could occur at any task 

epoch before the end of the delay period (Supplementary Fig. 2A). These responses 

indicate a reliable performance level compared with reports of adult monkeys in the 

literature (Funahashi, Bruce et al. 1989, Chafee and Goldman-Rakic 1998). However, we 

used a relatively short (1.5 s) delay period compared with the standard of 3 s or longer in 

previous studies to ensure that the young animals would be able to perform the task. 

When the same four monkeys reached adulthood, asymptotic performance in the same 

task had increased to an average of 97% correct, in 20,980 trials. This represented a 

highly significant difference (ANOVA with factors young/adult stage, and individual 

monkey; F1,304=189.7 for main effect of stage, P = 7.2×10-34).  

Two young and two adult monkeys (with one animal being tested in both stages) were 

also tested with a variant of the ODR task involving the presentation of a distractor (ODR 

+ d task, Fig. 1b). In this task, the monkeys must still make an eye movement towards the 

remembered stimulus, but a distracting stimulus appears in the middle of the delay 

period. In general, performance was slightly lower in the ODR + d than the ODR task 

(Fig. 1e). Again, performance in completed trials improved significantly over time in the 

animal tested at both stages (two-tailed t-test, t49 = 4.38, P = 6.2×10-5). Young monkeys 

made more premature errors as well, particularly in the second delay period 

(Supplementary Fig. 2B). 
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Neural activity during working memory. Neurophysiological recordings were obtained 

from the four monkeys during performance of the working memory tasks in each of the 

two developmental stages. A total of 607 neurons were recorded from areas 8a and 46 of 

the dorsolateral prefrontal cortex (Fig. 2a) in the young stage (n = 33, 133, 158 and 283 

neurons for the four monkeys, respectively). An additional 830 neurons were recorded in 

the adult stage from the same monkeys (n = 133, 41, 238 and 418, respectively). To make 

an unbiased comparison of activity related to working memory, we selected neurons that 

responded to visual stimuli and then examined their activity during the delay period of 

the task, so that the presence of delay-period activity was not a criterion for selection. A 

total of 309 neurons in the young stage and 324 neurons in adult stage responded 

significantly to at least one visual stimulus during the ODR task compared with baseline 

activity (evaluated with a paired t-test, at the P＜0.05 level), and were selected for further 

analysis. Results did not differ appreciably if we relied on a broader or narrower selection 

criterion (discussed below). Approximately half of these neurons also exhibited delay 

period activity that was selective for the location of the stimulus (young 46% and adult, 

49%). An additional 248 neurons in the young period and 258 neurons in the adult stage 

were tested with the ODR with distractor task, in two monkeys. Of those, 94 neurons 

responded to visual stimuli in the young stage and 122 in the adult stage and were further 

analyzed. 

An increase in delay period activity was evident in the adult stage relative to the young 

stage. We compared activity in the two stages in three ways: via the absolute firing rate 

during the delay period; via the firing rate activity expressed as a percentage of the cue 

response; and via the difference in delay period firing rate relative to that in the baseline 
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fixation interval. The mean firing rate across all neurons during the best delay period was 

11.3 spikes per s in the young stage and 17.0 spikes per s in the adult, a highly significant 

difference (two-tailed t-test, t631 = 5.15, P = 3.4×10 -7). This represented 56% of the 

response to the stimulus in the young period and 71% of the stimulus response in the 

adult, which also represented a significant difference (t-test, t631 = 5.95, P = 4.4×10 -9). 

The mean delay period rate relative to the baseline was 3.8 spikes per s in the young stage 

(shaded blue area in Fig. 2b) and a 6.9 spikes per s in the adult stage (shaded red area in 

Fig. 2c). This difference between stages was also significant (t-test, t631 = 4.39, P = 

1.3×10 -5). As a result of this general increase in delay period activity, higher percentages 

of neurons exhibited significantly elevated activity at each time point of the delay period 

over the baseline period (Fig. 2f, g). Importantly, differences in activity during the cue 

presentation period were much smaller. The mean evoked response during the cue period 

relative to the baseline was 11.9 spikes per s for the young and 12.6 spikes per s during 

the adult stage, a non-significant difference (t-test, t631 = 0.98, P = 0.33). 

Increases in delay period activity in the adult stage were consistent within individual 

animals and within prefrontal subdivisions. For two monkeys, we had sufficient neurons 

recorded in both the young and the adult stage for a comparison between stages 

(Supplementary Fig. 3). Absolute firing rate was significantly higher in the adult stage 

compared with the young stage in each monkey (one-tailed t-test, t159 = 3.00, P = 1.6× 10 

-3 and t349 = 4.14, P = 2.2×10 -5, respectively). Delay period activity expressed as a 

percentage of cue period responses was similarly significantly higher in each monkey (t-

test, t159 = 2.28, P = 0.012 and t349 = 5.04, P = 3.7×10 -7, respectively). Delay period 

activity above the baseline was also higher in the adult versus the young stage, though the 
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difference reached statistical significance in only one animal (t-test, t159 = 1.64, P = 0.052 

and t349 = 3.63, P = 1.6×10-4, respectively). Differences in activity were also evident in 

the adult stage within different prefrontal subdivisions (Supplementary Fig. 4). When we 

examined separately areas 8a and 46 we saw an increase in adult delay period activity (t-

test, t314 = 2.69, P = 3.8×10-3 and t303 = 4.85, P = 9.9×10-7 for the two areas, respectively). 

Our analysis so far was based on neurons that responded during at least one stimulus of 

the ODR task. To ensure that differences between stages were not due to this selection 

criterion, we broadened our analysis and compared activity of all (607 and 830) neurons 

recorded in the two stages (Supplementary Fig. 5). Significantly higher delay period 

activity in the adult stage was evident in the absolute level of delay period activity (one-

tailed t-test, t1435 = 4.33, P = 8.0×10-6), in the percentage of cue activity that delay period 

activity represented (t-test, t1435 = 5.34, P = 5.5×10-8), and in the difference from baseline 

(t-test, t1435 = 2.52, P = 5.9×10-3). We used this population of neurons to also more fully 

characterize differences between stages across all task epochs. We thus found no 

significant difference in the inter-trial interval (mean discharge rate in young stage: 9.9 

spikes per s, in adult: 9.5 spikes per s; two-tailed t-test, t1435 = 0.585, P = 0.56). An 

increase in firing rate emerged in the fixation period (young 7.6, adult 9.6 spikes per s; 

two-tailed t-test, t1435 = 3.59, P = 3.4×10-4). No further increase in excitability in the adult 

stage, relative to the fixation period, was evident during the presentation of the stimulus 

(mean rate-fixation rate in the young stage 7.6, in the adult 6.6 spikes per s; two-tailed t-

test, t1435 = 1.89, P = 0.06). Activity after the saccade termination and delivery of reward 

also did not differ between stages (young 4.3, adult 4.2 spikes per s; two-tailed t-test, t1435 

= 0.233, P = 0.82). 
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Conversely, we narrowed our selection criterion and examined only those neurons with 

delay period activity that was significantly selective for the location of the stimulus (one-

way ANOVA, P＜0.05). These neurons could be most informative about the location of 

the stimulus held in memory. A total of 46% (143/309) of task-selective neurons were 

selective for the stimulus location during the delay period in the young stage and 49% in 

the adult (158/324). A higher firing rate was evident for the adult group too (one-tailed t-

test, t299 = 2.06, P = 0.02). 

We proceeded to analyze delay period activity in the ODR + d task, which required 

maintaining in memory the location of an initial cue stimulus and ignoring a subsequent 

distractor. Delay period activity followed the initial stimulus that needed to be 

remembered when that stimulus appeared in the receptive field (Fig. 2d, e, solid lines), 

but was also present after the distractor when it appeared in the receptive field, following 

presentations of the cue stimulus out of the receptive field (Fig. 2d, e, dotted lines). 

