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       ABSTRACT 

 

Xin Zhou 

 

PREFRONTAL ACTIVITY IN COGNITIVE FUNCTION:  

MECHANISMS AND MATURATION 

 

Dissertation under the direction of 

Christos Constantinidis, Ph.D., Professor of Neurobiology and Anatomy 

 

 

A number of cognitive abilities, including working memory and response inhibition, 

mature relatively late in life. These functions are thought to be controlled by the 

prefrontal cortex, which itself undergoes a number of anatomical and functional changes 

that last beyond adolescence, into early adulthood. The nature of these changes is poorly 

understood. Experiments in this dissertation investigated behavioral performance and 

neural activity in tasks that test working memory and response inhibition around the time 

of puberty and during adulthood, tracking non-human primates in a longitudinal fashion. 

The onset of puberty and the completion of developmental maturation of male rhesus 

monkeys were evaluated with a series of morphometric, hormonal, and radiographic 

measures. We evaluated working memory with the oculomotor delayed response task, 

which requires subjects to make an eye movement towards the location of a remembered 

stimulus, after a delay period. Peri-pubertal monkeys performed the task with relatively 

high behavioral accuracy. The appearance of a distractor stimulus in some sessions did 
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not impact performance significantly. Neuronal activity recorded during this task was 

robust and was not eliminated by the presentation of a distracting stimulus. During 

adulthood, the same animals exhibited a further improvement in performance. This was 

associated with prefrontal increased activity during the delay period of the task. We 

evaluated response inhibition with an anti-saccade task, which requires animals to make 

an eye movement away from the location of a visual stimulus. A much greater behavioral 

improvement was observed for the anti-saccade task between adolescence and adulthood. 

This improvement in performance was associated with changes in activity that were 

evident already in the baseline fixation period of the anti-saccade task, prior to the 

presentation of the stimulus. In order to understand the nature of functional circuit 

changes in the prefrontal cortex, we performed analyses of spike train cross-correlations 

between simultaneously recorded neurons. The average magnitude of functional 

connections measured between neurons was lower overall in the prefrontal cortex of peri-

pubertal monkeys compared to adults. This difference was because negative functional 

connections (indicative of inhibitory interactions) were both stronger and more prevalent 

in peri-pubertal compared to adult monkeys. Our results identify changes in behavior, 

neuronal activity, and connectivity between prefrontal neurons as underlying 

improvement in cognitive capacity during adolescent development.
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INTRODUCTION 

Humans as well as other primates undergo an extended period of cognitive 

development that outlasts childhood and continues into early adulthood (Chugani et al., 

1987; Sowell et al., 2001). Improvement in functions such as working memory and 

response inhibition are hallmarks of this process (Fry and Hale, 2000; Spear, 2000; 

Gathercole et al., 2004; Casey et al., 2008; Cauffman et al., 2010; Spronk et al., 2012). 

The improvement of cognitive performance during development parallels the maturation 

of the prefrontal cortex (Yakovlev and Lecours, 1967; Jernigan et al., 1991; Pfefferbaum 

et al., 1994), the cortical area recognized as the seat of higher cognitive functions 

(Goldman-Rakic, 1987; Miller and Cohen, 2001). Neural correlates of cognitive 

functions such as working memory are evident in the prefrontal cortex in human imaging 

studies (Courtney et al., 1997; Sakai et al., 2002; Edin et al., 2009) and in 

neurophysiological experiments in animal models (Fuster and Alexander, 1971; 

Funahashi et al., 1989; Constantinidis et al., 2001a). Human imaging studies also confirm 

that a number of anatomical and functional changes occur in the prefrontal cortex 

between puberty and adulthood (Luna et al., 2001; Klingberg et al., 2002; Kwon et al., 

2002; Burgund et al., 2006; Olesen et al., 2007). Much less is known about the changes in 

neuronal activity and connectivity that occur after puberty at the single-neuron level and 

are ultimately responsible for cognitive development. This introductory section will 

provide an overview of working memory and response inhibition, their neural correlates 

in the prefrontal cortex, and their development. It will also review outstanding questions, 

which provided the motivation for this research project. 
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Working memory 

Working memory, a term synonymous to short-term memory, refers to the ability 

to maintain information in memory over a time span of a few seconds (Baddeley, 1992). 

Working memory constitutes a core component of higher cognitive functions such as 

language, problem solving, reasoning, planning etc. Unlike long-term memory, which is 

vast and can last for decades, the human working memory ability is extremely limited in 

its capacity and duration. The amount of information that can be stored in working 

memory is on the order of 4 items, or 4 chunks, if items (such as digits or letters) can be 

grouped together (Luck and Vogel, 1997; Cowan, 2001, 2005). Its duration does not 

exceed 30 seconds, without rehearsal (Baddeley, 1992).  

Lesion studies provided the first information about the localization of working 

memory systems in the brain by revealing profound deficits in working memory after 

damage of the frontal cortex (Jacobsen, 1936; Milner, 1963). The nonhuman primate 

model has been particularly fruitful for understanding the function of the prefrontal 

cortex, and neurophysiological studies in non-human primates have been instrumental in 

uncovering mechanisms mediating working memory at the level of single neurons. 

Neurophysiological experiments provided a neural correlate of working memory by 

revealing that prefrontal neurons continue to generate discharges even after the offset of 

stimuli that monkeys were trained to remember and recall (Fuster and Alexander, 1971). 

Individual neurons represent particular features and spatial locations so that the activity 

of the prefrontal population can encode a remembered stimulus (Funahashi et al., 1989).  

The Oculomotor Delayed Response (ODR) task (Figure 1A) is a classic task used 

to measure working memory in neurophysiological experiments. In this task, subjects 
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fixate on a central point while a target will appear unpredictably in the peripheral 

location. Subjects must memorize the location of the target, and after a varied delay 

period, the fixation cue disappears. The disappearance of the fixation point is a go signal 

to cue the subject to make an eye movement to the location the target appeared. The 

response is voluntary and utilizes a representation of the object in working memory. A 

variant of this task, called ODR with Distractor Task (Figure 1B), involves a distractor in 

the middle of the delay period after the cue presentation. This task can be used to test the 

working memory ability to filter irrelevant information. While a wide array of more 

complex tasks have been used to probe different aspects of working memory (Buschman 

et al., 2011; Lara and Wallis, 2014; Watanabe and Funahashi, 2014), the ODR task 

continues to be highly informative about neuronal processes underlying working 

memory-guided behavior (Wimmer et al., 2014) and was used in the experiments 

reported here.  

 

Prefrontal cortex 

The prefrontal cortex has long been thought to play an important role in higher 

cognitive functions. Prefrontal lesions cause profound deficits in the ability to represent 

information in memory and plan future actions (Jacobsen, 1936; Milner, 1963; Goldman-

Rakic, 1987). Prefrontal dysfunction has also been implicated in a number of mental 

illnesses, most notably schizophrenia (Franzen and Ingvar, 1975; Weinberger et al., 1986; 

Goldman-Rakic, 1994). The primate prefrontal cortex lies in the anterior-most part of the 

cerebral hemispheres (Figure 2). It can be subdivided in a lateral, a medial, and an orbital 

aspect. In the lateral prefrontal cortex, areas 8 and 46 are commonly referred to as the 
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dorsolateral prefrontal cortex, and 12 and 45 as the ventrolateral prefrontal cortex 

(Goldman-Rakic, 1987; Goldman-Rakic, 1994; Constantinidis and Procyk, 2004). 

The prefrontal cortex is situated at the apex of the cortical hierarchy involved with 

information processing (Felleman and Van Essen, 1991). Prefrontal neurons encode 

information from all sensory modalities (Pasternak and Greenlee, 2005); although vision 

is the most extensively studied, auditory (Romanski and Goldman-Rakic, 2002; Averbeck 

and Romanski, 2006) and somatosensory stimuli (Romo et al., 1999; Romo and Salinas, 

2003) readily activate prefrontal neurons during cognitive functions. 

Early neurophysiological experiments revealed neural correlates of working 

memory in the dorsolateral prefrontal cortex, in the form of continued discharges after the 

offset of sensory stimuli that animals were required to remember (Fuster and Alexander, 

1971; Kubota and Niki, 1971; Funahashi et al., 1989). More recently, neural correlates of 

a wide range of cognitive operations have been identified in the prefrontal cortex, 

including the accumulation of sensory evidence and formation of perceptual decisions 

(Kim and Shadlen, 1999; Barraclough et al., 2004), the representation of abstract rules 

(White and Wise, 1999; Asaad et al., 2000; Wallis et al., 2001), categories (Freedman et 

al., 2001) and numerical quantities (Nieder et al., 2002; Nieder and Miller, 2003), the 

planning of sequences of actions, (Averbeck et al., 2002; Sigala et al., 2008), flexible 

selection (Hussar and Pasternak, 2009; Mante et al., 2013; Stokes et al., 2013), and the 

suppression of particular responses (Hasegawa et al., 2004).  

Although persistent activity was initially demonstrated in the prefrontal cortex, 

human research identified the posterior parietal cortex, anterior cingulate, and parts of the 

basal ganglia as crucial involved in working memory (Lenartowicz and McIntosh, 2005; 

http://en.wikipedia.org/wiki/Parietal_cortex
http://en.wikipedia.org/wiki/Anterior_cingulate
http://en.wikipedia.org/wiki/Basal_ganglia
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Berryhill and Olson, 2008; McNab and Klingberg, 2008; Koenigs et al., 2009; Voytek 

and Knight, 2010). In neurophysiological experiments, sustained discharges appear in 

multiple brain areas, including the posterior parietal cortex (Gnadt and Andersen, 1988; 

Quintana and Fuster, 1992; Constantinidis and Steinmetz, 1996b; Chafee and Goldman-

Rakic, 1998; Constantinidis and Procyk, 2004). Dorsolateral prefrontal and posterior 

parietal areas are strongly interconnected and share many functional properties (Katsuki 

and Constantinidis, 2012b). The posterior parietal cortex is also known to represent 

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

2007), planning (Crowe et al., 2005), reward expectation (Platt and Glimcher, 1999; 

Sugrue et al., 2004), rules (Stoet and Snyder, 2004), categories (Freedman and Assad, 

2006; Swaminathan and Freedman, 2012), associations (Fitzgerald et al., 2011), and 

numerical quantities (Nieder and Miller, 2004; Roitman et al., 2007).  

Despite this distributed nature of activation related to working memory, the 

importance of the prefrontal cortex in cognitive processes stands out, as recent work 

reveals unique prefrontal functional specializations. In the context of working memory, 

prefrontal cortex has been shown to be uniquely able to represent behaviorally salient 

stimuli and filter out distracting stimuli (Qi et al., 2010; Katsuki and Constantinidis, 

2012a). In animals tested with a Delayed Match-to-Sample-Task requiring monkeys to 

remember different visual objects, activity of prefrontal neurons activated by the sample 

stimulus continued to persist and survived the presentation of nonmatch stimuli that the 

monkeys had to ignore in order to perform the task (Miller et al., 1996). Studies 

examining either the prefrontal or parietal cortex showed that activity of prefrontal 

neurons appeared to survive distracting stimulation (di Pellegrino and Wise, 1993), 
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whereas activity of posterior parietal neurons only tracked the most recent stimulus 

(Constantinidis and Steinmetz, 1996a). In animals tested with a Match/Nonmatch-task 

requiring monkeys to compare two stimulus locations, activity of prefrontal neurons 

activated by the first stimulus in receptive field continued to discharge in a robust manner 

in the second delay period after the presentation of the second stimuli out of receptive 

field (Qi et al., 2010; Katsuki and Constantinidis, 2012a). Recent studies using other 

paradigms also confirm the unique ability of the prefrontal cortex to filter distractors, 

compared to posterior parietal cortex (Suzuki and Gottlieb, 2013). These 

neurophysiological results parallel the conclusions of human imaging studies (Sakai et 

al., 2002) and suggest that prefrontal cortex is unique in its ability to maintain 

information in memory in the face of distraction. For these reasons, the experiments 

described in Chapters 2 and 4, specifically tested behavioral performance in adolescent 

monkeys involving working memory in the presence of distractors, and the ability of the 

immature prefrontal cortex to represent the actively remembered stimulus under these 

conditions.  

This unique prefrontal attribute in resisting distractors is likely due to a distinctive 

circuit organization. The degradation of prefrontal circuit connectivity is considered 

detrimental to the maintenance of persistent activity and has been implicated as a major 

cause of schizophrenia (Shelton et al., 1988; Andreasen et al., 1994; Selemon et al., 1995; 

Lewis and Gonzalez-Burgos, 2000). A unique characteristic of the prefrontal circuit has 

to do with dopaminergic innervation which preferentially targets the frontal lobe, whereas 

it is largely absent from the parietal cortex (Levitt et al., 1984; Haber and Fudge, 1997). 

Computational models have demonstrated persistent discharges with an increased signal-
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to-noise ratio in networks that incorporate dopamine inputs (Durstewitz et al., 2000). 

Dopamine dysregulation in the prefrontal cortex has also been directly implicated in 

schizophrenia (Okubo et al., 1997; Abi-Dargham et al., 2002; Karlsson et al., 2002). 

However, other unique characteristics of prefrontal circuitry may contribute to its 

functional properties. One alternative, proposed by modeling studies, suggests that 

prefrontal cortex may comprise a specialized circuit, mediated by a distinct type of 

prefrontal interneurons that releases from inhibition pyramidal neurons having attained a 

state of excitation but tonically inhibiting other pyramidal neurons, making the 

propagation of distracting activation more difficult, once a stimulus is already maintained 

in memory (Wang et al., 2004). The study included in Appendix 2 tested for the existence 

of prefrontal neurons with functional properties that could serve such a purpose, 

corresponding to interneurons characterized by the calcium-binding protein calbindin. 

In addition to dopamine, other neuromodulator systems are known to regulate 

both executive functioning and the activity of prefrontal neurons, including dopamine, 

norepinephrine and acetylcholine (Arnsten and Li, 2005; Robbins and Arnsten, 2009). 

The acetylcholine system in particular has been implicated in the profound deficits in 

cognitive function associated with aging, dementia, and Alzheimer’s disease (Bartus et 

al., 1982; Heise, 1984; Ebert and Kirch, 1998; Mesulam, 2004; Sarter and Parikh, 2005). 

Decrease in the action of acetylcholine, for example by administration of muscarinic 

receptor antagonists, impairs cognitive abilities in humans and animals (Deutsch, 1971; 

Bartus and Johnson, 1976; Drachman, 1977; Everitt and Robbins, 1997; Buccafusco et 

al., 2007). Conversely, enhancement of acetylcholine levels through systemic 

administration of acetylcholinesterase inhibitors is used widely for the treatment of 
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decline in executive function in human patients (Rogers et al., 1998; Doody et al., 2001; 

Winblad et al., 2001; Birks and Harvey, 2003; Courtney et al., 2004). Such drugs have 

also been shown to improve performance in delayed matching tasks in young adult and 

older monkeys (Terry and Buccafusco, 2003; Buccafusco and Terry, 2004). Enhancement 

of acetylcholine levels by stimulation of the Nucleus Basalis also improves capacity for 

executive function in humans (Freund et al., 2009). The manuscript included in Appendix 

1 addressed the role of cholinergic neurotransmission in the prefrontal cortex during 

working memory.   

 

Maturation of cognitive abilities – working memory 

Working memory performance increases throughout childhood and adolescence, 

particularly when measured with working memory tasks that require preservation of 

information in the face of interference or distraction (Fry and Hale, 2000; Gathercole et 

al., 2004). Working memory capacity does not reach a mature level in childhood but 

instead increases throughout adolescence; some studies have observed performance 

increase linearly with age in tasks of visuo-spatial working memory and executive control 

(Fry and Hale, 2000; Gathercole et al., 2004). These improvements of performance have 

been found to parallel long term structural changes in the prefrontal cortex, such as 

myelination and increased axonal thickness in the underlying white matter as well as 

changes in gray matter within the prefrontal cortex and other brain regions connected 

with it (Bunge et al., 2002; Nagy et al., 2004; Giedd et al., 2006). 

Cortical inactivation and lesion studies paint a complex picture of working 

memory abilities developing in early development. Cooling of the prefrontal cortex at 
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ages of 19–31 months has negligible effects (<10% decline) on performance of the 

delayed response task, in which monkeys of this age are already able to perform 

essentially error free (Alexander and Goldman, 1978a). In contrast, prefrontal cooling in 

monkeys older than 33 months of age has substantial effects (>20% decline). The effects 

of cooling on delayed alternation are similarly greatest after the age of 33 months 

(Alexander and Goldman, 1978a; Alexander, 1982). Modest effects on delayed response 

performance are also observed after complete bilateral lesions of the prefrontal cortex in 

infant 4 month-old monkeys (Diamond and Goldman-Rakic, 1989a). On the basis of 

these results, it was concluded that the prefrontal cortex is not fully developed before 

2.5–3 year of age, that execution of working memory tasks at younger ages may depend 

on other brain areas, and that working memory functions become increasingly dependent 

on prefrontal activation after the age of 2.5–3 years (Alexander and Goldman, 1978a). 

Activity of prefrontal cortex undergoes drastic changes in old age, as well. 

Neurophysiological studies from adult monkeys of different ages (young: 7- and 9-year-

old; middle-aged: 12- and 13-year-old; aged: 17-and 21- year-old) revealed a marked loss 

of prefrontal persistent activity with advancing age, which could be partially rescued to 

more youthful levels by restoring an optimal neurochemical environment (Wang et al., 

2011).   

 

Response Inhibition and the anti-saccade task  

Another important cognitive ability for humans and non-human primates to 

survive in the complex environment is response inhibition. For example, it is wise to 

suppress looking at your friend coming from one direction and pay attention to a car 
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approaching very fast from the opposite direction. The anti-saccade task (Figure 3) 

provides a good physiological model to investigate neural processing related to saccadic 

suppression and sensory-motor transformation (Amador et al., 1998; Brown et al., 2007). 

In the anti-saccade task, subjects are required to generate a saccade in the direction 

opposite to the location of a sudden-onset target stimulus. The “visual grasp reflex” 

makes a fast eye movement to a newly appearing visual stimulus in the peripheral visual 

field called saccade. To perform an anti-saccade the subject needs to suppress the 

automatic response to the prepotent target (pro-saccade) and transform the location of the 

target into a voluntary motor command to look towards the mirror location of the target.   

The anti-saccade task has been used widely as a marker of cognitive development, 

(Kramer et al., 2005; Goepel et al., 2011), and as an indicator of neurological conditions 

and mental illnesses such as schizophrenia (Lewis, 1997; Broerse et al., 2001; Ettinger et 

al., 2004; Reuter et al., 2004). Non-human primates can be trained to perform the anti-

saccade task, and exhibit behavioral patterns similar to those of humans (Amador et al., 

1998). Consequently, use of the anti-saccade task has been very fruitful in examining the 

neural correlates of eye movement generation and response inhibition, in multiple brain 

areas (Funahashi et al., 1993; Schlag-Rey et al., 1997; Everling et al., 1999; Gottlieb and 

Goldberg, 1999; Brown et al., 2007). 

In one variant of the anti-saccade task, the subject is instructed to perform a 

fixation to a central point and make a saccadic eye movement to a flashed visual stimulus 

when the stimulus appearing peripherally, while the fixation point is still on (overlap 

condition). If the fixation point turns off for a little while before the appearance of the 

peripheral stimulus, subjects make a saccade with shorter reaction time (gap condition). 
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The facilitation of response (a decrease of response latency) that is observed in this 

condition is the “gap effect” (Tinsley and Everling, 2002). 

 

Neural correlates of the anti-saccade task in superior colliculus and motor areas 

 The superior colliculus integrates retinal, thalamic, and cortical inputs from 

diverse sources, and projects to brainstem nuclei directly controlling eye position and 

movement (Gandhi and Katnani, 2011). It therefore plays a central role in the execution 

of voluntary eye movements, including those elicited by anti-saccades. The superior 

colliculus contains a distinct population of fixation and saccade neurons whose 

discharges are modulated in a reciprocal manner in the anti-saccade task. Fixation 

neurons are active during fixation period and cease to discharge during saccade. On the 

other hand, saccade neurons are silent during fixation but discharge in a high frequency 

during saccade (Munoz and Wurtz, 1992b).  

In the anti-saccade task, it is very common to observe express pro-saccades; these 

are saccades are triggered by the incoming visual transient stimulus, since there is no 

sufficient inhibition on the saccade neurons. In the monkey model, stimulus-related and 

saccade-related activity was found to be lower in anti-saccade trials than pro-saccade 

trials, and the attenuation of this activity in the superior colliculus is thought to serve 

avoid unwanted pro-saccades in anti-saccade trials (Everling et al., 1999). Correct anti-

saccade performance requires top-town inhibition of saccade neurons in the superior 

colliculus even before the stimulus appears.  

A saccade to a target also requires visual attention to be disengaged from the 

current fixation point and motor plans to be programmed for the stimulus, which involves 
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fixation neurons of the contralateral superior colliculus. The gap effect is thought to 

involve reciprocal interactions between activity of the saccade neurons and the fixation 

neurons in the superior colliculus and the frontal eye field (Dorris and Munoz, 1995b; 

Munoz and Everling, 2004a). Fixation neurons increase their activity during fixation, but 

pause immediately before a saccade, and they connect with saccade neurons which have 

the opposite response (Munoz and Wurtz, 1992a). The gap effect could be explained by 

an acceleration of the disengagement process of fixation neurons of the contralateral 

superior colliculus (Dorris et al., 1997; Crawford et al., 2011a). Fixation releasing 

mechanisms involving the superior colliculus also explain the attentional facilitation for 

visually guided saccade (Smyrnis et al., 2004).  

 Neurophysiological studies in monkeys found that pre-stimulus activity of build-

up neurons (saccade-related neurons)  in superior colliculus has a major influence on the 

ability to prevent reflexive responses (Everling et al., 1998), and increased pre-stimulus 

activity of buildup neurons in the superior colliculus ipsilateral to the stimulus shorten 

saccadic reaction times because of an increased motor preparation (Everling et al., 1999). 

The prefrontal cortex could provide a top-down excitation of build-up neurons (saccade-

related neurons) in superior colliculus, though this is a matter of debate (Johnston et al., 

2014). 

Although saccades are easily driven by visual or other sensory target, they can 

also be generated at will, independently of direct sensory guidance. This points out to the 

involvement of cortical areas that control voluntary movement generation. The 

supplementary eye field (SEF) has been thought to send motor commands to the 

brainstem premotor circuit that can augment motor commands from superior colliculus 
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and frontal eye field to generate a voluntary response (Schlag-Rey et al., 1997; Munoz 

and Everling, 2004a). Studies in the lateral intraparietal area (LIP) of monkey have found 

most LIP neurons have very strong visual activity that encode visual location of the 

stimulus, and this selectivity for visual location is stronger in the delay period of anti-

saccade trials comparing with that of pro-saccade trials (Funahashi et al., 1993; Gottlieb 

and Goldberg, 1999). 

 

Neural correlates of the anti-saccade task in prefrontal cortex 

The prefrontal cortex is also activated by the anti-saccade task, with different 

populations of neurons representing either the stimulus or the planned eye movement 

away from it (Funahashi et al., 1993). A particular subset of stimulus-coding prefrontal 

neurons has been shown to indicate they may have a role in response suppression in anti-

saccade task (Funahashi et al., 1993). Some studies involving both prosaccade and anti-

saccade task suggest different fixation period activity levels in prefrontal neurons could 

provide the rule-related bias signal to directly modulate the activity of neurons in the SC 

and FEFs via cortico-tectal and cortical-cortical projections (Everling and DeSouza, 

2005).  

Contrary to the superior colliculus and frontal eye field, many prefrontal neurons 

have higher activity in anti-saccade task than pro-saccade task, especially when the 

stimulus was presented in the hemifield contralateral to the recorded hemisphere 

(Johnston and Everling, 2006b). And there are significant negative correlations between 

pre-stimulus activity and reaction time for anti-saccades directed to both the contralateral 

and ipsilateral sides (Johnston and Everling, 2006b; Johnston et al., 2009). This top-down 
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effect of prefrontal neurons on saccade neurons in the superior colliculus must be 

mediated by projections to fixation neurons or inhibitory interneurons in the superior 

colliculus (Johnston and Everling, 2006a), since cortical output is entirely glutamatergic 

and excitatory in nature (Creutzfeldt et al., 1983). However, this inhibitory model has 

been recently proved wrong in which the fixation neurons or inhibitory interneurons send 

inhibitory projections to the ipsilateral saccade-related neurons after they receive 

excitatory projection from the ipsilateral prefrontal neurons (Johnston et al., 2014). 

Unilateral deactivation of prefrontal cortex by injection of the GABA agonist 

muscimol into the ventral or dorsal bank of the caudal principal sulcus resulted in 

increased error rates for all ipsilateral targets (take the injection site as a reference); 

Conversely, decreased error rates for contralateral targets in anti-saccade task. At the 

same time, it resulted in increased contralateral anti-saccade latency (for ipsilateral 

targets) and decreased ipsilateral anti-saccade latency for contralateral targets (Condy et 

al., 2007).  

Microstimulation of prefrontal neurons significantly increased the error rates and 

latency for contralateral targets (always take the microstimulation site as a reference), but 

there is no significant change for ipsilateral targets in anti-saccade task (Wegener et al., 

2008). Conversely, unilateral caudal Principal Sulcus deactivation significantly increased 

latency of saccades directed the hemifiled contralateral to the deactivated site (for 

ipsilateral targets), error rates for ipsilateral target (monkeys make more errorneous 

ipsilateral saccades), and at the same time, decreased error rates for contralateral targets 

(Johnston et al., 2014). 
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The behavioral results in the deactivation experiments are opposite to that of the 

activation condition, so the above studies are highly consistent. These results indicate that 

activation of the prefrontal cortex is always imposing positive effects on ipsilateral 

targets, but negative effects on contralateral targets, and inactivation of prefrontal cortex 

is imposing a negative effect on ipsilateral targets. Since generation of a correct anti-

saccade is associated with a motor burst of buildup neurons in superior colliculus 

ipsilateral to the stimulus (Everling et al., 1998), we can deduce that the prefrontal cortex 

sends a positive control signal (excitatory projection representing the target of the 

saccade, rather than the location of the stimulus to be suppressed) to saccade-related 

neurons of ipsilateral superior colliculus, instead of the fixation neurons or inhibitory 

interneurons, which is contrary to the inhibitory model (Johnston et al., 2014). 

 

Maturation of cognitive abilities – voluntary response (inhibitory control) 

Children are able to inhibit prepotent responses to suddenly appearing visual 

stimuli to a lesser extent than adults (Goepel et al., 2011). Performance in the anti-

saccade task has also been shown to improve markedly as a function of age with 

individuals making fewer errors from childhood through adolescence (Kramer et al., 

2005; Goepel et al., 2011). There is improvement in response inhibition during 

development, and it is also sensitive to cognitive impairment. Some studies have 

observed that patients with Attention Deficit Hyperactivity Disorder (ADHD) (Mostofsky 

et al., 2001) and schizophrenia (Lewis, 1997; Broerse et al., 2001; Ettinger et al., 2004; 

Reuter et al., 2004) exhibit diminished psychophysical performance in the anti-saccade 

task.   
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As discussed above, the age-related performance increases observed for response 

inhibition tasks such as the anti-saccade task, parallel long-term structural changes due to 

white and gray matter maturation within the prefrontal cortex and other cortical regions 

(Bunge et al., 2002; Olesen et al., 2003). Also, human fMRI studies have shown that the 

patterns of brain activation associated with the performance of response inhibition and 

working memory task undergo distinct changes between childhood and adulthood (Luna 

et al., 2001; Klingberg et al., 2002; Burgund et al., 2006). However, little is known about 

how these changes are reflected in changes in neural activity of PFC neurons related to 

response inhibition, as well.  

 

Working memory and anti-saccade 

 Age-related deficiency in inhibitory control has been often hypothesized to be 

related to the age differences in working memory. It has been proposed that inhibitory 

mechanisms are more inefficient at earlier ages because more task-irrelevant information 

is involved in working memory, which make subjects more susceptible to interference, 

and enhance the probability of inappropriate responses (Hasher and Zacks, 1988).  In 

contrast to this model, some other studies assume that active inhibition consumes a fair 

amount of working memory capacity, so the limitation in working memory capacity will 

diminish the efficiency of the inhibitory control ability (Conway and Engle, 1996; Baltes 

et al., 1999).  

A human study involving working memory demands into the anti-saccade task for 

old subjects and young subjects observed that the old subjects’ inhibitory control ability 

remains largely intact with advancing age, and their performance breaks down only when 
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the limited working memory capacity was taxed by the  increasing updated working 

memory demands (Eenshuistra et al., 2004).  However, another human study comparing 

the performance of healthy subjects with high and low working memory in the anti-

saccade and pro-saccade task  observed anti-saccade errors that were strongly predicted 

by the mean reaction times of pro-saccades and this relationship was not mediated by 

differences in working memory (Crawford et al., 2011b).    

So the mechanism of how working memory is involved in inhibitory control is still not 

clear. It is possible that the inhibitory control ability needs to be driven by working 

memory, or that working memory us needed to be sustained continuously during anti-

saccades for subjects, or that inhibitory control ability is independent of working 

memory.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              

 

Dissertation Overview 

As is evident by the review of these studies, a major outstanding question in the 

field is the changes in neural activity and connectivity that occur in adolescence, at the 

level of single neurons, which are responsible for the maturation of cognitive abilities 

related to working memory and response inhibition. This was the main motivation behind 

this dissertation project. Chapter 2 documents behavioral performance and neuronal 

responses in the prefrontal cortex of adolescent monkeys, providing a baseline for 

comparison with adulthood. Chapter 3 establishes differences in the patterns of intrinsic 

connectivity between neurons in the adolescent and adult prefrontal cortex. Chapter 4 

directly compares the behavioral performance and neural activity in working memory 

tasks between the same animals as they transition between adolescence and adulthood.  
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Figure 1.  A) Successive frames indicate the sequence of events in the Oculomotor 

Delayed Response (ODR) task. Monkeys were required to remember the stimulus 

location and to saccade to it after a delay period. B) Sequence of events in the ODR with 

Distractor task. The presentation of the stimulus is the same as in the ODR task, but one 

distractor is shown in the middle of the delay period. 
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Figure 2. Anatomical localization of the monkey brain (Macaca mulatta) indicating 

subdivisions of the lateral prefrontal cortex. A) Schematic diagram of the monkey brain 

indicating subdivisions of the lateral prefrontal cortex. B) Structural MRI of one 

adolescent monkey brain. The shaded areas indicate the recording sites in the dorsolateral 

prefrontal cortex. Abbreviations: AS, Arcuate Sulcus; PS, Principal Sulcus. Black spots 

in the MRI image are artifactual “shadows” created by ceramic screws in the skull. 
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Figure 3. Successive frames indicate the sequence of events in the anti-saccade task. 