During the crucial second delay interval, activity representing the initial stimulus was 

higher than activity representing the distractor (shaded area in Fig. 2d, e). This difference, 

which represents a measure of the ability to resist the effect of the distractor (Qi, Katsuki 

et al. 2010), was significantly larger in the adult stage compared with the young stage 

(two-tailed t-test, t191 = 2.04, P = 0.04). 

Stimulus discrimination. Improved performance in the task may also be related to the 

ability to better discriminate between stimulus locations, which refers to the spatial 

selectivity of the neurons rather than their absolute level of activation. To test this 

possibility, we evaluated discriminability between the best location and its opposite, 

using a receiver operating characteristic (ROC) analysis. Mean ROC values computed 
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during the stimulus presentation period of the ODR task (Fig. 3a) were indistinguishable 

between the young and adult stages (two-tailed t-test, t631 = 0.36, P = 0.72). In contrast, 

mean ROC values for the delay period were significantly higher in the adult stage (t-test, 

t631 = 2.0, P = 0.046). This was the result of larger percentages of neurons in the adult 

reaching higher ROC values at each time point of the delay period (Fig. 3b, c). In the 

ODR + d task (Fig. 3d–f), the ability of neurons to discriminate between the best location 

and its opposite in the delay period, after the appearance of a distractor, was also higher 

in the adult compared with the young stage (t-test, t214 = 2.52, P = 0.01). 

The adult stage was associated with an increase in the absolute level of activity for all 

stimulus locations, both during the cue presentation and delay period (Fig. 4). A two-way 

ANOVA of firing rate, with factors cue location and young/adult stage revealed a 

significant effect of stage (F1,5679 = 24.75, P = 6.7×10-7 for the cue period, F1,5679 = 

147.63, P =1.5 ×10-33 for the delay period). This increase was greatest for the best 

location, and the relative difference more pronounced in the delay than the cue period 

(Fig. 4a, b). A subtle difference between stages involved the width of tuning. The s.d. of 

the population tuning curves was 35.4° in the young and 27.6° in the adult for the cue 

period, a significant difference (permutation test, P＜0.005), and 28.1° in the young 

versus 24.2° in the adult for the delay period, though the latter contrast did not reach 

statistical significance (permutation test, P＞0.1). 

Differences in discriminability depend not only on mean firing rate but also on the 

variability of neuronal responses; reduced variability may improve the information 

represented in cortical circuits (Mitchell, Sundberg et al. 2007, Cohen and Newsome 
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2008). We therefore sought to test whether the adult prefrontal cortex is characterized by 

reduced variability by examining the Fano factor of spike counts. This was not the case. 

Overall, Fano factors were slightly higher in the adult than in the young prefrontal cortex 

(Fig. 5a). Since firing rate was higher overall, we also performed a comparison of Fano 

factor values in samples of neurons in the young and adult prefrontal cortex after 

matching neurons for firing rate (Fig. 5b). No significant difference in Fano factor was 

present for either the fixation, cue, or delay period (t-test, P＞0.05 in every case). 

Stimulus and task information may be represented in neuronal activity even in time 

periods when no significant changes in mean firing rate are evident, based on dynamic 

patters of population responses (Stokes, Kusunoki et al. 2013). To investigate potential 

substrates of maturation that improve the ability to represent information but may not be 

evident in the averaged firing rate across the population of neurons, we evaluated the 

accuracy of a classifier (Meyers, Freedman et al. 2008, Meyers, Qi et al. 2012) in 

determining the correct stimulus location. The classifier was tested based on the 

simultaneous responses of 500 neurons, in the young and adult stage (Supplementary Fig. 

6), sampled randomly from all available neurons, whether they exhibited significantly 

elevated responses to the visual stimuli or not. Peak classification accuracy during the cue 

period was indistinguishable between the young and adult stages. However, classification 

was consistently higher during the delay period of the task, and this difference was 

statistically significant (permutation test, P＜0.005, corrected for multiple comparisons). 

Relationship between performance and activity. Previous studies have shown that 

reduced levels of prefrontal activity during the delay period of the ODR task are more 
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likely to result in errors (Funahashi, Bruce et al. 1989, Zhou, Zhu et al. 2013). On the 

other hand, responses in correct trials do not indicate a monotonic relationship between 

delay period activity and overall performance across sessions. For example, aged 

monkeys are able to perform the ODR task at the same levels of adult monkeys, yet delay 

period activity is markedly lower in aged than adult animals (Wang, Gamo et al. 2011). 

To untangle the effects of performance improvement in the task on firing rate 

comparisons, it was essential to examine more carefully the relationship between 

performance and delay period activity in the task. 

The relatively low and considerably variable levels of performance in the young stage 

allowed us to determine the relationship between performance and prefrontal activity. 

That is, we examined how discharge rate varied as a function of performance across 

sessions (Fig. 6a, b). Six groups of sessions were identified, spanning a range in 

performance of 25%, which was higher than the overall improvement we saw between 

the young and adult stages. A systematic relationship between performance and delay 

period activity was present (regression analysis, P＜0.01) as well as between 

performance and delay period activity after subtracting the baseline activity (P＜0.05). 

The delay period activity of neurons recorded in the adult stage and the respective 

performance produced a point that fell above the regression line (red point in Fig. 6a), 

predicted on the basis of performance levels alone. 

This stage-related improvement in activity, beyond the level predicted by performance 

was specific for the delay period. Performance had no significant predictive ability on the 

activity evoked by the cue (regression analysis P＞0.3). A trend was still present towards 
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higher cue period activity for sessions of higher performance, and adult cue responses 

also fell above the regression line (Fig. 6c), however, these two effects were almost 

entirely accounted for by a shift in baseline activity already present in the fixation period. 

After subtracting the baseline activity, performance was entirely non-predictive of 

evoked cue responses (regression analysis, P＞0.5, R2 = 0.096). Adult stage cue 

responses above the baseline were also in line with the level of performance achieved in 

that stage (Fig. 6d).  

These results suggest that delay period activity but not cue activity increased in the adult 

stage beyond what would be predicted by the increase in performance alone. We 

explicitly tested this hypothesis by repeating our comparison of firing rate between stages 

across all neurons (not binned as in Fig. 6) including performance during the session as a 

covariate in an analysis of covariance. A significant effect of stage was present for delay 

period activity (analysis of covariance, F1,630 =12.14, P = 5.3×10-4) and for delay period 

activity above the baseline (F1,630 = 4.76, P = 0.029). On the other hand, a less robust 

effect of stage was observed for cue activity (F1,630 = 4.27, P = 0.039), and no significant 

effect was present for cue activity after subtracting the baseline (F1,630 = 0.11, P = 0.74). 

We reached the same conclusion when we limited our comparison to a range of 

performance over which young and adult behavior overlapped (Supplementary Fig. 7). 

By selecting the best sessions from the young and worst sessions from the adult stage we 

were able to identify recordings from 98 young and 133 adult neurons, in samples with 

no significant difference in performance (mean performance 96% in the young; 97% in 

the adult). This analysis, too, confirmed a higher level of activity in the delay period of 

the adult prefrontal cortex (PFC) compared with the young stage, a difference that was 
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statistically significant (two-tail t-test, t229 = 2.69, P = 7.7×10-3). In contrast, the 

difference in cue period activity failed to reach significance (t-test, t229 = 1.74, P = 0.08). 