Monkeys were required to make a saccade in the direction opposite to the location of a 

sudden-onset target stimulus. In this case called overlap condition, the go signal for 

saccade is the offset of the fixation point. 
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ABSTRACT 

The dorsolateral prefrontal cortex matures late into adolescence or early 

adulthood. This pattern of maturation mirrors working memory abilities, which continue 

to improve into adulthood. However, the nature of the changes that prefrontal neuronal 

activity undergoes during this process is poorly understood. We investigated behavioral 

performance and neural activity in working memory tasks around the time of puberty, a 

developmental event associated with the release of sex hormones and significant 

neurological change. The developmental stages of male rhesus monkeys were evaluated 

with a series of morphometric, hormonal, and radiographic measures. Peri-pubertal 

monkeys were trained to perform an oculomotor delayed response task and a variation of 

this task involving a distractor stimulus. We found that the peri-pubertal monkeys tended 

to abort a relatively large fraction of trials, and these were associated with low levels of 

task-related neuronal activity. However, for completed trials, accuracy in the delayed 

saccade task was high and the appearance of a distractor stimulus did not impact 

performance significantly. In correct trials, delay period activity was robust and was not 

eliminated by the presentation of a distracting stimulus, whereas in trials that resulted in 

errors the sustained cue-related activity was significantly weaker. Our results show that in 

peri-pubertal monkeys, the prefrontal cortex is capable of generating robust persistent 

activity in the delay periods of working memory tasks, although in general it may be 

more prone to stochastic failure than in adults.  
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INTRODUCTION 

Humans and nonhuman primates experience a protracted period of cognitive 

development, and the accrual of cognitive capacities during this period parallels the 

maturation of the prefrontal cortex (Yakovlev and Lecours, 1967; Chugani et al., 1987; 

Jernigan et al., 1991; Pfefferbaum et al., 1994; Spear, 2000; Sowell et al., 2001; Gogtay 

et al., 2004; Paus, 2005; Casey et al., 2008). Working memory ability increases 

throughout childhood and adolescence, particularly when measured with working 

memory tasks that require retention of information in the face of distraction (Fry and 

Hale, 2000; Gathercole et al., 2004). Performance in tasks that assess verbal and visuo-

spatial working memory and executive control follows similar developmental trajectories 

(Gathercole et al., 2004). The age-related performance increases observed for cognitive 

tasks parallel long term structural changes due to white and gray matter maturation within 

prefrontal cortex and other cortical regions (Bunge et al., 2002; Olesen et al., 2003). 

Human fMRI studies have also shown that the patterns of brain activation associated with 

working memory tasks, particularly those that require filtering of distraction, undergo 

distinct changes between childhood and adulthood (Luna et al., 2001; Klingberg et al., 

2002; Kwon et al., 2002; Burgund et al., 2006; Olesen et al., 2007). Maturation of the 

connections of the prefrontal cortex with other areas is also predictive of working 

memory performance in children (Olesen et al., 2003; Nagy et al., 2004; Edin et al., 

2007).  

Experiments in animal models have provided neural correlates of working 

memory (Goldman-Rakic, 1987; Miller, 2000). In monkeys, individual prefrontal 

neurons exhibit sustained discharges that represent qualities of remembered stimuli 
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(Fuster and Alexander, 1971; Funahashi et al., 1989; Romo et al., 1999; Constantinidis et 

al., 2001a). Such correlates are well established in adult animals, but like human cortex, 

monkey prefrontal cortex undergoes prolonged development, maturing throughout 

adolescence and into early adulthood (Bourgeois et al., 1994; Lewis, 1997; Fuster, 2002), 

and ultimately establishing a pattern of connectivity that is homologous to that in the 

human brain. Despite this evidence, it is still unclear whether or not prefrontal cortical 

neurons in peri-pubertal monkeys are immature with respect to their ability to implement 

cognitive capacities such as working memory.  

We were therefore motivated to investigate the relationship between behavioral 

performance and neuronal activity in the Oculomotor Delayed Response task, which has 

been used extensively in the study of working memory, as well as in a similar task that 

involves a distractor stimulus. Our goal was to characterize the responses of prefrontal 

cortical neurons during task performance and establish whether they varied 

systematically between correct and error trials. Recordings were obtained at a time 

around the onset of puberty, a developmental landmark associated with the release of sex 

hormones and neurological changes in humans (Giedd et al., 2006; Blakemore et al., 

2010; Crone and Dahl, 2012). The male rhesus monkey (Macaca mulatta), the animal 

model we used in this study, enters puberty at approximately 3.5 years of age and reaches 

full sexual maturity at 5, approximately equivalent to the human ages of 12 and 16 years, 

respectively (Plant et al., 2005; Herman et al., 2006). Here we report that (1) cognitive 

performance in young animals is generally less reliable than in adults, (2) the levels of 

persistent activity observed in correct trials of working memory tasks are comparable in 
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young and adult animals, and (3) prefrontal activity is significantly weaker for different 

types of error, suggesting that it contributes to multiple aspects of cognitive performance.  

 

METHODS 

Four male rhesus monkeys (Macaca mulatta) were used in this study. All surgical 

and animal use procedures were reviewed and approved by the Wake Forest University 

Institutional Animal Care and Use Committee following the National Institutes of Health 

guidelines.  

Developmental profiles 

The objective of this study was to assess working memory performance and the 

neural mechanisms that underlie it in nonhuman primates entering puberty, roughly 

equivalent to 12 years of age for male humans (Crone and Dahl, 2012). As in humans, the 

age of pubertal onset can vary considerably between individuals, making chronological 

age an imprecise index. We therefore tracked developmental measures in a quarterly 

basis over a period of time before, during, and after the behavioral training and 

neurophysiological recordings. Morphometric measures obtained included body weight, 

crown-to-rump length, chest circumference, and ulna and femur length. We ascertained 

testicular volume with an orchidometer (Prader Orchidometer, ESP Limited, Rustington, 

UK). We checked for visible eruption of canines and determined bone maturation by X-

rays of the upper and lower extremities. We additionally obtained blood samples and 

determined serum concentration of circulating hormones including Testosterone [T] and 

DHT through extraction and enzyme immunoassay (performed at the Assay Services 
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Unit of the Wisconsin National Primate Research Center). Developmental data were 

plotted relative to the onset of neurophysiological recordings. Considerable day-to-day 

variability is present in measures such as body weight and hormone concentrations, so we 

smoothed the corresponding data points with a three-point triangular filter.  

 

Behavioral Tasks 

Four monkeys were trained to perform an Oculomotor Delayed Response (ODR) 

Task (Funahashi et al., 1989). This is a spatial working memory task that required them 

to remember the location of a cue stimulus flashed on a screen for 0.5 s. The cue was a 1° 

white square stimulus that could appear at one of eight locations arranged on a circle of 

10° eccentricity. After a 1.5 s delay period, the fixation point was extinguished and the 

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

within 0.6 s. The saccade needed to terminate on a 5–6° radius window centered on the 

stimulus (within 3–4° from the edge of the stimulus), and the monkey was required to 

hold fixation within this window for 0.1 s. Animals were rewarded with fruit juice for 

successful completion of a trial. Eye position was monitored with an infrared eye tracking 

system (ISCAN, RK-716; ISCAN, Burlington, MA). Breaking fixation at any point 

before the offset of the fixation point aborted the trial and resulted in no reward. The 

stimulus presentation and online behavioral control was achieved by in-house software 

(Meyer and Constantinidis, 2005). Two of the four monkeys were also trained to perform 

a variant of the task, the ODR with Distractor Task (Powell and Goldberg, 2000). This 

task involved a distractor, presented after the cue, although the total duration of the trial 

was the same as in the standard ODR task. The location of the second stimulus, the 
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distractor, was always diametric to the first, so in this sense it might have still conveyed 

information about the location of the rewarded location (as was the case in the Powell 

and Goldberg study). Nonetheless, the task allowed us to determine the ability of the 

monkeys to correctly choose the original stimulus, and quantify the neuronal activity 

associated with it. Monkeys were additionally trained to perform various variants of the 

anti-saccade task and a delay-discounting task, after they had already mastered the ODR 

task. Data from these tasks are not analyzed here.  

 

Surgery and neurophysiology 

Once the animals had reached asymptotic performance in the ODR tasks, a 20-

mm diameter recording cylinder was implanted over the prefrontal cortex of each animal. 

Localization of the recording cylinder and of electrode penetrations within the cylinder 

was based on MR imaging, processed with the BrainSight system (Rogue Research, 

Montreal, Canada). Recordings were collected with epoxylite-coated Tungsten electrodes 

with a diameter of 125 μm and an impedance of 4 MΩ at 1 KHz (FHC Bowdoin, ME). 

Electrical signals recorded from the brain were amplified, band-pass filtered between 500 

and 8 kHz, and stored through a modular data acquisition system at 25 μs resolution 

(APM system, FHC, Bowdoin, ME). Recordings analyzed here were obtained from areas 

8a and 46 of the dorsolateral prefrontal cortex.  

 

Behavioral Data Analysis 

To analyze the patterns of eye movements in the ODR task we first determined 

the end point of saccades performed after the fixation point was turned off. During the 
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0.6 s interval following the offset of the fixation point, we determined the eye position 

corresponding to the time point of maximum eye velocity. The end point of the saccade 

was determined as the eye position at the last point of monotonic deviation away from the 

fixation point, following the point of maximum velocity. Reaction time was defined as 

the interval between the offset of the fixation point and the time that eye position exited 

the fixation window. Peak saccadic velocity was determined from the maximum eye 

position distance between successive samples during the saccade period, smoothed with 

an 8 ms triangular filter, and resampled at 4 ms. 

 

Neural Data Analysis 

Recorded spike waveforms were sorted into separate units using an automated 

cluster analysis method based on the KlustaKwik algorithm (Harris et al., 2000). Firing 

rate of units was then determined by averaging spikes in each task epoch. We identified 

neurons that responded to the visual stimuli, evidenced by significantly elevated firing 

rate in the 0.5 s interval of stimulus presentation, compared to the 1-s interval of fixation 

(paired t-test; p<0.05). We similarly identified neurons that had significantly increased 

delay period activity following a stimulus by comparing the corresponding discharge 

rates with those during the baseline fixation interval (paired t-test; p<0.05). Neurons with 

saccadic responses were defined by increased activity during the 0.5-s interval after the 

go signal compared to the baseline fixation interval (paired t-test; p<0.05). 

 We characterized neuronal spatial selectivity by comparing the discharge rates 

during the presentation of single stimuli at each of the eight spatial locations. Spatial 

selectivity was determined separately for the cue, delay, and saccade periods. Population 
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tuning curves were obtained by first rotating the firing rates of each neuron to the eight 

stimuli so that the peak rate would always be at the same location. We then averaged 

responses for each location relative to the peak location across all neurons and fitted them 

to a Gaussian curve of the form: 

          
  

      

    

where r represents average population firing rate at each location x, B the baseline, A the 

amplitude, μ the peak, and σ the standard deviation of the Gaussian.  

 Firing rates from multiple neurons were averaged to produce a population peri-

stimulus time histogram (PSTH). We constructed PSTHs from correct trials as well as 

error trials. For the latter, we only included neurons from which at least 2 trials were 

available from the best or worst location of each neuron. We examined firing rate in error 

trials for which an error occurred after the end of the delay period, or during the last 0.5 

or 1.0 s before the end of the delay period. For this analysis, activity from multiple 

neurons was plotted for a common time interval prior to the error.  

 We estimated the Fano factor (variance divided by the mean) of each neuron’s 

spike counts based on the method of Churchland and colleagues (Churchland et al., 

2010). Data for each stimulus location were initially treated separately. This method 

proceeds in three steps. First, for each neuron, spike counts are computed in a 100-ms 

sliding window moving in 20-ms steps; second, the variance and mean of the spike count 

across trials is calculated for each window and each neuron; and finally, again at each 

time window, a linear regression of the variance to the mean is performed, such that each 

neuron in the population contributes one point. The slope of this regression, which is a 

function of time, represents the Fano factor reported here.  
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RESULTS 

We obtained behavioral data and neurophysiological recordings from areas 8 and 

46 of the prefrontal cortex (Fig. 1A) from four male, Rhesus monkeys (Macaca mulatta) 

around the time of puberty but prior to reaching adulthood. To ascertain their 

developmental status we conducted development assays. We then evaluated their levels 

of performance in the behavioral tasks (Fig. 1B-C) and the corresponding neural basis by 

recording single-unit activity in the prefrontal cortex.  

 

Developmental Profiles 

To determine the developmental stage of the animals, we conducted quarterly 

assays sampling a range of morphometric, hormonal, and radiographic measures. 

Representative data are shown in Fig. 2, including data for body mass, serum testosterone 

level [T], bone maturation, testicular size, and femur length for each monkey. In all 

graphs, data are aligned to the beginning of the acquisition of neural data at Q0. Data 

from the 3 quarters preceding and 3–5 quarters after recording onset are shown. The four 

animals had a median age of 4.3 years at the last measurement prior to the onset of 

neurophysiological recordings (range: 4.0 – 5.2 years). Neural data for monkeys 1708, 

1709, and 1753 were collected across 2 quarters whereas data for 1752 were collected 

during a single 3 month period. The median age at the first time point after the end of 

recordings was 4.7 years. Testes had descended for all four monkeys prior to Q0; canines 

had erupted for only one (subject 1752). Each of the measures examined were trending 

upward as expected for developing monkeys. Values in all cases are indicative of 

monkeys that are entering puberty but have not reached full maturity (Plant et al., 2005; 
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Schlatt et al., 2008). It was also notable that a single measure could not be used to 

ascertain reliably the developmental stage of each animal; different individuals exhibited 

highest values for body mass, testis size, and femur length (Fig. 2).  

 Rhesus monkeys constitute the predominant animal model for childhood 

development and there are ample data on the normative values for each of these measures 

at different developmental stages. For example, a body mass of 7–9 kg is typical for 

sexually mature adolescent male rhesus monkeys, whereas adults typically exceed 10 kg 

(Schlatt et al., 2008). Likewise, the onset of puberty in male rhesus monkeys is signaled 

by the pulsatile release of gonadotropin releasing hormone, which is highly correlated 

with the circulating levels of testosterone (Plant, 2001; Plant et al., 2005). Although it 

may vary as a function of breeding status and social dominance (Bercovitch, 1993), 

typical levels of serum testosterone for adult males are 4 ng/ml (Schlatt et al., 2008; 

Mattison et al., 2011). The monkeys in this study were clearly below these levels (Fig. 

2B) but each presented with descended testes that were increasing in size (Fig. 2C). The 

metrics plotted in Fig. 2, along with a host of other established developmental markers 

that we tracked (e.g., chest circumference, crown to rump length, canine eruption, 

epiphyseal closure) were all consistent with animals in the early adolescent stage.  

 

Behavioral Performance 

The four monkeys were initially trained in the Oculomotor Delayed Response 

task (ODR), which has been extensively used to determine neural correlates of working 

memory in adult monkeys (Funahashi et al., 1989; Chafee and Goldman-Rakic, 1998; 

Constantinidis et al., 2001b). The task required subjects to observe a visual cue presented 



51 

 

on the screen, make an eye movement after a 1.5 s delay period to the location of the 

remembered stimulus, and stay within the target window for 100 ms (Fig. 1B). Once 

recordings were obtained, two animals (subjects 1709 and 1753) were trained to perform 

a variation of this task, in which a distractor stimulus appeared during the delay period, at 

a location diametric to the original cue (Fig. 1C). This task is similar to tasks that have 

been used previously in adult animals (Powell and Goldberg, 2000), and was used to test 

the effect of distracting stimuli during working memory, an ability that is presumed to be 

immature during adolescence. The animals were still required to make an eye movement 

to the location of the cue, and ignore the distracting stimulus. The total trial duration was 

equal in the two tasks.  

 The monkeys exhibited several error types during execution of the ODR task, and 

errors occurred at all task intervals (Fig. 3A). Of those trials in which no error had 

occurred by the end of the cue presentation period, approximately 13% ended due to 

breaks in fixation, including blinks (Fig. 3B, black bars). It should be noted that the 

duration of the delay period was only 1.5 s, compared to 3 s in most prior studies in adult 

animals, chosen precisely due to this propensity of peri-pubertal monkeys to break 

fixation. In an additional 3% of the trials that made it into the delay period, the monkeys 

correctly foveated the saccade target, but did not remain within the target window for a 

sufficient time period to receive a reward (Fig. 3B, gray bars). Excluding these non-

directional types of errors, all four monkeys made saccades towards the correct location 

of the target on more than 90% of the trials (average 93%). Directional errors, where the 

endpoint of the saccade was closer to a target other than the cued location represented 

less than 10% of the completed trials (Fig. 3B open bars). The percentage of correct trials 
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among trials where no break in fixation occurred prior to the end of the delay period was 

94% (Fig. 3C). These included premature saccades to the cued location and other 

locations (Fig. 3D). Equivalent levels of performance in the ODR task have been reported 

in adult animals, albeit using a 3s delay period. Correct performance in the range of 80-

90% of trials (excluding breaks in fixation) was reported in prior studies (Funahashi et 

al., 1989; Chafee and Goldman-Rakic, 1998). It should be noted, however, that the 

variance of the saccadic endpoint increases as a function of the delay period (Gnadt et al., 

1991; White et al., 1994).  

Performance in the ODR task was stable over the time period that these results 

were collected; there was no significant effect of recording day on performance 

(regression analysis, p>0.05 for each of the four monkeys). Means and standard 

deviations of reaction times were 277±35, 209±85, 258±49, and 249±35 ms, for subjects 

1708, 1709, 1752 and 1753 respectively, though the duration of the delay period was 

fixed in our task and the offset of the fixation point may have been possible to anticipate. 

Peak velocities for correct trials were 488±91, 449±129, 587±162, and 581±120 

degrees/s respectively. Mean and standard errors of amplitudes of these memory guided 

saccades were 9.2°±1.6°, 8.7°±2.8°, 9.5°±2.0° and 10.3°±2.3°, respectively. Saccadic 

precision (standard deviation around the saccadic end-point) was 1.1°, 1.8°, 1.8°, and 

1.3°, for the four animals respectively. 

 Performance in the ODR with distractor task was qualitatively similar to 

performance in the ODR task. The average error rates in trials for which the monkeys 

successfully completed the delay period (including saccades away from the cue location 

and early breaks from the target) was 15% (Fig. 3C). A 2-way ANOVA revealed no 
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significant main effect of task (p>0.2). When we compared the proportions of trials that 

resulted in a correct saccade toward the location of the target in the two tasks there was 

an overall 4% decrease in the ODR with distractor task (on average, 88% compared to 

92% in the ODR task, but only one of the two animals tested in both tasks showed a 

decrease, Fig. 3C). Errors in the second delay period included premature saccades to the 

cued location, to the location of the distractor, and other locations (Fig. 3E). Saccadic 

precision was no worse than in the standard ODR task. Values of 1.7° and 1.2° were 

obtained for subjects 1709 and 1753, which were in fact slightly better than the 

equivalent precision values in the ODR task for the same animals (1.8° and 1.3°, 

respectively). 

 

Neuronal Responses in the ODR Task 

A total of 607 neurons were recorded in areas 8 and 46 of the dorsolateral 

prefrontal cortex of the four monkeys during execution of the ODR task (33, 133,158, 

and 283 neurons from monkeys 1708, 1709, 1752 and 1753, respectively). During 

recordings, we sought neurons with any type of activity related to the task, although we 

relied on multiple electrode recordings and sometimes sampled neurons with no task-

related response. A total of 532 neurons in our sample responded with elevated firing rate 

in at least one period of the task compared to the baseline during fixation. Examining 

separately the numbers of neurons that exhibited responses during the cue, delay and 

saccade periods we found 362 neurons responding to the cue, 263 neurons responding to 

the delay period, and 350 responding to the saccade.  
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 Given the developmental stage of our monkeys, we were particularly interested in 

neurons that exhibited delay period activity. Expressed as a percentage of the neurons 

with any task-related responses, neurons that exhibited persistent activity during the delay 

period of the ODR task represented 49% of the total. This proportion was in the range of 

previous studies using the same task in adult monkeys: 51% was reported by Funahashi 

and colleagues (Funahashi et al., 1989); 40% in another experiment (Chafee and 

Goldman-Rakic, 1998); 57% of the neurons displayed delay period activity in the 

database of a third study (Constantinidis et al., 2001b). Individual examples of neurons 

with significantly elevated and spatially selective delay period activity are shown in 

Figures 4 and 5. We observed delay period activity that remained fairly stable after the 

cue, as well as discharges that increased during the delay, similar to sustained and 

anticipatory responses described in adult monkeys in previous studies (Quintana and 

Fuster, 1992; Romo et al., 1999; Qi et al., 2010).  

Across the sampled population, robust levels of delay period activity were present 

throughout the trial (Fig. 6A). Average firing rate during the best cue presentation (18.9 

sp/s) was followed by delay period activity of 12.9 sp/s, which represented 68% of the 

cue response. These values were similar to those reported in adult animals (Funahashi et 

al., 1991). A re-analysis of a database of recordings from another study in adult animals 

(Constantinidis et al., 2001b) yielded average values of 15.8 sp/s for the best cue 

presentation and 11.6 sp/s for the delay period that followed it, which represented 73% of 

the cue response, very similar to the values recorded in the peri-pubertal animals – 

although again with the caveat that the delay period in the present study was shorter (1.5 

s) than that used in previous reports (3 s).  
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We quantified the variability of neuronal discharges by computing the Fano factor 

of spike counts (variance divided by mean) in sliding 100 ms windows (Churchland et al., 

2010). Data were pooled across stimulus conditions to obtain a single value for each task 

epoch (see Methods). As previously reported for multiple brain areas of adult monkeys 

(Churchland et al., 2010), the Fano factor declined during the time of stimulus 

presentation for our dataset (Fig. 6B). Averaged across the entire trial interval and all 

stimulus conditions, the mean and standard error values of the Fano factor were 

1.54±0.03 for neurons with delay period activity. This is somewhat higher than the values 

in the range of 1.3 obtained from an analysis of neuronal responses from the prefrontal 

cortex of adult monkeys using the ODR task (Compte et al., 2012), and other working 

memory tasks (Qi and Constantinidis, 2012). It is therefore possible that elevated 

variability is characteristic of neuronal discharges in peri-pubertal animals. A caveat to 

this conclusion is that the variability we report here is still within the range of Fano factor 

values reported for the prefrontal cortex in the context of other tasks (Hussar and 

Pasternak, 2010). 

A total of 139/263 (53%) neurons with significant delay period activity exhibited 

spatial tuning during the delay period, as evidenced by significant selectivity for location 

during the delay period (1-way ANOVA, p<0.05). This percentage appeared to be within 

the range of tuned neurons with delay period activity reported in studies of adult animals, 

though different methods with quite disparate results have been employed previously: 

79%, 43% and 41% of neurons have been reported to exhibit significant tuning in three 

prior studies (Funahashi et al., 1989; Chafee and Goldman-Rakic, 1998; Rao et al., 1999). 

Representative tuning functions are shown in the polar plots of Figures 4 and 5; tuning 
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obtained from the population average is shown in Figure 6C. The standard deviation of 

the best Gaussian fit of population responses corresponded to 29° of angular distance 

between targets for the delay period. This was very similar to the standard deviations 

reported in the literature for adult animals (which were obtained by individual fits of 

Gaussian functions, averaged across neurons); a mean value of 27° was reported in two 

different studies (Funahashi et al., 1989; Chafee and Goldman-Rakic, 1998).  

 

Neuronal Responses in ODR with Distractor Task 

We additionally recorded 248 neurons from areas 8 and 46 of the dorsolateral 

prefrontal cortex of two monkeys (88 and 160 neurons from monkeys 1709 and 1753, 

respectively) while they performed the ODR with Distractor task (Fig. 1C). Of those, 211 

neurons responded to the task, as evidenced by significantly elevated firing rate during at 

least one task epoch. A total of 117 neurons displayed significantly elevated firing during 

the cue presentation period, 81 during the first delay period, 113 during the distractor 

presentation, 106 during the second delay period, and 160 neurons during the saccade 

period. The responses of a representative neuron are shown in Figure 7. Increased activity 

following a stimulus at the preferred location persisted during the delay period and 

changed only slightly during the presentation of a distractor out of the receptive field 

(Fig. 7A, top left). The same neuron was also excited when the second, distracting 

stimulus appeared in the receptive field, and this distractor-related response was also 

sustained during the second delay period, albeit at a lower level (Fig. 7A, bottom right). 

This response pattern was representative of the population of prefrontal neurons (Fig. 

8A). Overall, a robust response evoked by the cue appearing in the receptive field was 



57 

 

followed by sustained activity in the first delay period, and the level of firing changed 

little during presentation of the distractor outside the receptive field during the second 

delay period (mean rate 21.3 sp/s). Slightly lower sustained activity in the second delay 

period (mean rate 20.3 sp/s) was seen when the distractor appeared in the neuron’s 

receptive field. As a result, the spatial tuning of neurons during the second delay period 

appeared bimodal (Figs. 7B and 8C). Variability of discharges was similar to that 

obtained in the ODR task. The mean and standard error of the Fano factor across all 

neurons with delay period activity was 1.56±0.09 (Fig. 8B). 

 

Analysis of Error Trials 

Considering that the animals made errors during all epochs of the task (Fig. 3A), 

we sought possible neural correlates of those behavioral outcomes by analyzing neural 

activity associated with specific types of error trials. For this purpose, we first analyzed 

trials in which an error was produced after the end of the delay period. These included 

errors due to saccades toward an incorrect direction, as well as premature breaks in 

fixation at the location of the remembered target (as shown in Fig. 3D). Neurons with at 

least two such error trials following the cue presentation at the best location were 

identified (N=43; Fig. 9, blue traces). We also identified neurons with at least two error 

trials following the cue presentation at the diametric location (N=40), which constituted a 

partially overlapping set with the previous group of neurons (Fig. 9A, red traces). Firing 

rates were normalized by dividing all rates of each neuron by the mean firing rate evoked 

by the best cue in correct trials. Normalized firing rates were then averaged across 

neurons. In the ODR task, firing rates were significantly lower in error trials compared to 
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correct trials during both the cue presentation (paired t-test, p<0.001) and the delay 

period (paired t-test, p<0.05). This is similar to what has been described before in adult 

animals (Funahashi et al., 1989). No difference between correct and incorrect responses 

was found when the cue appeared at a location diametric to the best location in the 

receptive field (paired t-test, p>0.05; Fig. 9A, compare solid and dashed red curves). 

Similar trends were present in the ODR with distractor task (Fig. 9B), although 

smaller numbers of neurons were available with at least two error trials for the cue in the 

best location (N=10; Fig. 9B, blue traces) and diametric location (N=11; Fig. 9B, red 

traces). Importantly, in this task one target and one distractor are presented at diametric 

locations in every trial, so presumably the quantity that matters the most is the difference 

between the response to the target and the response to the distractor (note also, however, 

that the distractor is also informative of the location that leads to a reward, so its impact is 

not necessarily detrimental). When we analyzed the second delay period we found that 

activity was significantly higher (t-test, p<0.05) in error trials in which the distractor 

appeared in the receptive field, compared to error trials in which the cue appeared in the 

receptive field (red vs. blue dotted lines in Fig. 9B). In other words, trials characterized 

by either increased distractor-related activity or decreased cue-related activity during the 

second delay period were likely to end in errors. 

Finally, we analyzed neuronal activity in trials that were aborted before the end of 

the delay period (due to blinks or premature saccades). We identified trials for which 

correct fixation lasted at least 0.5 s of the delay period (N=47 neurons; Fig. 9C), and at 

least 1.0 s of the delay period (N=19 neurons, Fig. 9D), the latter group being a subset of 

the first. Examining either group of neurons revealed that delay period activity was 
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significantly reduced in cases that resulted in aborted trials (t-test, p<0.05). Thus, as for 

spatial errors, premature response errors were also associated with decreased neuronal 

activity.  

 

DISCUSSION 

The present study investigated behavioral performance during working memory 

tasks and its neurophysiological correlates in peri-pubertal monkeys. Although it is 

widely thought that the prefrontal cortex and the cognitive functions it supports reach full 

maturity only in adulthood, the nature of activity in the developing prefrontal cortex has 

not been investigated. Our study revealed that peri-pubertal monkeys exhibit a propensity 

for spatially nonspecific errors (e.g., aborted trials) but are able to remember accurately 

the locations of visual targets and can do so even when challenged with a distractor 

stimulus at an alternate location. We also found that errors, both spatial and non-spatial, 

were characterized by diminished neuronal activation specifically during the delay 

period. On the other hand, during correct trials, execution of the working memory task 

activated a substantial proportion of dorsolateral prefrontal neurons that generated robust 

levels of delay period activity, comparable to that reported in prior studies of adult 

animals.  

 

Maturation of Working Memory in Adolescence  

Data from human studies provide strong evidence that working memory capacity 

does not reach maturity in childhood but instead increases throughout adolescence; a 

virtually linear increase in performance with age has been observed in tasks of visuo-
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spatial working memory, executive control, and retention of information in the face of 

distraction (Fry and Hale, 2000; Gathercole et al., 2004). These improvements in 

performance parallel long term structural changes in the prefrontal cortex, such as 

myelination and increased axonal thickness in the underlying white matter as well as 

changes in gray matter within the prefrontal cortex and other brain regions connected 

with it (Bunge et al., 2002; Olesen et al., 2003; Nagy et al., 2004; Giedd et al., 2006). By 

some accounts, cortical thickness follows an inverted-U shape, peaking during the onset 

of puberty, the transition point between the juvenile and adolescent state (Giedd et al., 

2006; Blakemore et al., 2010; Crone and Dahl, 2012). Puberty also marks sex-specific 

differentiation in cortical structure and cognitive performance, implicating the release of 

sex hormones in shaping brain development (Blakemore et al., 2010; Nguyen et al., 

2013).  