Stability of delay period activity changes. The monkeys tested during the adult stage 

had more cumulative exposure to the task than in the young age, as an inevitable 

consequence of our longitudinal experimental design. To evaluate the effect of exposure 

to the task, and the sampling of neurophysiological activity at two time points years apart, 

we conducted a third stage of recordings in two monkeys. Recordings of this, second 

adult, stage began at an age of 8.2 and 8.3 years respectively, which represented an 

interval of 2.0 and 2.7 years after the onset of the first adult stage (which in turn occurred 

2.1 and 1.6 years after the young stage, in these animals). The monkeys had continued to 

be exposed to the ODR task between the first and second adult stage of recordings, and 

recordings were obtained from other cortical areas for the purposes of other experiments 

(Zhou, Qi et al. 2016). A total of 479 neurons were recorded in a third stage of recordings 

(310 and 169 neurons from the two respectively). Of those, 130 neurons responded 

during at least one task period, and were recorded in sessions matched for behavioral 

performance with the performance of the first adult stage (75 and 55 neurons from the 

monkeys, respectively). A total of 656 neurons were recorded from the same animals in 

the initial adult stage, 274 of which responded to stimuli and were recorded in sessions 

matched for behavioral performance. 

Discharge rate in delay period minus the baseline (the best predictor of performance and 

developmental stage, identified above) was then compared between the two adult stages. 

Among all available neurons (Fig. 7a), mean rate in the initial adult stage was 3.3 spikes 

per s compared with 2.7 spikes per s in the later adult stage, which represented no 
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significant difference (two-tailed t-test, t1133 = 1.28, P = 0.20). Restricting the analysis to 

neurons responding to stimuli and recorded in sessions matched for behavioral 

performance yielded very similar rates between the two adult stages (Fig. 7b). Mean rates 

were 7.5 spikes per s in the initial and 8.0 spikes per s in the later, which were not 

significantly different from each other (t-test, t402 = 0.46, P = 0.65). The results confirm 

the reliability of delay period activity measures recorded in experiments years apart, and 

indicate that delay period relative to baseline is a robust indicator of developmental stage. 
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DISCUSSION 

 

Our findings establish non-human primates as a model of cognitive development that 

mirrors the progression of working memory ability observed in humans during 

adolescence (Mischel, Shoda et al. 1989, Fry and Hale 2000, Gathercole, Pickering et al. 

2004, Casey, Jones et al. 2011). Similar to previous studies of development around the 

time of puberty (Soto, Wilcox et al. 2012), we used a longitudinal study designed to track 

monkeys at different time points, and we additionally recorded neuronal activity from the 

prefrontal cortex. This allowed us to detect subtle changes in performance and neuronal 

activity within subjects. Inevitably, this also meant that adult animals had higher 

cumulative exposure to the task. However, exposure alone did not explain differences in 

neural activity we observed between stages. Little difference was present in evoked 

activity in adult animals tested at a time point approximately equal to the interval 

between the young and adult stages, after the monkeys continued to be exposed to the 

task. Performance of the task at a higher level in the adult stage did not fully account for 

our findings, either. When we analyzed neural data from the young stage obtained from 

sessions in which the monkeys achieved performance equal to that seen in (a subset of) 

adult sessions, delay period activity was still lower in the young stage. 

Our findings identify aspects of prefrontal neural activity that differed between 

developmental stages. The adult stage was characterized by greater delay period activity 

for actively remembered stimuli and reduced delay period activity for distractors. Evoked 

firing rate in the delay period relative to the baseline was the best indicator of 

developmental stage. On the other hand, the firing rate evoked during stimulus 
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presentation and the discriminability of stimulus location were similar across stages, 

suggesting that the representation of visual stimuli was mature at the time of puberty. 

Variability of spike rates (quantified by the Fano factor) exhibited no difference between 

stages, and tuning of neuronal responses, only subtle differences. These results identify 

key neural correlates of the developmental processes that correlate with enhanced 

working memory ability in adolescence. 

Development of working memory ability in monkeys begins in infancy. Monkeys 

younger than 1 year of age are able to perform delayed response and delayed alternation 

tasks at high levels (Alexander and Goldman 1978, Diamond 1990). Three-year-old 

monkeys can perform more complex working memory tasks, such as the delayed match 

to sample task, at modest levels (Verrico, Liu et al. 2011). Our results indicated that 

monkeys at a developmental stage after the onset of puberty can perform the ODR and 

ODR with distractor tasks robustly, at least with a relatively short 1.5 s delay period. 

However, further improvements in performance were evident for the same animals 

between puberty and adulthood. We selected this short delay period interval at the onset 

of experiments (compared with 3 s or longer delay periods used in studies of adult 

animals (Funahashi, Bruce et al. 1989)) to ensure that training would be complete before 

the monkeys reach adulthood, and that collection of sufficient numbers of trials would be 

possible from neurophysiological recordings. It remains to be seen if performance in 

young animals is disproportionately affected by longer delay periods, or more complex 

working memory tasks. 

The neurophysiological responses we observed during working memory performance in 

adulthood were generally in agreement with findings from prior studies of adult monkeys 



34 
 

(Funahashi, Bruce et al. 1989) and allowed comparison with responses of the same 

animals around the time of puberty. The greatest difference in adulthood involved more 

robust delay period activity. This corresponded to higher absolute discharge levels, a 

greater increase from the baseline firing rate of neurons, and maintenance of a higher 

percentage of the activation elicited by the cue into the delay period. Furthermore, 

discriminability between the spatial locations of the stimuli, estimated with ROC analysis 

and classifier performance was enhanced in adulthood, specifically for the delay period. 

We should note that activity elicited by the ODR task reflects several processes, 

including retrospective memory (the representation of the remembered location of the 

cue), prospective memory (the representation of the upcoming target location) and 

preparation for the saccade (Markowitz, Curtis et al. 2015). Our results cannot resolve 

how developmental differences affected each; more complex memory paradigms will be 

required for addressing this question. In humans, improvement in visuo-spatial 

performance and other cognitive functions is characterized by greater lateralization of 

activity that occurs after the time of puberty and tends to be sex-specific (Bramen, 

Hranilovich et al. 2011, Nguyen, McCracken et al. 2013). Differences may be greater in 

the right hemisphere (which we recorded from) than in the left, and in male monkeys (as 

our subjects) than female. Examples of lateralization in neural activity have not been 

reported for neurophysiological activity in monkeys and it is on future studies to address 

whether such differences are present. 

It was notable that these changes were specific for the delay period of the working 

memory task. No difference in evoked firing rate (above the baseline) was observed 

between stages for the cue period, and ROC analysis revealed no advantage in cue 
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discrimination in the adult stage. These results suggest that stimulus representation in the 

prefrontal cortex is essentially mature at the time of puberty. Our experiments 

additionally revealed a relative decrease in the activity evoked by a distractor in the ODR 

with distractor task. This finding is consistent with a more robust representation in 

memory of behaviorally relevant stimuli in adulthood. Although improved representation 

of information can be achieved through changes in variability in individual neural 

responses (Mitchell, Sundberg et al. 2007, Cohen and Newsome 2008), we found no 

evidence that this mechanism plays a major role during the transition to the adult stage. 

Fano factor values were no lower during adulthood than adolescence (Fig. 5). Instead, 

firing rate during the delay period represented the main substrate of developmental 

changes.  