The development of the prefrontal cortex is associated not only with structural 

changes but also with changing patterns of activation. Human fMRI studies indicate a 

progressive increase of prefrontal activation between childhood and adulthood in tasks 

that require working memory, inhibition of prepotent responses, and filtering of 

distractors (Luna et al., 2001; Klingberg et al., 2002; Kwon et al., 2002; Burgund et al., 

2006; Olesen et al., 2007). These changes included increased activation specifically 

during the delay period of visual spatial tasks analogous to the tasks that we used in our 

study (Kwon et al., 2002; Olesen et al., 2007). The level of activation in visual spatial 

working memory tasks in childhood is also predictive of a broader range of cognitive 

abilities in later life, such as arithmetic performance (Dumontheil and Klingberg, 2012). 

Modeling studies further suggest that the pattern of changes in the BOLD signal observed 
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between childhood and adulthood can be best explained by strengthening of connections 

between the prefrontal and posterior parietal cortex (Edin et al., 2007). 

Considering the strong evidence for increasing prefrontal activation from 

childhood into adulthood, single neuron activity in a working memory task such at the 

ODR task might be expected to be weaker in immature subjects. When considering the 

large number of errors observed in the task, which were associated with decreased 

activation in the delay period (Fig. 9), neuronal responses in the adolescent PFC may 

indeed be viewed as weaker than that of adult animals. However, we also found that the 

peri-pubertal prefrontal cortex was capable of generating robust delay period activity in 

correct ODR trials. It is conceivable that lower overall activation during adolescence may 

be most evident for more complex or challenging tasks and that prefrontal activity may 

mature at different rates in association with the acquisition of different cognitive abilities. 

Lastly, it should also be noted that BOLD activation is driven by both excitatory and 

inhibitory activity in the cortex, and in any case it is only an indirect measure of single-

neuron spiking (Logothetis et al., 2001).  

 

Monkey Cognitive Maturation 

The male rhesus monkey enters puberty at approximately 3.5 years of age (Plant 

et al., 2005; Herman et al., 2006), equivalent to about 12 years in humans (Crone and 

Dahl, 2012). Monkeys have a median life span of 25 years and can live up to 40 in 

captivity, suggesting that their rate of aging is roughly three times that of humans (Roth 

et al., 2004). The monkey prefrontal cortex continues to undergo anatomical maturation 

during adolescence and early adulthood, similar to the human pattern of development 
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(Bourgeois et al., 1994; Fuster, 2002), though some developmental studies suggest the 

pre-pubertal, 2- to 3-year old macaque already begins to undergo some of the 

biochemical and anatomical changes that characterize the human adolescent prefrontal 

cortex (Lewis, 1997; Hoftman and Lewis, 2011). 

Working memory abilities in monkeys begin to develop in infancy. Monkeys as 

young as 4 months old are able to perform delayed response tasks with 2-5 second delay 

periods at over 90% accuracy, similar to 12-month old human infants (Diamond, 1990). 

Similarly, 9-month old monkeys were able to perform delayed alternation tasks at high 

levels of performance (Alexander and Goldman, 1978b). Monkeys of approximately 3 

years of age can learn more complex working memory tasks such as the delayed match to 

sample task, although performance levels may not exceed 60% correct with a 1-s period, 

and decline with increasing delay periods (Verrico et al., 2011).  

Cortical inactivation and lesion studies paint a complex picture of prefrontal 

cortical involvement in cognitive functions in early development. Cooling of the 

prefrontal cortex at ages of 19-31 months has negligible effects (<10% decline) on 

performance of the delayed response task, which monkeys of this age are already able to 

perform essentially error free (Alexander and Goldman, 1978b). In contrast, prefrontal 

cooling in monkeys older than 33 months of age has substantial effects (>20% decline). 

The effects of cooling on delayed alternation are similarly greatest after the age of 33 

months (Alexander and Goldman, 1978b; Alexander, 1982). Modest effects on delayed 

response performance are also observed after complete bilateral lesions of the prefrontal 

cortex in infant, 4-month old monkeys (Diamond and Goldman-Rakic, 1989b). Based on 

these results, it was concluded that the prefrontal cortex is not fully developed before 2.5-
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3 years of age, that execution of working memory tasks at younger ages may depend on 

other brain areas, and that working memory functions become increasingly dependent on 

prefrontal activation after the age of 2.5-3 years (Alexander and Goldman, 1978b). Our 

results are consistent with such an interpretation as they show robust activity in the 

prefrontal cortex at approximately 4 years of age. These results still leave open the 

possibility that more complex working memory tasks, or tasks requiring other types of 

executive function are associated with prefrontal activity that emerges later in life.  

 

Behavioral Performance in Peri-pubertal Monkeys 

The peri-pubertal monkeys in the present study committed several types of errors 

when performing working memory tasks. The most common were breaks in fixation 

during the (relatively short) delay period or failure to fixate for the requisite duration at 

the saccade target location. Such non-spatial errors may be associated with impulsivity 

and/or an inability to maintain focus on the task, which itself may be the result of loss in 

working memory in various components of the current task. Consistent with this view, 

when monkeys did make an eye movement at the conclusion of the delay period as 

required, they attained a level of performance greater than 90% correct, similar to that 

reported in the ODR task for adult animals (Funahashi et al., 1991; Chafee and Goldman-

Rakic, 1998). Furthermore, the addition of a distracting stimulus had no significant 

impact on performance, also consistent with prior findings in adult animals (Powell and 

Goldberg, 2000). These results suggest that the ability to perform at least a simple spatial 

working memory task while resisting the effect of a distracting stimulus is already 

present in peri-pubertal animals. 
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On the other hand, breaks in fixation during the delay period of the task may 

reflect the stochastic failure of the prefrontal network to maintain task-relevant 

information – not necessarily spatial only – over the delay, leading the subject to abort 

the trial prematurely. Supporting this view, decreased activity during the delay period 

was associated with trials that resulted in both directional and non-directional errors. 

Analogous patterns of non-specific errors in the delay period have not been reported in 

the literature for adult monkeys. Such errors may be a unique characteristic of adolescent 

monkeys, however, it will be essential for future investigation to confirm that peri-

pubertal fixation performance is qualitatively different from that of the adult. Our 

findings do not rule out the possibility that more subtle measures of performance, such as 

the precision of the saccadic endpoint, also improve further after adolescence. Saccadic 

variability in the ODR task increases as a function of delay period duration (White et al., 

1994) and the difficulty of these peri-pubertal monkeys to perform the ODR task with a 

3-s delay period limits our ability to compare saccadic variability with those in adult 

monkeys. At the same time, the ability to direct attention and to maintain focus on the 

task at hand appears to be limited in these animals. 

 

Neural Activity in Peri-pubertal Monkeys 

Delay period activity was observed during ODR task performance in peri-pubertal 

monkeys and its incidence, magnitude, and characteristics in correct trials were consistent 

with those previously reported for adult animals. The percentage of neurons that 

displayed delay period activity was within the range reported in previous studies in adult 

monkeys performing the ODR Task (Funahashi et al., 1989; Chafee and Goldman-Rakic, 
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1998; Constantinidis et al., 2001b). Neurons with rising or slightly decreasing firing rate 

throughout the course of the delay period were also observed, as in adult monkeys 

(Quintana and Fuster, 1992; Qi et al., 2010). Error trials were characterized by decreased 

firing rate, similar to studies in adult animals (Funahashi et al., 1989), and this was true 

both for directional errors and non-specific errors, such as blinks, during the delay period. 

The level of activity during the delay period relative to that evoked during the stimulus 

presentation period was also comparable to that described in previous studies (Funahashi 

et al., 1991; Constantinidis et al., 2001b), with possibly higher variability than that of 

adult animals (Compte et al., 2012). It has been recently proposed that the average rates 

of delay period responses (but not stimulus-elicited responses) decline monotonically 

with age (Wang et al., 2011); our results show that high levels of delay period activity are 

achieved early in life, prior to adulthood. The spatial tuning of the delay period activity 

was also within the range of tuning values obtained in adult monkeys (Funahashi et al., 

1989; Chafee and Goldman-Rakic, 1998; Rao et al., 1999).  

Results from the distractor task demonstrated that prefrontal activity in peri-

pubertal monkeys survives the presentation of a distracting stimulus, a property that 

appears to be unique for the prefrontal cortex (Qi et al., 2010; Suzuki and Gottlieb, 2013). 

However, the response to the distractor stimulus itself was very robust, and elicited delay 

period activity only slightly less vigorous than that of the remembered stimulus (Fig. 8A). 

A possible result of prefrontal maturation may be the more effective filtering of distractor 

responses, at least in the context of some tasks (Suzuki and Gottlieb, 2013). We should 

point out that although the second stimulus presentation was irrelevant for the eventual 

eye movement, our task was structured such that in a block of trials, the two stimuli 
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always appeared at diametric locations. In this sense, the second stimulus may not have 

been truly a distractor, as it was also predictive of the correct eye movement location to 

via an additional spatial transformation.  

 Our results are in agreement with reports of delay period activity present in the 

delayed response task in 3-year old monkeys, albeit without control of fixation 

(Alexander, 1982). A few prior physiological studies have also reported delay period 

activity in young monkeys, inferred based either on the actual age reported (3-4 years 

old) or weight (3-5 kg) of the subjects (Hasegawa et al., 1998; Takeda and Funahashi, 

2002). Our study extends these findings by determining developmental measures 

indicating the onset of puberty, and by characterizing the cue- and distractor-related 

responses, as well as the nature of errors in the task. Overall, the present findings indicate 

that the peri-pubertal prefrontal cortex is capable of generating robust delay period 

activity. However, such activity does not always result in successful trials with activation 

tending to wane in trials that ultimately resulted in errors. Future studies will be needed to 

determine if differences in the prefrontal activity of adult and adolescent monkeys 

emerge in the context of tasks that impose different and/or greater cognitive demands.  
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Figure 1. A Structural MRI of one adolescent monkey brain. The shaded areas indicate 

the recording sites in the dorsolateral prefrontal cortex (PFC). Abbreviations: AS, 

Arcuate Sulcus; PS, Principal Sulcus. Black spots in the image are artifactual “shadows” 

created by ceramic screws in the skull. B. Successive frames indicate the sequence of 

events in the Oculomotor Delayed Response (ODR) task. Monkeys were required to 

remember the stimulus location and to saccade to it after a delay period. B. Sequence of 

events in the ODR with Distractor task. The presentation of the stimulus is the same as in 

the ODR task, but one distractor is shown in the middle of the delay period. 
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Figure 2. Developmental profile. A. Body mass for each monkey as a function of time, 

evaluated in quarterly assays. Data are aligned to the onset of neurophysiological 

recordings (Q0). Shaded area covers the interval of recordings. B. Serum testosterone 

concentration obtained from each monkey. C. Sample radiography for monkey 1752; 

arrow indicates the epiphysial plate, which has not fused yet. D. Testis size as a function 

of time. E. Femur length as a function of time.  
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Figure 3. A. Proportions of possible trial outcomes for the ODR and ODR with 

Distractor Tasks. The first two bars indicate correct trials, in the two tasks. Subsequent 

bars indicate errors due to breaks in fixation during the initial fixation interval; errors 

during the cue presentation interval; errors during the delay interval; errors during the 

distractor presentation (in the ODR with Distractor task, only); errors during the second 

delay period, following the distractor; and errors during the saccade interval. Mean values 

are plotted across monkeys, and standard errors B. Proportions of errors after the cue 

presentation in the ODR task, separately for each of the monkeys. Types of errors plotted 

include directional saccade errors, where the monkey’s eye movement was away from the 

cue location; target errors where the monkey’s eye movement was to the cue location but 

fixation was broken before the minimum time required to obtain a reward; and breaks in 

fixation during the delay period, prior to the offset of the fixation point, which instructed 

the animal to make a saccade. C. Proportion of correct trials in the ODR (open bars) and 

ODR with Distractor (black bars) tasks, for trials that were completed up to the end of the 

delay period, shown separately for four monkeys. D. Proportion of error trials during the 

delay period of the ODR task. Errors due to a saccade towards the cued location, errors 

due to a saccade to another location, and premature breaks in fixation at the target 

location are plotted. E. Proportion of error trials during the second delay period 

(following the distractor) in the ODR with Distractor task. Errors due to a saccade 

towards the initial cue, errors due to a saccade to the distractor, errors due to a saccade to 

another location, and premature breaks in fixation at the target location are plotted. 
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Figure 4. Persistent activity in a prefrontal neuron. A. Rasters and peristimulus time 

histograms (PSTHs) of a single neuron during the ODR task. Spike rasters and 

histograms are arranged according to the spatial location of the cue (i.e., saccade target). 

Responses during the fixation interval (F), cue presentation (C), and delay period (D) are 

indicated. Horizontal bars represent the delay period. B. The polar plot depicts the 

average firing rate during the delay period for each cue location; the dotted circle 

represents the average firing rate during the baseline, fixation period. 
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Figure 5. Rasters and peristimulus time histograms of a second example neuron recorded 

during the ODR task. Conventions are the same as in Figure 4.  
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Figure 6. Population responses of neurons with significantly elevated firing rate during 

the delay period of the ODR task (N=263 neurons). A. Average PSTH following the best 

cue location (solid line), or following the diametric location (dotted line). Insets next to 

the PSTHs are schematic illustrations of the position of the stimulus relative to the 

receptive field, which differed for each neuron. Horizontal line represents baseline 

fixation discharge rate. Labels indicate fixation (FIX), cue presentation (CUE) and delay 

periods (DELAY). B. Mean Fano factor values of neuronal discharges for the same 

population of neuron as in panel A. C. Population tuning curves from the cue period 

(solid line) and from the delay period (dashed line).  
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Figure 7. Activity in the ODR with Distractor Task. A. Rasters and peristimulus time 

histograms of a single neuron during the ODR with Distractor task. Responses during the 

fixation interval (F), cue presentation (C), first delay period (D1), distractor presentation 

(Dis), and second delay period (D2) are indicated. Horizontal bars represent the first and 

the second delay periods. B. The polar plots depict the average firing rate during the first 

(top panel) and the second (bottom panel) delay periods for each cue location; the dotted 

circle represents the average firing rate during the baseline, fixation period. 
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Figure 8. Population responses of neurons with significant delay activity in the ODR 

with Distractor Task task. A. Population PSTH (N=88 neurons) following the best cue 

location and diametric distractor location (solid line), or following the worst cue location 

and best distractor location (dotted line). Horizontal line represents baseline fixation 

discharge rate. B. Mean Fano factor values of neuronal discharges during the trial. C. 

Population tuning curves from the cue period (solid line), from the first delay (black 

dashed line), and from the second delay (after distractor presentation; gray dotted line). 

Labels in A and B indicate fixation (FIX), cue presentation (CUE), first delay 

(DELAY1), distractor presentation (DISTRACTOR) and the second delay (DELAY2) 

periods. Horizontal dashed lines in A and C represent the baseline firing rate. 
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Figure 9. Neural activity in correct vs. error trials. A. Population average firing rate from 

neurons with at least 2 error trials of any type in the ODR task. Normalized firing rate is 

shown in correct and error trials in which the cue appeared in the best location (blue 

traces, N=43 neurons) and in the diametric location (red traces, N=40 neurons). Solid and 

dashed lines indicate correct and error trials, respectively. B. Population firing rate from 

the ODR with Distractor task. Averaged firing rate is shown in correct and error trials in 

which the cue appeared in the best location (blue traces, N=10 neurons) and in the 

diametric location (red traces, N=11 neurons). C, Population firing rate in correct (solid) 

and error (dotted) trials aborted during the delay period. Error average is for all available 

trials in which a break in fixation occurred at least 0.5 s after the offset of the cue (N=47 

neurons). D, As in C, but with error average for all trials in which an error occurred at 

least 1 s after the offset of the cue (N=19 neurons). 
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ABSTRACT 

The prefrontal cortex continues to mature after puberty and into early adulthood, 

mirroring the time course of maturation of cognitive abilities. However, the way in which 

prefrontal activity changes during peri- and post-pubertal cortical maturation is largely 

unknown. To address this question, we evaluated the developmental stage of peri-

pubertal rhesus monkeys with a series of morphometric, hormonal, and radiographic 

measures, and conducted behavioral and neurophysiological tests as the monkeys 

performed working memory tasks. We compared firing rate and the strength of intrinsic 

functional connectivity between neurons in peri-pubertal versus adult monkeys. Notably, 

analyses of spike train cross-correlations demonstrated that the average magnitude of 

functional connections measured between neurons was lower overall in the prefrontal 

cortex of peri-pubertal monkeys compared to adults. This difference was because 

negative functional connections (indicative of inhibitory interactions) were both stronger 

and more prevalent in peri-pubertal compared to adult monkeys, whereas the positive 

connections showed similar distributions in the two groups. Our results identify changes 

in the intrinsic connectivity of prefrontal neurons, particularly that mediated by 

inhibition, as a possible substrate for peri- and post-pubertal advances in cognitive 

capacity. 
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SIGNIFICANCE STATEMENT 

The prefrontal cortex, the brain area associated with higher cognitive operations 

such as working memory and executive function, undergoes a protracted period of 

development. How the activity of prefrontal neurons changes during peri- and post 

pubertal cortical maturation is largely unknown. To address this question, we recorded 

neuronal activity from the prefrontal cortex of peri-pubertal and adult monkeys and 

compared the functional connectivity between pairs of neurons in each group. The 

magnitude of connectivity measured between neurons was lower overall in the prefrontal 

cortex of peri-pubertal monkeys compared to adults, as inhibitory interactions were 

generally stronger in young animals. Our results identify changes in intrinsic connectivity 

between prefrontal neurons as a possible substrate for peri- and post-pubertal cognitive 

maturation. 
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The prefrontal cortex, the brain area associated with the highest-level cognitive 

operations, is known to undergo a protracted period of development (Spear, 2000; Sowell 

et al., 2004; Blakemore and Robbins, 2012). A virtually linear increase in performance 

with age has been observed in tasks that assess visuo-spatial working memory, executive 

control, and resistance to distraction, a process that continues well after puberty and into 

early adulthood (Fry and Hale, 2000; Gathercole et al., 2004). The accrual of cognitive 

capacities during this period parallels structural changes of the prefrontal cortex in both 

humans and non-human primates (Jernigan et al., 1991; Pfefferbaum et al., 1994; Sowell 

et al., 2001; Gogtay et al., 2004; Casey et al., 2008). Imaging studies in humans suggest 

that patterns of brain activation associated with working memory tasks undergo distinct 

changes between childhood and adulthood, supporting the idea of prolonged prefrontal 

maturation (Luna et al., 2001; Kwon et al., 2002; Burgund et al., 2006; Olesen et al., 

2007). However, how the patterns of prefrontal activation change during cortical 

maturation remains unclear. A possible mechanism that could account for variations in 

prefrontal responses – and which could have a significant functional impact (Averbeck et 

al., 2006) – is an overall change in the distribution of intrinsic functional connections, i.e. 

those between neurons within the prefrontal cortex. The intrinsic connectivity of a 

network is directly related to the correlation structure of neuronal responses, and this 

determines in a fundamental way the information-coding properties of the network and its 

ability to sustain activity on its own (Abbott and Dayan, 1999; Wang, 2001; Series et al., 

2004). In this study, we sought to determine if the strengths of functional connections 

inferred from multi-site neurophysiological recordings differ between peri-pubertal and 

adult monkeys. 
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RESULTS 

We obtained neurophysiological recordings from eight male Rhesus monkeys 

(Macaca mulatta) while they performed working memory tasks. Three monkeys were 

tested at around the time of puberty (heretofore referred to as young monkeys); five were 

adult. We conducted quarterly morphometric, hormonal, and radiographic measurements 

to assess development. Representative developmental data for the 3 young monkeys are 

shown in Fig. S1. All measures showed an upward trend between the 3 quarters 

preceding and 3–5 quarters after onset of neuronal recordings as expected for developing 

monkeys; values in all cases were indicative of monkeys that are entering puberty but 

have not reached full maturity (Plant et al., 2005; Schlatt et al., 2008). These 3 monkeys 

had a median age of 4.1 years at the last measurement prior to the onset of 

neurophysiological recordings (range: 4.0 – 5.2 years). The mean age during actual 

recordings used for this analysis was 4.7 years. Mean ages of the adult monkeys during 

the recordings used for analysis were 7.4, 8.7, 9.4, 10.0, and 11.7 for the five subjects, 

respectively (range: 6.8 – 14.0 years).  

We estimated the effective intrinsic connectivity by cross-correlation analysis of 

neurons recorded simultaneously from different microelectrodes, separated laterally by 

0.5 to 1 mm, in areas 8 and 46 of the dorsolateral prefrontal cortex (Fig. 1A). Recordings 

were obtained from the crown of cortical gyri, allowing us to focus on the effect of 

horizontal connections between neurons; electrode penetrations that descended into the 

principal or arcuate sulcus were omitted from the main analysis. We thus relied on three 

inclusion criteria, as we have done previously (Katsuki et al., 2013): that (a) both neurons 

of a pair were recorded from the exposed surface of a cortical gyrus, (b) electrodes had 
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entered the cortex at equivalent angles, and (c) the two neurons were not recorded at 

depths more than 1 mm apart from each other. This selection process produced a main 

sample of 855 neuron pairs recorded from the young monkeys (597, 126 and 132 pairs 

from three subjects, respectively) and 465 pairs from the adult monkeys (188, 26, 187, 20 

and 44 pairs from five subjects, respectively). In addition, a sample of recordings 

obtained from the principal sulcus was analyzed separately. These measurements also 

involved electrode penetrations separated by 0.5 to 1.0 mm, and neurons recorded at 

depths no more than 1 mm apart from each other. This sample comprised 266 pairs from 

the young monkeys (69, 99 and 98 from 3 subjects respectively), and 203 pairs from the 

adult monkeys (25, 30, 115, and 33 from four subjects, respectively). Considering the 

uncertainty of the cortical layers of the neurons recorded in the sulcus, the analyses 

presented below relied mostly on the recordings obtained from surface cortex, unless 

stated otherwise. Note, however, that all results based on the smaller sample from the 

sulcus were consistent with those from the surface. 

 To estimate the connection strength between two neurons, we constructed cross-

correlation histograms (CCH) corrected by the number of expected coincidences. The 

correction was based on surrogate spike trains in which the time of each spike in a trial 

was sampled randomly from a uniform distribution spanning 50 ms around the time of 

the original spike, thus destroying temporal structures beyond 50 ms (Katsuki et al., 

2013). The percentage of spikes from the two neurons occurring within a few ms of each 

other, in excess of the expected number assuming that the two neurons discharged 

independently, represents the effective strength of their connection (Aertsen et al., 1989; 

Katsuki et al., 2013). We focused on the cross-correlation strength for the central 5 ms of 



91 

 

the CCH, which represents synchronized discharges in the time scale of synaptic 

interactions (±2.5 ms). Mean cross-correlation strength was significantly lower (two-

tailed permutation test, p<0.005) in the young than in the adult monkeys (Fig. 1B). 

Similarly, connectivity strength for the young compared to the adult monkeys was also 

lower (p<0.05) based on the sulcus recordings (Fig. S2A).  

The overall higher connectivity we observed in adult monkeys could be due, in 

principle, to an increase in the strength of positive (excitatory) interactions, to a decrease 

in the strength of the negative (inhibitory) interactions, or some combination of the two. 

In fact, analyses of the distributions of young and adult cross-correlation strengths (Fig. 

1C) revealed that the difference in connectivity strength between young and adults was 

solely due to a decrease in negative correlation strengths. When only the positive 

correlation strengths were compared across the two groups of monkeys, no significant 

difference was observed in their means (p = 0.68); in contrast, when only the negative 

correlation strengths were compared the difference was large (-0.40% ± 0.03% in young 

vs. -0.20% ± 0.02% in adults, mean ± SEM) and highly significant (p = 0.00006). 

Virtually identical results were obtained when the analyses of positive and negative 

correlations were based on the neuronal pairs sampled from the principal sulcus (Fig. 

S2B-C). In view of these findings, we also tested whether the proportion of negative 

correlations (regardless of their magnitude) also varied in the two age groups, and found 

that indeed it did: 38% of the pairs recorded from young animals had negative 

correlations, versus only 25% of the pairs from adult animals (permutation test, p <10
-5

). 

In other words, negative functional connections in young monkeys were both more 
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common and stronger in magnitude than in adults, which suggests a selective decrease of 

inhibitory interactions after puberty.  

To ensure that this difference in effective connectivity was not merely the result 

of systematic differences in other properties of neuronal pairs recorded from young and 

adult monkeys, we tested the effect of three factors known to affect correlation strength: 

electrode separation, firing rate, and signal correlation. Although we limited our neuron 

selection to electrode pairs within 0.5 – 1 mm, we observed a general trend towards 

decreased effective connectivity as a function of increasing distance (Fig. 2A), in 

agreement with prior studies (Constantinidis and Goldman-Rakic, 2002; Katsuki et al., 

2013). However, cross-correlation strength was consistently lower in young versus adult 

monkeys for subsets of neurons recorded at equal distances (Fig. 2A). We also sought to 

determine the effect of firing rate on cross-correlation strength in the two groups (Fig. 

2B), as overall strength is expected to increase as a function of increasing firing rate (de 

la Rocha et al., 2007). However, the overall firing rate of the neuronal samples was 

higher in the young rather than the adult monkeys (two tailed t-test, t2638=3.22; 3.18; 3.33, 

p<0.005, for the fixation, stimulus, and delay periods in Fig. S3A). Furthermore, the 

effect of firing rate was greater in the adult than in the young monkeys (F-test, 

F1,1316=24.51, p<10
-5

). Lastly, we compared the signal correlation, a measure of similarity 

in the tuning properties of the two neurons of a simultaneously recorded pair, between the 

samples of neurons recorded from the young and the adult monkeys. There was no 

significant difference between the mean signal correlation of the two samples (two tailed 

t-test, t1318=1.85, p=0.065), and cross-correlation strength was consistently lower in the 

young monkeys for groups of neurons equalized for signal correlation (Fig. 2C).  
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We examined with similar methods two other variables that might have 

conceivably affected our analysis: recording depth and behavioral performance. The 

young and adult monkeys varied slightly in terms of average cortical depth of recordings 

(mean and standard deviation of young group: 0.74 ± 0.49 mm, adult: 0.28 ± 0.34 mm), 

but the effect of recording depth was to inflate the estimated connectivity of the young 

group and could not explain the observed results. To further ensure that lower levels of 

correlation were not associated with a specific layer that was oversampled in the young 

group, we also compared subgroups of recordings obtained at depths <0.5 mm in both 

groups. For these samples (N=172 pairs for the young, N=332 for the adult), the mean 

strength of effective connectivity was again significantly lower in the young than in the 

adult animals (one tailed t-test, t502= -4.79, p<10
-5

).  

As a way to equalize behavioral performance between groups, we performed this 

initial analysis on data from more complex behavioral working memory tasks in adult 

monkeys (delayed match to sample and match/nonmatch tasks), whereas we relied on a 

simpler, oculomotor delayed response task for the young monkeys. Behavioral 

performance was thus very similar in the two groups (88% correct in young, 87% in 

adults, excluding breaks in fixation) and the difference was not significant (two tailed t-

test, t167=0.35, p>0.3). Nevertheless, we carried out additional analyses to determine 

whether the observed differences in connectivity could be due to differences in the 

behavioral tasks used (see below).  

To test the combined effect of these factors on effective connectivity, we 

performed an analysis of covariance (ANCOVA) including all the aforementioned 

variables (firing rate, inter-electrode distance, signal correlation, recording depth, and 
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performance). When this was done, we found a highly significant difference between the 

young and adult groups (F1,1313=45.2, p<10
-5

). A significant difference between groups 

was also present for the equivalent analysis of the sulcus recordings, excluding recording 

depth, which no longer indicated cortical layer (F1,463=10.6, p<0.005). The outcomes of 

all of these control analyses relied on the full distribution of cross-correlation strengths, 

which includes both positive and negative values. Similar results were obtained when 

these controls were restricted to the negative cross-correlation strengths only, consistent 

with their dominant role in driving the differences between young and adult animals.  

To examine the potential effect of the task itself on the estimates of cross-

correlation strength, we performed three controls. First, we repeated the analysis 

restricting the spike selection for cross-correlation to time epochs common to all tasks 

used: the fixation interval, the presentation of the visual stimulus that needed to be 

remembered, and the initial delay period that followed it (Fig. S3B). Using firing rate, 

distance, signal correlation, recording depth and performance variables as covariates in 

the linear model, the difference in CCH strength was highly significant for all three task 

epochs (ANCOVA, F1,894=13.3, p<0.0005; F1,753=21.5, p<10
-5

; F1,595=10.8, p<0.005 for 

the stimulus, delay, and fixation epochs respectively). Second, we analyzed data from 3 

adult monkeys that were tested both in a working memory task and in a task involving 

presentation of the same stimuli displayed passively. In the passive task, no response was 

required and the monkeys were rewarded simply for maintaining fixation. Data from 47 

neuron pairs that were tested with the passive task met the criteria for analysis; 42 of 

these were tested in both tasks (Fig. S3C). We found no significant difference between 

mean effective connectivity in the working memory and passive tasks (0.23% for the 
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working memory, 0.27% for the passive task; two-tailed paired t-test, t42=1.03, p>0.3). 

When we used the linear model with all covariates to compare the group of 47 pairs from 

the adult monkeys tested with the passive task, with the entire group of 855 pairs 

recorded from the young animals with the oculomotor delayed response task, the 

difference between groups was still significant (ANCOVA, F1,896=6.88, p<0.01). Third, 

we analyzed data from 3 adult monkeys, prior to training in any working memory task, 

when stimuli were presented passively. Data from 475 neuron pairs were available for 

analysis from this condition. Average cross-correlation strength was 0.72%, which was 

higher than the 0.37% in the adult monkeys performing the working memory tasks 

reported above, though the groups varied considerably in firing rate and other variables. 

We again used the linear model with all covariates to compare the group of 475 pairs 

recorded prior to working memory training from the adult monkeys with the group of 855 

pairs recorded from the young animals. The difference between groups was diminished, 

but still highly significant (ANCOVA, F1,1323=11.72, p<0.001). We conclude that group 

differences between the young and adult monkeys are robust and detectable across a 

range of task conditions, when variables such as the firing rate and signal correlation are 

accounted for.  

To examine the temporal properties of the difference in effective connectivity, we 

examined a wider range of cross-correlation time scales. The difference in effective 

connectivity strength we have described was based on the central 5 ms of the CCH (Fig. 

3A). Basing the comparison on the central 20 ms of the CCH revealed a difference that 

was still significant, albeit less pronounced (permutation test, p<0.005, Fig. S4A). A 

difference in the opposite direction was observed for spike-count correlation (noise 
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correlation), with the young group exhibiting higher values than the adult group (Fig. 

S4B).  