The role of persistent activity as the neural basis of prefrontal activity has come under 

question, in recent years (Riley and Constantinidis 2015). Alternative mechanisms, 

including synaptic changes in neuronal connections (Mongillo, Barak et al. 2008), 

dynamic patterns of activation of specific neurons in the absence of overall increases in 

activity during the delay period (Stokes, Kusunoki et al. 2013), and bursts of rhythmic 

responses (Lundqvist, Rose et al. 2016) have been proposed as the critical factors 

mediating working memory, instead. While we cannot rule out the role of these 

mechanisms in working memory, our present results indicate that delay period activity 

predicts behavioral performance in adolescence and undergoes developmental changes, at 

least for spatial working memory, for which persistent discharges have been shown to 

precisely predict behavioral outputs in the ODR task (Wimmer, Nykamp et al. 2014). 
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Delay period activity in the prefrontal cortex represents stimulus attributes 

(Constantinidis, Franowicz et al. 2001) and parameters of working-memory related 

behavior (Wimmer, Nykamp et al. 2014). In light of the behavioral improvement in 

adulthood, the finding of increased prefrontal activity we report here might be seen as an 

inevitable consequence of this higher level of performance. Analysis of the relationship 

between activity and performance revealed a more complex picture. Increased prefrontal 

activity was indeed observed in sessions with higher overall performance within a 

developmental stage. However, we found that the activity increase between stages was 

beyond what would be expected by the observed improvement in performance alone. It 

appears that post-pubertal development resulted in increased prefrontal period activity 

that could fully account for the improved performance as well as an excess increase in 

activity not directly predicted by behavior. An analogous difference in prefrontal 

neuronal responses has been observed between adult and aged monkeys, with adult 

animals exhibiting higher levels of activity specifically in the delay period of the ODR 

task, despite similar levels of performance in the adult and aged animals (Wang, Gamo et 

al. 2011). The presence of increased delay period activity observed in this study and in 

ours may represent a form of cognitive reserve on which more complex working memory 

tasks depend, or may have contributed to success in task performance that was beyond 

our criterion for accuracy. Collectively, our results identify increased delay period 

activity as a critical substrate of developmental changes between the time of puberty and 

adulthood. 
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FIGURES 

 

Figure 1: Task and behavioral performance.  

(a) Frames represent sequence of events in the ODR task. The monkey is required to 

observe a cue stimulus, maintain fixation during a delay period and, when the 

fixation point turns off, saccade to the remembered location of the cue.  

(b) Sequence of events in the ODR with distractor task. After the cue appearance and 

delay period, a distractor stimulus, which needs to be ignored, appears at a 
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location diametric to the cue. The monkey is still required to saccade to the 

remembered location of the cue. 

(c) Possible locations of the stimulus presentation on the screen.  

(d) Performance in the ODR task, during neural recording sessions. Proportion of 

correct trials is plotted for each monkey, excluding trials that were aborted before 

the end of the delay period due to breaks in fixation. Young and adult sessions are 

represented in blue and red, respectively (n = 134 sessions for young, 178 for 

adult).  

(e) Performance for the ODR with distractor task (n = 32 sessions for young, 54 for 

adult).   
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Figure 2: Neural activity in working memory tasks.  

(a) Magnetic resonance imaging (MRI) image of one young monkey with areas of 

recording indicated.  

(b) Average, population peri-stimulus time histogram for neurons that responded to 

the visual stimulus and were recorded during the ODR task in the young stage (n 

= 309). Responses are shown for either a stimulus in the neuron’s receptive field 

(solid line) or diametric to it (dotted line). Gray bar represents interval of stimulus 

presentation; vertical line represents the time of fixation offset. Insets show 

schematically the stimulus location and direction of eye movement relative to the 

receptive field (arc), which varied for each neuron.  

(c) As in B, for the adult stage (n = 324 neurons).  

(d, e) Average population peri-stimulus time histograms (PSTH) for the ODR with 

distractor task (n = 94 for the young, n = 122 for the adult stage).  
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(f, g) Percentage of neurons with significant difference in firing rate compared with 

baseline fixation (color scale represents probability of a paired t test), at different 

time points of the ODR task, for the young (F) and adult (G) groups. 
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Figure 3: ROC analysis in working memory tasks.  

(a) Area under ROC curve in successive 250 ms windows is plotted as a function of 

time during the ODR task, for the young (average of n = 309 neurons) and adult 

stage (n = 324).  

(b) Percentage of neurons in the young age reaching different levels of ROC values at 

each time point of the ODR task.  

(c) Percentage of neurons in the adult age reaching different levels of ROC values at 

each time point of the ODR task.  
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(d) Area under ROC curve in successive 250 ms windows is plotted as a function of 

time during the ODR + d task for the young (n = 94) and adult stage (n = 122).  

(e, f) As in b, c, for the ODR + d task. 
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Figure 4: Tuning curve.  

(a) Average activity (and s.e.m.) during the cue period of the ODR task in neurons 

recorded during the young (n = 309) and adult stage (n = 324). Locations have 

been rotated, so that the best location of each neuron is represented in location 5. 

Location 9 is the same as location 1. Solid lines represent best Gaussian fit of the 

population average.  

(b) Average activity (and s.e.m.) during the delay period of the ODR task in the same 

sample of neurons. 
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Figure 5: Variability of neuronal responses.  

(a) Fano factor of spike counts is plotted as a function of time in successive time 

points (partially overlapping 100ms windows), for the young (n = 309 neurons) 

and adult (n = 324) stage. 

(b) Fano factor is plotted as in a, but based on subsets of neurons matched for firing 

rate (n = 231 for the young, 231 for the adult). 
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Figure 6: Neuronal activity as a function of performance.  

(a) Average delay period activity (and s.e.m.) for the best stimulus location is plotted 

for groups of neurons recorded from young monkeys in sessions that fall within 

each bin of performance (blue points, n = 29, 41, 43, 40, 58, 79 for the six data 

points, respectively). Regression line is superimposed over individual points. Red 

point represents average delay period activity of all neurons recorded in the adult 

PFC, plotted at the average adult performance.  

(b) As in a, but for delay period activity minus the baseline (fixation period) activity, 

for the same groups of neurons.  

(c) As in a, but for cue period activity.  
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(d) As in a but for cue period activity minus the baseline. 
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Figure 7: Neural activity from second stage of adult recordings.  

(a) Average population peri-stimulus time histograms (PSTH) in the ODR task from 

two monkeys in the initial adult stage (n = 656 neurons) and a second time point 

of the adult stage, obtained ~2 years after the monkeys reached adulthood. 

Activity from all available neurons is averaged together (n = 479).  

(b) Average population PSTH of neurons activated by at least one stimulus and 

recorded in sessions of the ODR task matched for behavioral performance, in the 

initial adult (n = 274 neurons), and second adult stage (n = 130 neurons). 
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Supplementary Figure 1: Individual performance.  

Performance in the ODR task is plotted as a function of sequential session number, on 

successive recording days, for the young (blue dots) and adult (red dots) stage. 

Percentage of correct trials is plotted, for trials where the monkey did not break fixation 

until the end of the delay period, as in Fig. 1D. Lines represent 3-session running average 

through each data set. 
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Supplementary Figure 2: Types of errors in working memory tasks.  

(a) Proportions of trials that ended in different types of behavioral outcomes are 

shown for the ODR task, in the young and adult stage. Histograms represent 

means of all sessions during which recordings were obtained (n=134 total 

sessions for young, 179 for adult). Error bars represent standard error of mean 

across performance of individual monkeys (n=4). Proportion of trials is depicted 

for errors that ended in correct outcomes, in errors during the fixation, cue, and 

delay periods (which were caused by premature eye movements or breaks in 

fixation), and during the saccade period (which were caused by saccades that 

failed to terminate in the target area).  

(b) As in A, for the ODR + d task, for two monkeys, tested with this task. 
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Supplementary Figure 3: Change in neural activity in the ODR task within monkeys.  

(a) Average population PSTH in sessions of the ODR task from one monkey in the 

young stage (n=88). Responses are shown for the best stimulus in the neuron’s 

receptive field. Dotted line represents mean baseline, fixation rate. Gray bar 

represents time of stimulus presentation, vertical line the time of fixation target 

turning off. Insets above PSTH represent schematically the location of the 

stimulus relative to the receptive field (arc); this varied for each neuron.  

(b) As in A, for responses of the same monkey, in the adult stage (n=73 neurons).  

(c-d) As in A-B, for responses of a second monkey in the young (n=150) and adult 

(n=201) stages. 
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Supplementary Figure 4: Neural activity in area 8a and 46.  

(a) Average population PSTH from neurons recorded in area 8a in the young stage 

(n=117). Responses are shown for the best stimulus in each neuron’s receptive 

field. Dotted line represents mean baseline, fixation rate. Gray bar represents time 

of stimulus presentation, vertical line the time of fixation target turning off. Insets 

above PSTH represent schematically the location of the stimulus relative to the 

receptive field (arc); this varied for each neuron.  

(b) As in A, for responses in area 8a, in the adult stage (n=199 neurons).  

(c) Population PSTH of neurons recorded in area 46 from the young stage (n=182).  

(d) Population PSTH of neurons recorded in area 46 in the adult stage (n=123). 
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Supplementary Figure 5: Neural activity of all neurons recorded.  

(a) Average population PSTH from all neurons recorded in the experiments of the 

young stage (n=607), regardless of whether they responded at any epoch of the 

ODR task or not.  

(b) Responses from all neurons recorded in the experiments of the adult stage 

(n=830). 
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Supplementary Figure 6: Classification performance.  

Comparison of information about the location of a stimulus during the young (blue) and 

adult stage (red). Color shaded regions indicate 1 standard deviation of decoding 

accuracy, if different neurons were used. Gray bar represents time of cue presentation; 

vertical line represents time of fixation point turning off, which is followed by the 

saccade. Dotted horizontal line represents chance performance of decoding. Red bars at 

the bottom of the figure indicate times when the decoding accuracy of the two 

populations was significantly different from each other (permutation test, p＜0.005, 

corrected for multiple comparisons). 
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Supplementary Figure 7: Activity matched for behavioral performance.  

(a) Average population PSTH in sessions of the ODR task from two monkeys in the 

young stage (n=98 neurons), matched for behavioral performance for sessions in 

the adult stage. Responses are shown for the best stimulus in the neuron’s 

receptive field. Dotted line represents mean baseline, fixation rate. Gray bar 

represents time of stimulus presentation, vertical line the time of fixation target 

turning off. Insets above PSTH represent schematically the location of the 

stimulus relative to the receptive field (arc); this varied for each neuron.  

(b) As in A, for responses of the same two monkeys, in the adult stage (n=133 

neurons). 
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ABSTRACT 

 

The dorsolateral prefrontal cortex has always been recognized as the seat of the higher 

cognitive functions, including working memory. However, anatomical and physiological 

studies have confirmed that prefrontal cortex is just a part of a broader network organized 

as the base of working memory. Recent research has revealed that the posterior parietal 

cortex is also activated while performing working memory paradigms. Although similar 

activation patterns exist in both prefrontal and parietal cortex, the functional 

specializations of these two areas are still unclear. To identify whether differences of the 

neural correlates of both prefrontal cortex and posterior parietal cortex in cognitive 

processes exist, we recorded single neurons from dorsolateral prefrontal cortex and 

posterior parietal cortex of monkeys while they were performing the oculomotor delayed 

response task. With the bump attractor theory proposed in previous work, we could apply 

the identical analytical methods to test if only prefrontal cortex or posterior parietal 

cortex influences the performance of working memory tasks based on the behavioral and 

electrophysiological data collected in the working memory task. The results reveal 

similar differences of averaged population tuning curve biases in the two areas. Our result 

suggests that both prefrontal cortex and posterior parietal cortex have vital roles in the 

functions of working memory task. 
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INTRODUCTION 

 

The prefrontal cortex has long been associated with a wide range of cognitive functions 

(Goldman-Rakic 1987, Miller and Cohen 2001). Neurophysiological evidence from non-

human primates has revealed that the prefrontal cortex is involved in multiple sorts of 

mental processes by demonstrating the correlation of prefrontal neurons’ activity with 

cognitive functions. A wide range of cognitive functions has now been identified with 

prefrontal involvement, including working memory (Fuster and Alexander 1971, 

Funahashi, Bruce et al. 1989), perceptual decisions (Kim and Shadlen 1999, Barraclough, 

Conroy et al. 2004), abstract rules (White and Wise 1999, Wallis, Anderson et al. 2001), 

reward expectations (Leon and Shadlen 1999), associative learning (Asaad, Rainer et al. 

2000), categories (Freedman, Riesenhuber et al. 2001, Shima, Isoda et al. 2007), 

numerical quantities (Nieder, Freedman et al. 2002) and planning of sequences of actions 

(Averbeck, Chafee et al. 2002, Hoshi and Tanji 2004, Inoue and Mikami 2006, 

Berdyyeva and Olson 2010).  

Working memory generally refers to the ability to hold information for a short period and 

manipulating it for further cognitive functions. Working memory was primarily localized 

in the cortical surface of frontal lobe via lesion studies (Milner 1963). Neurons with 

relevant activities to memory have also been reported from other cortical areas such as 

posterior parietal cortex (Andersen, Essick et al. 1987). The dorsolateral prefrontal cortex 

(areas 8 and 46) is strongly connected with the posterior parietal cortex. Based on 

anatomical organization, Patricia Goldman-Rakic (Goldman-Rakic 1988) emphasized 
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working memory is mediated by a parallel system with distributed neural networks and 

cooperative functions. Neuroimaging studies on human subjects also supported the fact 

that concurrent activation of multiple human cortical areas occurred during performance 

of cognitive tasks involving working memory, which corroborates the conclusions from 

monkey neurophysiological studies (Cohen, Forman et al. 1994, Courtney, Ungerleider et 

al. 1996, Courtney, Ungerleider et al. 1997).  

However, in recent years, it has been known that other cortical regions also act as vital 

neural correlates during cognitive functions. The posterior parietal cortex (PPC) closely 

interacts with the prefrontal cortex and has been revealed to have similar properties in 

various paradigms tested in both areas. It has been demonstrated that neural responses in 

posterior parietal areas lateral intraparietal area (LIP) and 7a would be activated during 

spatial working memory task (Gnadt and Andersen 1988, Quintana and Fuster 1992, 

Constantinidis and Steinmetz 1996, Chafee and Goldman-Rakic 1998) and to represent 

neural correlates of decision making (Shadlen and Newsome 1996, Yang and Shadlen 

2007), planning (Crowe, Averbeck et al. 2005), categories (Freedman and Assad 2006, 

Swaminathan and Freedman 2012) and numerical quantities (Nieder and Miller 2004).  

Although both prefrontal cortex and parietal cortex activate during performance of 

working memory tasks, little is known about the differences of specialization between 

these two areas. In previous research, the bump attractor theory proposed that behavioral 

choices at the end of the working memory period are determined by the position of a 

bump of activity that drifts over time. So, trial-averaged memory tuning curves reflect a 

hill of population with consistent shape (bump attractor) that encoded during the delay 

period which information would finally determine the upcoming saccade direction 
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(Wimmer, Nykamp et al. 2014). The center of the mass of the bump attractor can be at 

any position in a continuum and continuously encodes the representation of the visual 

cue’s position. Random fluctuation in bump attractor position may lead to inaccuracy 

when read-out at the end of the delay period, which leads to an imprecise saccade 

movement (Fig. 1). If at the end of the delay period, the bump position has drifted 

towards the clockwise direction, the final saccade movement would also deviate towards 

the clockwise direction. Similarly, if the peak of network activity has drifted counter-

clockwise, we could expect the final response to deviate in the counter-clockwise 

direction. Conversely, if we construct tuning curves based on trials with clockwise and 

with counter-clockwise saccadic deviations, we would expect a displacement between the 

respective tuning curves, which we define as tuning bias. Neurophysiological data of PFC 

neurons from non-human primates performing a spatial working memory task verified 

that behavioral responses correspond to predictions of bump attractor theory for 

prefrontal activity (Wimmer, Nykamp et al. 2014). However, it is known that other 

cortical areas, such as posterior parietal cortex, are also activated during WM tasks. Yet, 

the same analysis has never been applied to other cortical areas. Here, we recorded neural 

activity from both PFC and PPC and test if activity in both areas or only PFC determines 

behavioral responses in working memory. We applied the same methods as in the 

previous work (Wimmer, Nykamp et al. 2014), by computing the average population 

tuning-curve biases and establishing the correlation of firing rates and behavioral 

performance to compare the specialization of two cortical regions. 
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METHODS  

 

Subjects. Five male, rhesus monkeys (Macaca mulatta) weighing 8-13kg were used in 

the present research. All surgical and animal use procedures in this study followed 

guidelines by the U.S. Public Health Service Policy on Human 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. 