 Since the number of animals tested was relatively small, we wondered how 

consistent the effect was across individual subjects; in other words, would the result still 

hold when considering each monkey as one observation? This possibility is important 

because the overall difference could, in principle, be driven by an outlier individual 

contributing many extreme correlation values to its pool. This was not the case. When 

considering only the negative correlations for each monkey, the means of the young 

animals were all smaller than the means of the adult animals (Fig. 3B). The probability of 

this outcome happening just by chance is 1 in 56, or 0.018, given that there are 3 young 

and 5 adult monkeys.  

To confirm this result, we also considered distance between electrodes, firing rate, 

signal correlation, behavioral performance and recording depth as independent variables 

in each monkey. We performed a regression analysis of cross-correlation strength against 

these variables, without assuming any difference between the young and adult subjects. 

Uncorrected results from each monkey are shown in Fig. S5 and S6. We then subtracted 

from the raw cross-correlation strength (positive or negative) of each pair the predicted 

effect of these variables. The residuals of this process reflect individual differences, 

excluding these effects. Averaged for each monkey, these residual cross-correlation 

strengths were separable and not overlapping for the groups of young and adult monkeys 

(Fig. 3C). The difference between means, using equal number of samples from each 

monkey, was significant (permutation test, p<0.05). These results indicate that despite the 

small number of subjects and noisy nature of cross-correlation strength measurements, 
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the difference in effective connectivity between young and adult monkeys was robust 

across monkeys.  

 

DISCUSSION 

Our study demonstrated an age-dependent difference in intrinsic connectivity in 

the prefrontal cortex. Specifically, we observed an overall decrease in the incidence and 

strength of negative correlations in adult animals, suggestive of a selective decline in 

intrinsic inhibitory connections as an animal matures. Inhibitory interactions have been 

implicated in sculpting the spatial and temporal selectivity of prefrontal neurons, which is 

essential for the execution of working memory tasks (Constantinidis et al., 2002). 

Although it is generally accepted that that the prefrontal cortex and the cognitive 

functions it supports reach full maturity only in adulthood, the nature of the 

corresponding neurophysiological changes in the developing prefrontal cortex has not 

been established. We examined a number of factors that could account for systematic 

differences in connectivity strength between the two groups, including firing rate, 

distance between neurons in each pair, and neuronal tuning, but the difference in 

effective connectivity persisted even after all these factors were accounted for. The 

decreasing incidence and efficacy of putative inhibitory interactions in adults biased the 

distribution of correlation strengths toward positive values however this result did not 

connote an increase in the strength of excitatory connections. Thus, the overall shift 

toward more positive cross-correlations strengths in adult animals could be attributed to a 

selective loss of inhibitory connections and is in keeping with the typical developmental 

progression of decreasing numbers of anatomical connections (Lewis, 1997). The 
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apparent conservation of excitatory interactions is also interesting and could be due in 

part to several factors. For example, synaptic pruning typically involves silent synapses 

(Lewis, 1997), which would not alter the measured effective connectivity between 

neurons; synapses may be lost between neurons at distances longer (> 1 mm) than those 

sampled in our study; and homeostatic mechanisms may maintain the firing of a neuron 

at a constant level after the loss of synaptic inputs, presumably by strengthening the 

efficacy of remaining synapses (Renart et al., 2003).  

The time of puberty in humans marks a period of continued increase in working 

memory ability (Fry and Hale, 2000; Gathercole et al., 2004) as well as structural 

changes to the prefrontal cortex (Bunge et al., 2002; Olesen et al., 2003; Giedd et al., 

2006). Cortical thickness follows an inverted-U shape, peaking during the onset of 

puberty, and sex-specific differentiation in cortical structures begins to be observed at 

that time (Giedd et al., 2006; Blakemore et al., 2010; Crone and Dahl, 2012). The 

monkey prefrontal cortex continues to undergo anatomical maturation during adolescence 

and early adulthood, similar to the human pattern of development (Bourgeois et al., 1994; 

Lewis, 1997; Fuster, 2002). From a developmental standpoint, the male rhesus monkey 

enters puberty (the typical transition point between the juvenile and adolescent state) at 

approximately 3.5 years of age, equivalent to 11 years in humans (Plant et al., 2005; 

Herman et al., 2006). Some developmental studies suggest, however, that the human 

adolescent prefrontal cortex is more similar to that of the juvenile, 2- to 3-year old 

macaque (Lewis, 1997; Hoftman and Lewis, 2011). If so, then the bias toward increased 

inhibitory connectivity that we report here for young monkeys might also be an intrinsic 

feature of human prefrontal cortex at a comparable stage of development.  
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Our conclusions regarding the maturation of the prefrontal cortex involve a 

number of caveats, including that the study relied exclusively on male monkeys, that it 

was not practical to obtain neurophysiological recordings from a greater number of 

animals, and that effective connectivity represents a functional rather than anatomical 

measure of connectivity, which nonetheless allows statistical comparisons at the level of 

neuronal populations. Additionally, the behavioral tasks differed between the young and 

adult monkeys, but we believe that the choice of task is unlikely to account for the 

differences in connectivity strength observed across groups, because these remained 

significant across a range of tasks and task epochs analyzed.  

Our results highlight the nature of changes that occur during the maturation of the 

prefrontal cortex at the level of single neurons, and these may be related to changes in 

patterns of prefrontal activation observed with imaging methods (Luna et al., 2001; 

Klingberg et al., 2002; Kwon et al., 2002; Burgund et al., 2006; Olesen et al., 2007). The 

finding of an inhibitory bias in the strength of intrinsic connectivity in young animals 

provides a potential functional basis for the cognitive changes that occur after puberty. 

 

METHODS 

Eight male, rhesus monkeys (Macaca mulatta) were used in this study. All 

surgical and animal-use procedures 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 on Humane Care and Use of Laboratory Animals and the 

National Research Council’s Guide for the Care and Use of Laboratory Animals.  
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Surgery and neurophysiology. A 20-mm diameter recording cylinder was implanted 

over the dlPFC of each monkey. We performed neuronal recordings using arrays of 2-8 

microelectrodes in each cylinder with either glass-coated, tungsten electrodes of 250 μm 

diameter with an impedance of 1 MΩ measured at 1 kHz (Alpha-Omega Engineering, 

Nazareth, Israel) or epoxylite-coated tungsten electrodes with a diameter of 125 μm and 

an impedance of 4 MΩ at 1 KHz (FHC Bowdoin, ME). A microdrive system (EPS drive, 

Alpha-Omega Engineering) was used to position electrodes and advance them into the 

cortex. The electrical signal was amplified, band-pass filtered between 500 Hz and 8 kHz, 

and recorded through a modular data acquisition system at 25 μs resolution (APM 

system). Anatomical localization of electrode penetrations was determined based on 

structural MR imaging of the brain obtained after implantation of the recording cylinders 

(BrainSight, Rogue Research, Canada). Data were collected from areas 46 and 8a in the 

dlPFC. All recordings analyzed here were collected from the exposed surface of the 

cortex, at least 1 mm away from the principal sulcus, in the superior convexity of the 

prefrontal cortex, and in the surface cortex between the principal and arcuate sulcus (Fig. 

1A). We used three additional selection criteria to ensure that our analysis focused on 

horizontal connections across the surface of the cortex, as described before (Katsuki et 

al., 2013) : a) both neurons of a pair must have been recorded at a depth of <2.5 mm from 

the surface of the cortex; b) the two electrode penetrations of a pair must have met the 

surface of the cortex no more than 1 mm apart from each other (i.e., if one electrode 

traversed more than 1 mm than the second before entering the cortex, the pair was 

discarded); c) pairs of neurons that were recorded at depths >1 mm relative to each other 

were discarded, even if the penetrations otherwise avoided a sulcus.  
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Behavioral tasks. The monkeys sat 60 or 68 cm away from a monitor in a dark room 

with their heads fixed, as described in detail previously (Meyer et al., 2011; Katsuki and 

Constantinidis, 2012b). An infrared eye position tracking system (model RK-716; 

ISCAN, Burlington, MA) sampled and recorded eye position at 240 Hz. Monkeys were 

required to maintain their gaze on the fixation target throughout a trial; breaks in fixation 

aborted the trial. The visual stimulus presentations were controlled by in-house software 

(Meyer and Constantinidis, 2005), developed in the MATLAB (Mathworks, Natick, MA) 

computational environment. 

 The monkeys were tested with several behavioral tasks. We chose generally more 

difficult ones for the adult monkeys as a way to equalize performance rates between the 

young and adult monkeys. Adult monkeys were tested with the Delayed Match-to-

Sample task (Katsuki and Constantinidis, 2012b) and Match-Nonmatch task (Meyer et 

al., 2011); the young monkeys were trained to perform an Oculomotor Delayed Response 

Task (Funahashi et al., 1989). In the Delayed Match-to-Sample task, monkeys were 

trained to remember the location of a stimulus and to release a lever when a subsequent 

stimulus appeared at the same location. The stimulus consisted of a 1.5° square in green 

or red color and was displayed at one of nine locations on a 3x3 grid with 15° separation 

between locations. In half the trials an array of multiple stimuli was presented, one of 

which differed in color and constituted the cue. After the monkeys pulled the lever and 

kept their eye fixated for 0.5 s, a cue was presented for 0.5 s followed by a delay period 

of 1.0 s and a pseudorandom sequence of 0-2 non-match stimulus presentations, each 

lasting 0.5 s and separated by delay periods of 0.5 s. When a stimulus appeared at the 
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same location as the cue, the monkeys were required to release the lever within 0.5 s after 

the match stimulus disappeared in order to receive a reward. The trial was immediately 

aborted if the monkeys released the lever at any other time during the trial. Variations of 

the task with only four instead of nine spatial locations used in a block of trials were 

collected in some sessions (Katsuki and Constantinidis, 2012b).  

In the Match- Nonmatch task (Meyer et al., 2011), a 2º white stimulus appeared in 

one of nine locations arranged on a 3x3 grid of 10º separation between adjacent stimuli. 

A trial started with a 1 s fixation interval followed by a first stimulus presentation lasting 

for 0.5 s. After the first stimulus presentation, there was a 1.5 s delay period, and then a 

second stimulus appeared at the location identical or diametrically opposite to the first 

stimulus, also for 0.5 s. After another delay period (1.5 s), choice targets were presented, 

and the monkey was required to make an eye movement to the green target if the stimuli 

matched, or to the blue target, if the stimuli did not match. We additionally analyzed data 

from passive presentations of the stimuli used in the Match-Nonmatch task. Blocks of 

trials involved presentation of the exact same stimuli, and with the same timing of 

presentation. However the choice targets did not appear in these trials, and the monkey 

was rewarded solely for maintaining fixation (Qi et al., 2011b).  

The Oculomotor Delayed Response (ODR) Task required monkeys to remember 

the location of a stimulus flashed on a screen for 0.5 s. This was a 1° white square 

stimulus that could appear at one of eight locations arranged on a circle of 10° 

eccentricity. After a 1.5 s delay period, the fixation point was extinguished and the 

monkey was trained to make an eye movement to the remembered location of the 

stimulus within 0.6 s.  
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Developmental profiles. As in humans, the age of pubertal onset can vary considerably 

between individuals, making chronological age an imprecise index. We therefore tracked 

developmental measures in a quarterly basis over a period of time before, during, and 

after the behavioral training and neurophysiological recordings. Morphometric measures 

obtained included body weight, crown-to-rump length, chest circumference, and ulna and 

femur length. We ascertained testicular volume with an orchidometer (Prader 

Orchidometer, ESP Limited, Rustington, UK). We checked for visible eruption of 

canines and determined bone maturation by X-rays of the upper and lower extremities. 

We additionally obtained blood samples and determined serum concentration of 

circulating hormones including Testosterone [T] and DHT through extraction and 

enzyme-immunoassay (performed at the Assay Services Unit, of the Wisconsin National 

Primate Research Center). Developmental data were plotted relative to the onset of 

neurophysiological recordings. Considerable day-to-day variability is present in measures 

such as body weight and hormone concentrations, so we smoothed the corresponding 

data points with a three-point triangular filter.  

 

Neuron selection. Recorded spike waveforms were sorted into separate units using an 

automated cluster analysis method based on the KlustaKwik algorithm, relying on 

principal component analysis of the waveforms; this was implemented in MATLAB as 

described previously (Meyer et al., 2011). Spike sorting may introduce errors in the 

estimation of correlated firing (Ecker et al., 2010), however this represents a random 

source of error for our analysis and can only dilute the difference between groups that 

have otherwise been obtained with identical means of data acquisition and automated 
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spike sorting. To avoid the most serious problems with spike separation, all data analyzed 

in this paper involve pairs of neurons recorded from separate electrodes. Neurons with 

significant elevations of firing rate during the presentation of visual stimuli were 

identified by comparing the firing rate in the 0.5 s interval of a stimulus presentation with 

the 1 or 0.5 s interval of fixation (paired t-test; p<0.05). Neurons with a significant 

change in activity in other task epochs were evaluated in a similar way. Only trials from 

correct behavioral responses to the task were used in these analyses. 

 

Cross-correlation analysis. To estimate the strength of intrinsic neural connections of 

each brain area, cross-correlation analysis was performed on pairs of neurons recorded 

simultaneously from separate electrodes spaced 0.5–1.0 mm apart from each other, 

implemented in MATLAB. Only neuron pairs containing more than 1000 spikes in total, 

and at least 100 spikes in each neuron, for the task epoch analyzed, were included. Cross-

correlation histograms (CCHs) were constructed from the spike trains of each pair of 

neurons (Katsuki et al., 2013) using all available spikes from all recorded trials and 

conditions, as well as for separate periods, such as the fixation period. Since previous 

studies have identified CCH peaks of varying widths, we relied on time scales of ±50 ms 

and ±200 ms with bins of 1 and 4 ms, respectively. CCH peaks almost always were 

centered at time zero, a finding indicating that the two recorded neurons shared common 

inputs. We therefore identified peaks at the central 5 and 20 ms of the ±50 ms and ±200 

ms CCHs, respectively.  

Strength was computed as the area under the peak, subtracting the expected value 

of the CCH under the assumption that the two spike trains are independent. It was 
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expressed as a percentage of the total number of spike counts, as described in detail 

elsewhere (Katsuki et al., 2013). In order to account for potential effects of stimulus 

presentations or other factors covarying during a trial that could simultaneously increase 

firing rates in both neurons of a pair, we corrected CCHs by creating surrogate spike 

trains. We randomly varied the time of each spike in a trial by sampling a replacement 

spike time from a uniform distribution spanning 50 ms around the time of the original 

spike. This method destroyed temporal structures beyond 50 ms. 