Behavioral task. Monkeys were trained with the oculomotor delayed response (ODR) 

task (Fig. 2) (Funahashi, Bruce et al. 1989). Monkeys need to keep fixation at a central 

point for 500 ms, followed by presentation of a square stimulus appearing at one of eight 

locations arranged as a ring for 500 ms, at an eccentricity of 12 degrees of visual angle 

from the central fixation point. After a 1500 ms delay period with only the fixation point 

displayed, monkeys were required to saccade towards the location where the visual 

stimulus was presented, within 500 ms after extinction of the fixation point. The monkeys 

were rewarded once they made the eye movement to the correct locations. Breaking 

fixation exceeding a 2° window led to immediate termination of the trial without any 

reward. Correct responses were identified once the saccadic end points deviated no more 

that 5-6° from the center of the stimulus, and the monkeys held fixation in the response 

window for 0.1s. All the eye-position tracking was accomplished via the non-invasive, 

infrared eye tracking system (ISCAN, RK-716; ISCAN, Burlington, MA). The 
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presentation of stimuli was online and achieved by software developed in the MATLAB 

environment (Mathworks, Natick, MA). 

Electrophysiological recordings and set-up. Once monkeys reached stable task 

performance, neurophysiological recordings were applied through recording cylinders. 

Two 20-mm diameter recording cylinders were implanted over the dlPFC and the PPC of 

the same hemisphere in each monkey (Fig. 3). Extracellular activities of single units were 

recorded from area 8a and 46 of dlPFC and area 7a and lateral intraparietal area of PPC 

by using arrays of one to four microelectrodes in each cylinder. The electrical signals 

from each electrode were amplified, band pass filtered between 500 Hz and 8 kHz, and 

recorded with a modular data acquisition system at 25-μs resolution (APM system; FHC, 

Bowdoin, ME). The anatomical location for electrode penetration was determined based 

on MR imagining.  

Data analysis. Neural data were acquired simultaneously during performance of the task. 

Spike waves were sorted into different groups by using an automated cluster analysis 

method referred to as the KlustaKwik algorithm (Harris, Henze et al. 2000), which 

applied principle component analysis of the waveforms. Mean firing rate was determined 

in each task epoch. Neurons with significant elevation of neural firing rate in the 

presentation of delay period were determined by comparing the firing rate in the 1500 ms 

interval of the delay period with the firing rate in the 500 ms interval of fixation (paired t-

test; P＜ 0.05). Only data from correct trials will be further analyzed.  

Our analysis mainly duplicated the methods in the previous work (Wimmer, Nykamp et 

al. 2014). For each neuron in our database, preferred location was determined by 
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averaging circular angles (0° to 315°, in steps of 45°) weighted by the neuron’s spike 

counts in the delay period (1.5s) for each cue presentation. The complex quantity for each 

neuron was calculated.  

 =  

where  is the mean spike count during the delay period in the response to different cues 

 (j = 1…8), after extracting its modulus T and angle  : T = . The angle 

 is our estimated neuron’s preferred location in the delay period. And tuning 

strength T is the estimate of the delay tuning quality. Value of T is in a range between 0 

and 1. The maximum value of T is 1, which means all neurons only respond to one cue 

during the delay period, and the minimum value of T is 0, which means all neurons 

respond equally to cues at all eight locations.  

  



63 
 

RESULTS 

 

Neurophysiological data were collected from areas 8a and 46 of the dlPFC and areas 7a 

and LIP of the PPC while monkeys performing the ODR task (Fig. 3). The monkeys were 

trained to remember the location of the visual stimulus. In a set of recordings, the 

locations of the visual stimulus appear pseudo randomly. After the delay period, monkeys 

were required to make an eye movement to the location of remembered visual stimulus. 

The monkeys got liquid reward once they correctly performed the task. By tracking the 

eye position, we recorded a set of behavioral data containing the coordinates of the 

saccade end points for each successful trial monkeys correctly made an eye movement to 

the approximate location of the remembered visual stimulus (Fig. 4a). For each monkey, 

the mean saccadic end point for each of eight possible locations was calculated. The 

behavioral accuracy was measured by computing the angular distance of each saccadic 

end point to the mean saccadic end point for a given cue. This measurement groups trials 

into clockwise and counterclockwise trials (Fig. 4b). 

Database. In our task, a sample of neurons should display significantly elevated 

discharges during delay period without presentation of the visual cue (Fig. 2a), which 

demonstrates neural correlate of spatial working memory (Funahashi, Bruce et al. 1989). 

Neurons selected for analysis need to demonstrate significant difference between firing 

rates when the cue appears at eight possible locations (one-way ANOVA, P＜0.05). 

Memory tuning curves of sample neurons were computed by averaging the delay period 

activity of each neuron across trials as a function of the eight equally spaced visual cues 
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and determined a preferred cue location. The final sample consists of 279 neurons from 

PFC and 101 neurons from PPC.  

Overview of firing rates. To identify the difference of neurons from PFC and PPC in 

working memory, it is essential to determine the firing rates of sample neurons from two 

areas. Mean discharge rate of the sample neurons from PFC and PPC we analyzed are 

shown in Fig. 5a. A two-way ANOVA was performed to compare neural responses, using 

brain areas (PFC or PPC) and task epoch. The firing rate differed little between task 

epochs. Comparison of firing rates during delay period between two areas revealed 

higher firing rates from PFC sample neurons comparing to firing rates from PPC sample 

neurons, although the difference was not significant. 

Alternatively, tuning of neural responses was quite uneven. Mean firing rates during the 

delay period varied across the population, which lead to variation of delay tuning curve 

among neurons. To qualify these variations, the tuning strength T has been computed for 

each tuning curve. We averaged tuning strength T for neurons from both areas (Fig. 5b). 

Our result showed that T for PFC neurons is significantly higher than T for PPC neurons 

(t-test, P＜0.001). 

Tuning curves bias. In the previous research (Wimmer, Nykamp et al. 2014), it has been 

revealed that behavioral response deviations in working memory task was related to 

displacements in neural network activities at the end of the delay.  The displacements of 

population activities can be reflected by a systematic bias of tuning curves based on delay 

period neural activities from sets of trials ending with clockwise and counterclockwise 

deviations. For a set of behavioral trials, trials were grouped into clockwise and 
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counterclockwise by comparing saccadic end points to mean saccadic end point, and 

corresponding clockwise and counterclockwise tuning curves were calculated (Fig. 6). 

The tuning bias was determined as the signed angular distance of centers from the 

counterclockwise tuning curve to clockwise tuning curve. With this definition, we 

suppose that tuning bias should be positive at the end of the delay period. We computed 

the tuning bias from all neurons of two cortical areas under different time bins and 

combined them with time scale. Consistent with previous research (Wimmer, Nykamp et 

al. 2014), mean tuning bias from PFC neurons became positive at the end of the delay 

period (tuning bias for PFC = 3.65 ± 2.36). We found out the mean tuning bias from PPC 

neurons was slightly negative at the end of the delay period (tuning bias for PPC = -0.02 

± 5.27). Population tuning bias from PFC neurons was higher relative to the one from 

PPC neurons, though the difference was not significant (t-test, P＞0.05).  

Correlation between delay firing rate and behavioral deviations. Previous research 

(Wimmer, Nykamp et al. 2014) has revealed that the firing rate from PFC neurons 

correlated with trial-by-trial behavioral deviations. For each neuron, we chose the trials 

with stimuli at its tuning curve flank (Fig. 7a) and matched neural activity with 

corresponding behavioral deviations. We defined behavioral deviations towards its 

preferred location as positive and vice versa. The correlation coefficient of behavioral 

deviations with neuron’s delay firing rate was computed (Fig. 7b), and we calculated 

population average of these correlations for neurons from both areas (Fig. 7c). The result 

was in accordance with previous research. We found positive correlation in the PFC but 

little difference of the correlation coefficient between firing rate deviation and behavioral 
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deviation between PFC and PPC neural activity around the time of choice (interval before 

2 s time point in Fig. 7c).   

 

 

 

  



67 
 

DISCUSSION 

 

The PFC is always recognized as the base of higher cognitive function (Miller and Cohen 

2001). The dorsolateral aspect of the PFC is particularly essential for attention, working 

memory, and executive function (Constantinidis and Procyk 2004, Bisley and Goldberg 

2010). However, cognitive functions were also revealed in the activity of PPC (Rawley 

and Constantinidis 2009). Indeed, from human imaging research, it has been revealed that 

both PFC and PPC activate in a wide range of tasks requiring spatial attention and 

working memory (Jonides, Smith et al. 1993, Courtney, Ungerleider et al. 1997, Owen, 

Stern et al. 1998, Raye, Johnson et al. 2002). To address the role of PFC and PPC in 

working memory task, we analyzed behavioral performance and neurophysiological data 

from monkeys performing the ODR task by duplicating analytical methods in the 

previous research.  We selected our sample neurons with significantly elevated 

discharges during delay period and selective firing rates for different cue locations, and 

great amounts of neurons from both areas passed test for further analysis. We collected 

neural activities during monkeys’ performing the ODR tasks. The neural activity of 

sample neurons from both areas was quite similar. Firing patterns of sample neurons from 

both areas were similar, with no significant difference in delay period activity. Further 

analysis of tuning strength of neural activity from both areas revealed that PFC neurons 

have better tuning strength. We successfully duplicated tuning bias analysis from the 

previous research in our analysis, and tuning curves from trials with clockwise and 

counterclockwise behavioral deviations from mean saccadic end point have been 

calculated. Tuning bias was computed as the difference between clockwise and 
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counterclockwise tuning curves for each neuron. Population tuning biases for neurons 

from two cortical areas at the end of the delay period have been demonstrated, and 

differed little to each other. We also conducted the analysis of correlation of delay firing 

rate and behavioral deviations, and we replicated the previous results. Rate-behavior 

correlation became positive at the end of the delay period through neural data from both 

two cortical areas, suggesting that both prefrontal and parietal neural activity correlate 

with the behavioral deviation.   

We found out, in the delay period, the firing rate of neurons in PFC was higher relative to 

the firing rate of PPC neurons, but the difference was not significant. Although the 

overall firing rate and firing pattern of neurons from both areas are quite similar, the 

significant difference on tuning strength revealed the potential distinct neural response 

variability between neurons. Our analysis successfully computed tuning curve bias from 

neurons from two areas, which indicates that the displacement of behavioral responses 

can be retracted from both systematic tuning biases from two cortical areas’ neurons. 

Furthermore, we analyzed the rate-behavior correlation for neurons from both areas, little 

difference has been revealed from distinct neurons. We found positive correlation 

coefficient without significant difference at the end of the delay period from neurons 

belonging to two areas, which means the behavioral errors correlate with activity in both 

areas.  

The previous research demonstrated the difference of neural activity from PFC and PPC 

neurons with distractors involved in another working memory task (Qi, Katsuki et al. 

2010), however, here we did not find any significant difference through all of our 

comparisons between neural activity from PFC and PPC neurons. It is notable that in the 
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“bump attractor” model, displacement of population neural activity was sensitive to the 

time length of the delay period. An important point is that the time length of the ODR 

task’s delay period in the previous research (3s) is longer than the one we had in our 

experiment (1.5s). Our result cannot rule out the possibilities that with longer delay 

period, population neural activity from prefrontal and posterior parietal neurons will 

differ to each other. As mentioned above, difference of PFC and PPC in working memory 

task has been demonstrated in other research, however, our analysis cannot reveal any 

difference of two cortical areas’ neurons in our current working memory task. This 

finding suggests that PFC and PPC play similar roles in working memory. Studies should 

be furthered focusing on how PFC and PPC neuron get involved in working memory by 

using different working memory tasks, so we can find the difference of PFC and PPC in 

working memory under changeable circumstances and general perspective of role of PFC 

and PPC in working memory can be generated.  
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FIGURES 

 

Figure 1: Spatio-temporal illustration of network activities during delay period. 

Network activities encoded for original stimulus to the activities at the end of the delay 

period (decoded population activities) resulted in deviation of behavioral performance 

from location of visual cue.  
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Figure 2: Oculomotor Delay Response task (ODR task). 

(a) Monkeys were required to fixation at center point in the task. Visual cue 

displayed at one of eight possible locations for 500 ms, followed by 1500 ms 

delay without presentation of stimulus. After delay, monkeys needed to saccade to 

the location of their remembered cue.   

(b) The spatial cue appeared in the ODR task. Each cue located at an eccentricity of 

12° from the central fixation point. There are eight possible locations in total and 

size for each cue is 1°. 
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Figure 3: Schematic diagram of brain areas recorded from. 

The brain areas which neurophysiological data collected from include areas 8a and 46 in 

dorsolateral prefrontal cortex (dlPFC) and areas 7a and lateral intraparietal area (LIP). 

Abbreviations: IPS, intraparietal sulcus; STS, superior temporal sulcus; PS, principal 

sulcus; AS, arcuate sulcus. 
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Figure 4: Behavioral result of spatial working memory. 

(a) Saccade endpoints report remembered cue location after 1.5s delay period from 

five monkeys (fixation point on central green cross). The outside eight green 

crosses indicate the mean saccadic end points for each visual cue locations. Color 

indicates angular deviation from mean response. Red dots represent clockwise 

responses while blue dots indicate counterclockwise responses. 

(b) Angular deviations pooled over cues and monkeys. Triangles represent ± median 

absolute deviation. 
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Figure 5: Population peristimulus time histograms (PSTH) averaging activity. 

(a) Population PSTH was calculated from PFC and PPC neurons with significant 

delay period activity in the ODR task. Discharge rate data are plotted for sample 

neurons from both PFC (blue line) and PPC (red line), respectively (PFC, n = 

279; PPC, n = 101) 

(b) Comparison of tuning strength from PFC and PPC neurons showed significant 

difference (t-test, P＜0.001)  
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Figure 6: Saccadic end points and tuning bias in an example set of trials. 

(a) Representation of saccadic endpoints in one sample session. In each session, the 

saccadic endpoints were grouped as clockwise and counterclockwise. Red dots 

indicate saccadic endpoint of clockwise responses, and blue dots represent 

saccadic endpoint of counterclockwise responses. 

(b) Tuning curve of a sample neuron responses in delay period in both clockwise and 

counterclockwise conditions. Triangle indicates the circulate mean of the 

responses in the preferred visual location, and the distance between the circulate 

mean of clockwise and counterclockwise responses is tuning bias. 
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Figure 7: Correlation of behavioral deviations and neural delay firing rates.  

(a) Sample neuron responses to the flank stimuli compared with its tuning curve. 

Each circle indicates single trials: y is the firing rate and x is the angle of saccadic 

end point. 

(b) Firing rate deviations from tuning curve has positive correlation with saccadic 

deviations from the cue location. Saccadic deviations towards the preferred 

location have been defined as positive.  

(c)  Population average of correlation coefficient for both PFC and PPC neurons 

computed in b for both tuned (blue solid line, tuned PFC neurons; red solid line, 
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tuned PPC neurons) and non-tuned neurons (blue dashed line, non-tuned PFC 

neurons; red dashed line, non-tuned PPC neurons).   
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Our experiments aimed to reveal neurophysiological evidence underlying the changes of 

WM during maturation, and to explore the role of PFC and PPC in WM. We 

hypothesized changes of firing rates in prefrontal neurons as neural substrate of WM 

developments.  Additionally, we assumed the involvement of PFC and PPC in WM and 

correlation of prefrontal and parietal neural activity with final behavioral performance. 

Our findings revealed that the greater delay period activity underlies the increase of WM 

performance between the time of puberty and adulthood. Moreover, our findings on 

addressing the role of PFC and PPC in WM demonstrated that involvements of PFC and 

PPC correlate with final working memory performance. The behavioral deviations 

correlate with firing rate deviation existing in neural activity of both cortical areas.  

Most of what we know about the neural basis of working memory comes from studies in 

the adult prefrontal cortex. Working memory ability improves within the time of 

developments from puberty to adulthood (Gathercole, Pickering et al. 2004). However, 

little is known about how the changes of physiological properties in prefrontal cortex 

neurons mediate working memory ability during the process of maturation. Non-human 

primates have been provided a great animal model to explore neural correlates of 

working memory with persistent activities of prefrontal neurons during the delay period 

of working memory tasks. Our longitudinal study to track monkeys at different 

developmental stages revealed that within the same working memory task, ODR task, 

monkeys had greater behavioral performance in adulthood stage comparing to the one in 

young ages. An increase in delay period neural activity was also observed in the adult 

stage relative to the young stage.  In the following ODR + d task, neural activity 

representing the initial stimulus during the second delay period was higher than activity 
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representing the distractor. The difference, which represents the ability to resist the 

distractors, was significantly higher in the adult stage. Moreover, the better ability to 

discriminate between stimulus locations has also been evaluated in the adult stage relative 

to young stage. As an unavoidable consequence of a longitudinal experiment, the 

monkeys tested during adult age had more exposure to the task than they did in the young 

age. To identify the impact of more exposure to the task on our result, we collected neural 

activity from prefrontal cortex at second adult stage, which is approximately 2.5 years 

later since first adult stage. No significant differences have been found by comparing 

neural activity in delay period from two separate adult stages.  

The previous researches have reported that monkeys at young age can perform various 

working memory tasks (Diamond 1990, Verrico, Liu et al. 2011). Our result 

demonstrated monkeys during the time of puberty can perform the ODR and the ODR 

with distractor tasks, with a relatively short 1.5 s delay period. Increase of behavioral 

performance in the adult stage relative to the young stage has been revealed. Since we 

have a relatively short delay period, it is still unclear how behavioral performance would 

be affected if there is a longer delay period, or more complex working memory tasks. Our 

findings also categorize different perspectives of prefrontal neural activity which differed 

between developmental stages. Although strong neural activity during delay period was 

identified, the firing rate evoked during stimulus presentation and the discriminability of 

stimulus locations were similar across all developmental stages, which suggests the 

ability to represent visual stimuli has already matured even at youth. It has been reported 

that better representation of information can be from changes in variability in individual 

neural responses (Cohen and Newsome 2008). However, our data did not support this 
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mechanism as a main factor during transition to adulthood. Firing rate during delay 

period acts as the main substrate of developmental changes.  

Working memory is generally believed to be mediated by the prefrontal cortex. However, 

this idea has been challenged by recent studies suggesting that other cortical areas, such 

as posterior parietal cortex, are also involved in cognitive functions, including working 

memory (Todd and Marois 2004, Todd and Marois 2005, Harrison and Tong 2009). We 

focus on identifying roles of cortical areas, specifically PFC and PPC, in working 

memory by duplicating analysis within previous work (Wimmer, Nykamp et al. 2014). 

Again, we trained monkeys to perform the ODR task, and collected neural activity from 

both PFC and PPC. We found out that mean neural discharge rates from both areas 

differed little to each other during each task epoch. Higher but not significantly neural 

activity in the delay period has been reported, but significantly higher tuning strength 

from PFC neurons has been proved. Population tuning biases from two cortical neurons 

have been calculated, and not significantly different to each other. Correlation of delay 

firing rate and behavioral deviations was also computed, and little difference has been 

discovered. 

Our result replicated the conclusions in “bump attractor” model by applying same 

analysis methods to neurons from both PFC and PPC. Here we did not find any 

difference of firing rate from prefrontal and posterior parietal neurons. We are aware of 

that in the previous research, different working memory tasks were applied.  It is possible 

that with greater complexity of behavioral task, the difference of firing rate from PFC and 

PPC neurons would appear. Tuning biases were estimated from neural activity belonging 

two cortical areas’ neurons, which support the idea that behavioral deviations can be 
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withdrawn from systematical bias from delay tuning curves derived from trials with 

clockwise and counterclockwise deviations. Our result established the connections 

between population neural activity and behaviors for both PFC and PPC neurons. 

Furthermore, we analyzed the correlation of behavioral deviations and delay firing rate. 

The result from both PFC and PPC neurons demonstrated the positive correlation at the 

end of the delay period, which reveals the correlation of both PFC and PPC population 

neural activity and final behavioral performance.  

Collectively, our research demonstrated how the neurophysiological changes in 

population PFC neurons mediate working memory ability through maturation and the 

role of PFC and PPC in our working memory tasks. However, it is the fact that in both 

experiments, same ODR task was used with relatively short delay period (1.5s). Due to 

sensitivity of time length through working memory tasks, it remains unclear what impact 

will longer delay period have in both of our experiments. It is possible that 

neurophysiological changes of PFC neurons during maturation will have more impact on 

working memory ability if behavioral task has a longer delay period. In the previous 

“bump attractor” model research, error accumulation in the delay period was sensitive to 

the time length of the delay period. The distinct role of PFC and PPC neurons in the 

working memory task with longer delay period will probably be revealed. Additionally, 

we found no significantly difference in role of PFC and PPC in our current working 

memory task, which goes against some previous research that a distinction exists on PFC 

and PPC neurons in working memory. The conflict of conclusions from different 

researches urges more research involved in comparison of the role of distinct cortical 

areas. With more solid conclusions from future studies, the general idea of functional 
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specialization of PFC and PPC can be decided. Role of delay persistent activity as neural 

correlate of working memory has been challenged by recent studies (Lara and Wallis 

2015, Riley and Constantinidis 2015). Alternative models have proposed to mediate 

working memory. Although we cannot rule out the possibility of the role of other 

mechanisms in working memory, our results indicated that delay period activity predicts 

behavioral performance during developmental changes of maturation. Our results also 

revealed the correlation of behavioral displacement and population delay neural activity. 

Both of our experiments support the role of delay persistent activity as neural substrate of 

working memory. Overall, we found out increased delay period activity as neural 

substrate of developmental changes during maturation and little difference of the role of 

PFC and PPC neurons in current working memory task.  
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