Averaged cross-correlation strengths were compared between the groups of pairs 

recorded from the young and the adult monkeys using a t-test and a permutation test. All 

results were consistent between the two. The analysis was repeated for all available 

spikes, and for spikes recorded during the fixation period, stimulus presentation period, 

and delay period (for those neuron pairs that satisfied the minimum spike criteria in each 

task epoch). To test the influence of firing rate on cross-correlation strength, we 

calculated the geometric mean of discharge rates for each neuron pair. This was defined 

as the square root of the product of mean discharge rates of each neuron, across all 

conditions used to construct the CCH. Cross-correlation strength was then plotted as a 

function of firing rate. Other factors (behavioral performance in the session where the 

data were recorded, depth of recording for each neuron, distance between electrodes, and 

signal correlation) were examined in similar fashion. The cumulative effect of all these 

variables was determined by an analysis of covariance (ANCOVA), implemented in the 

SPSS computing environment (version 21, IBM, Armonk NY). A linear model was 

constructed with cross-correlation strength as the dependent variable (average value for 

each pair of neurons), young or adult group membership as a fixed factor, and firing rate, 
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behavioral performance, recording depth (average value for each pair of neurons), 

electrode distance, and signal correlation as covariates. This analysis was performed for 

cross-correlation strength determined from the entire spike train, and separately in each 

of the fixation, stimulus presentation, and delay periods.  
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Figure 1. Intrinsic connectivity in the monkey prefrontal cortex. (A) The ellipse indicates 

the recording areas in the dorsolateral prefrontal cortex. Abbreviations: AS, arcuate 

sulcus; PS, principal sulcus. (B) Predictor-corrected average (and standard error) of 

cross-correlation strength for all data from the young (N=855) and adult monkeys 

(N=465). (C) Distribution of cross-correlation strengths among all pairs of neurons from 

young and adult monkeys. Vertical lines represent means of the distributions. 
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Figure 2. Cross-correlation strength in young and adult monkeys. (A) Cross-correlation 

strength as a function of distance between the neurons of each pair. Average and standard 

error are shown for data in each range of distances (N=855 for young, 465 for adult 

monkeys). (B) Cross-correlation strength as a function of the geometric mean of the 

discharge rate of the neurons of each pair. (C) Mean cross-correlation strength for groups 

of neurons binned based on their signal correlation. 
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Figure 3. Time course and individual variability of intrinsic connectivity. (A). Average 

values of cross-correlation strengths for negative (inhibitory) interactions, plotted 

separately for each one of the young and adult monkeys. (B) Predictor-corrected, average 

cross-correlation histogram for all pairs pooled from the two groups (N=855 for young, 

465 for adult monkeys). (C) Cross-correlation strength residuals are plotted, after 

subtracting the effects of firing rate, inter-electrode distance, signal correlation, recording 

depth, and performance, based on a linear regression. Residuals are averaged separately 

for each monkey. 
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Supplementary Figure 1. Developmental profile. (A) Body mass for each of the 3 

young monkeys as a function of time, evaluated in quarterly assays. Data are aligned to 

the onset of neurophysiological recordings (Q0). (B) Serum testosterone concentration 

obtained from each monkey. Data for [T] were run in a single batch for all available 

samples at the time. (C) Testis size as a function of time. (D). Femur length as a function 

of time.  
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Supplementary Figure 2. Analysis of principal sulcus recordings. (A) Predictor-

corrected average, (and standard error) of cross-correlation strength for data from 

principal sulcus recordings in young (N=266) and adult monkeys (N=203). (B)  

Distribution of cross-correlation strengths among all pairs of neurons from sulcus 

recordings. Vertical lines represent means of the distributions. (C) Average values of 

cross-correlation strengths for negative (inhibitory) interactions in sulcus recordings, 

plotted separately for each one of the young and adult monkeys.   
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Supplementary Figure 3. Effects of firing rate, epoch and task. (A) Mean firing rate 

from all pairs and all stimulus conditions used to estimate effective connectivity in the 

young and the adult animals. (B) Cross-correlation strength computed separately at 

different task epochs: fixation period, stimulus presentation, and delay period following 

the stimulus, for the same sample of neuron pairs. (C) Cross-correlation strength in the 

same group of neurons, tested with a working memory task, and with passive 

presentation of visual stimuli.   
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Supplementary Figure 4. Time scale of connectivity strength differences. (A) Mean 

cross-correlation strength estimated based on the center 20 ms of the cross-correlation 

histogram (predictor-corrected). (B) Mean spike-count correlation (noise-correlation) for 

the same pairs of neurons.  
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Supplementary Figure 5. Variability of cross-correlation strength between individual 

monkeys. (A) Cross-correlation histograms for pairs of neurons are averaged separately 

for each animal in the young and (B) in the adult monkeys, plotted with a separate color. 

(C and D) Same as in A and B for data recorded from the principal sulcus. 
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Supplementary Figure 6. Mean cross-correlation value, computed separately for each 

subject. Each point represents the average (and standard error) of cross-correlation 

strength for each of three young (blue) and five adult subjects (red).  
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ABSTRACT 

 

The prefrontal cortex undergoes a protracted period of maturation that extends beyond 

puberty and into early adulthood. Concomitant changes have been well documented in 

executive function, working memory, and impulse control, but little is known about the 

changes that prefrontal neurons undergo over this time period. To address this question, 

we tracked behavioral performance and neurophysiological activity in areas 8a and 46 of 

the prefrontal cortex in monkeys as they transitioned from the time of puberty into 

adulthood, evaluated by morphological, radiographic, and hormonal indexes of 

development. Four male macaque monkeys (Macaca mulatta) were thus tested with an 

oculomotor delayed response task, designed to assess working memory, and an anti-

saccade task, designed to assess the ability to withhold impulsive responses. The 

monkeys performed the working memory task robustly around the time of puberty, 

though modest further improvements in performance were still observed during 

adulthood. Activity of prefrontal neurons increased in the adult stage, with the biggest 

increase in firing rate observed during the delay period of the task, even after accounting 

for effects of performance. A much greater behavioral improvement was observed for the 

anti-saccade task during adulthood. Tachometric curves of performance plotted as a 

function of cue viewing time shifted to the left in adulthood, indicating that adult 

monkeys required less time to detect and interpret the visual stimulus in order to produce 

a correct saccade away from the target. This improvement in performance was associated 

with changes in activity during the baseline fixation period of the anti-saccade task, prior 

to the presentation of the cue. Our results indicate that the immature prefrontal cortex is 

characterized by lower firing rate during the delay period of a working memory task and 
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the baseline period of the anti-saccade task, suggesting that the development of cognitive 

capacity is directly related to changes in firing of prefrontal neurons. 

 

 

INTRODUCTION 

 

Humans and nonhuman primates experience a protracted period of cognitive 

development which parallels the maturation of the prefrontal cortex (Yakovlev and 

Lecours, 1967; Chugani et al., 1987; Jernigan et al., 1991; Pfefferbaum et al., 1994; 

Sowell et al., 2001). Age-related performance increases have been observed for working 

memory and response inhibition tasks, and these parallel long term structural changes due 

to white and gray matter maturation within the prefrontal cortex and between the 

prefrontal cortex and other cortical regions (Bunge et al., 2002; Olesen et al., 2003). 

Human fMRI studies have shown that the patterns of brain activation associated with the 

performance of response inhibition and working memory tasks undergo distinct changes 

between childhood and adulthood (Luna et al., 2001; Klingberg et al., 2002; Kwon et al., 

2002; Burgund et al., 2006; Olesen et al., 2007). 

Risky decision making peaks around the time of adolescence which is most 

closely associated with delinquent behavior in humans (Spear, 2000; Harbaugh et al., 

2002; Casey et al., 2008; Van Leijenhorst et al., 2008; Cauffman et al., 2010). The 

adolescent human brain has yet to develop the capacity for self-control that characterizes 

mature decision-making (Steinberg et al., 2008). Generally, immature decision making is 

strongly manifest in behavioral measures related to response inhibition. Thus, for 

example, the anti-saccade task requires subjects to suppress the normal tendency to look 

toward a highly salient visual stimulus and instead make an eye movement away from it. 
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Human performance in the anti-saccade task has been shown to improve markedly as a 

function of age with individuals making progressively fewer errors from childhood 

through adolescence (Kramer et al., 2005). 

Working memory performance exhibits analogous increases throughout childhood 

and adolescence, and maturation of this ability is considered one of the hallmarks of 

human cognitive development (Fry and Hale, 2000; Gathercole et al., 2004; Spronk et al., 

2012). Human studies suggest a virtually linear increase in performance with age 

particularly with working memory tasks that require retention of information in the face 

of distraction (Fry and Hale, 2000; Gathercole et al., 2004). Tasks that assess verbal and 

visuo-spatial working memory and executive control show parallel developmental 

profiles (Gathercole et al., 2004). 

Despite its potential importance to understanding the physiological mechanisms 

of cognitive maturation, to date there have been relatively few studies linking the time 

course of cognitive development to its presumed neural substrate in nonhuman primates. 

The male rhesus monkey (Macaca mulatta) enters puberty at approximately 3.5 years of 

age and reaches full sexual maturity at 5 (Plant et al., 2005; Herman et al., 2006), roughly 

equivalent to human ages of 11 and 16 years, respectively. Monkeys have a median life 

span of 25 years and can live up to 40 in captivity, suggesting that their rate of aging is 

roughly three times that of humans (Roth et al., 2004). Early studies suggested analogous 

increases in performance from early age into adulthood for rhesus monkeys performing 

spatial working memory and response inhibition tasks (Alexander and Goldman, 1978). 

Similar to the human pattern of development, the monkey prefrontal cortex continues to 

mature during adolescence and into early adulthood (Lewis, 1997; Fuster, 2002), 
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establishing connections with the same anatomical structures as the human prefrontal 

cortex. 

Elucidating the substrates of normal development at the level of single neurons is 

of crucial importance for understanding the etiologies of developmental abnormalities 

such as schizophrenia and ADHD, as well as for explaining the wide range of 

developmental profiles associated with cognitive abilities and social decision-making 

skills in normal individuals. Very little has been known however about the changes that 

occur at the level of single neurons at the interval of cognitive maturation after the onset 

of puberty. We sought to address this question, by recording single-neuron responses 

from the prefrontal cortex of monkeys around the time of puberty and at the time of 

adulthood. We have previously reported results regarding behavioral performance and 

neurophysiological activity in the prefrontal cortex of adolescent animals (Zhou et al., 

2013). Here, we report measures of performance and neuronal activity from the same 

animals as they reached full maturity.  

 

METHODS 

Four male rhesus monkeys (Macaca mulatta) were used in this study. All surgical 

and animal use procedures 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 on Humane Care and Use of Laboratory Animals and the National 

Research Council’s Guide for the Care and Use of Laboratory Animals.  
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Developmental profiles 

The objective of this study was to compare working memory and response 

inhibition performance and the neural mechanisms that underlie them in nonhuman 

primates during puberty and adulthood. Male rhesus monkeys enter puberty at 

approximately 3.5 years of age and reach full sexual maturity at 5, approximately 

equivalent to the human ages of 12 and 16 years, respectively (Plant et al., 2005; Herman 

et al., 2006). Monkeys have a median life span of 25 years and can live up to 40 in 

captivity, suggesting that their rate of aging is roughly three times that of humans (Roth 

et al., 2004), however, the age of puberty and full sexual maturity can vary considerably 

between individuals, making chronological age an imprecise index. We therefore tracked 

developmental measures in a quarterly basis over a period of time before, during, and 

after neurophysiological recordings, as we have reported previously (Zhou et al., 2013). 

Morphometric measures obtained included body weight, crown-to-rump length, chest 

circumference, and ulna and femur length. We ascertained testicular volume with an 

orchidometer (Prader Orchidometer, ESP Limited, Rustington, UK). We checked for 

visible eruption of canines and determined bone maturation by X-rays of the upper and 

lower extremities. We additionally obtained blood samples and determined serum 

concentration of circulating hormones including Testosterone [T] and DHT through 

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

Wisconsin National Primate Research Center). Developmental data were plotted relative 

to the onset of neurophysiological recordings in the adolescent and adult stage. 

Considerable day-to-day variability is present in measures, so we smoothed the 

corresponding data points with a three-point triangular filter.  
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Behavioral Tasks 

Four monkeys were trained to perform an Oculomotor Delayed Response (ODR) 

Task (Funahashi et al., 1989). This is a spatial working memory task that required them 

to remember the location of a cue stimulus flashed on a screen for 0.5 s. The cue was a 1° 

white square stimulus that could appear at one of eight locations arranged on a circle of 

10° eccentricity. After a 1.5 s delay period, the fixation point was extinguished and the 

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

within 0.6 s. The saccade needed to terminate on a 5–6° radius window centered on the 

stimulus (within 3–4° from the edge of the stimulus), and the monkey was required to 

hold fixation within this window for 0.1 s. Animals were rewarded with fruit juice for 

successful completion of a trial. Eye position was monitored with an infrared eye tracking 

system (ISCAN, RK-716; ISCAN, Burlington, MA). Breaking fixation at any point 

before the offset of the fixation point aborted the trial and resulted in no reward. The 

stimulus presentation and online behavioral control was achieved by in-house software 

(Meyer and Constantinidis, 2005).  

Two of the four young monkeys and two in the adult stage (three in total) were 

also trained to perform a variant of the task, the ODR with Distractor Task (Powell and 

Goldberg, 2000). This task involved a distractor, presented after the cue, although the 

total duration of the trial was the same as in the standard ODR task. The location of the 

second stimulus, the distractor, was always diametric to the first, so in this sense it might 

have still conveyed information about the location of the rewarded location (as was the 

case in the Powell and Goldberg study). Nonetheless, the task allowed us to determine the 
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ability of the monkeys to correctly choose the original stimulus, and quantify the 

neuronal activity associated with it.  

The four monkeys were also trained to perform an anti-saccade task after they had 

already mastered the ODR task. In the anti-saccade task, each trial starts with the monkey 

fixating a central green point on the screen. After 1s fixation, the cue appears, consisting 

of a 1° white square stimulus that could appear at one of four locations arranged on a 

circle of 10° eccentricity for 0.1 s. The monkey is required to make a saccade at the 

location diametric to the cue. We used three different variants for the anti-saccade task: 

overlap, zero gap, and gap, differing in the sequence of the cue onset relative to the 

fixation point offset (Fig. 2). In the overlap condition, the cue appears first, and then and 

fixation point and cue are simultaneously extinguished. In the zero gap condition, the 

fixation offset and the cue onset occur at the same time.  In the gap condition, the fixation 

turns off and a 0.1 s blank screen is inserted before the cue onset. Two of the four 

monkeys (the same animals also trained in the ODR with Distractor Task) were tested 

with an additional gap condition for the anti-saccade task, in which the gap period was 

extended from 100ms to 200ms. There are four possible cue locations for each condition, 

involving either the cardinal axes or the diagonal axes so there are 3x4 types of trials in 

each recording block. The sequence of these 12 trials was randomized in each block. 

During each recording session, monkeys performed the ODR task to determine the 

receptive field of recording neurons online before anti-saccade task. 
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Recording Phases 

The monkeys were initially trained in the ODR and anti-saccade tasks during the 

adolescent stage. They were naïve to behavioral training or task execution of any kind at 

that point. Neurophysiological recordings were obtained from each monkey (described 

below) over a period of 1-2 quarters. At the conclusion of these recordings, the animals 

were no longer tested or trained for a period of 1.5 year. After reaching full maturity, the 

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

generally able to quickly re-master the tasks. A new phase of recordings was then 

performed.  

Surgery and neurophysiology 

Once the animals had reached asymptotic performance in the ODR and anti-

saccade tasks, a 20-mm diameter recording cylinder was implanted over the prefrontal 

cortex of each animal. Localization of the recording cylinder and of electrode 

penetrations within the cylinder was based on MR imaging, processed with the 

BrainSight system (Rogue Research, Montreal, Canada). Recordings were collected with 

epoxylite-coated Tungsten electrodes with a diameter of 125 μm and an impedance of 4 

MΩ at 1 KHz (FHC Bowdoin, ME). Electrical signals recorded from the brain were 

amplified, band-pass filtered between 500 and 8 kHz, and stored through a modular data 

acquisition system at 25 μs resolution (APM system, FHC, Bowdoin, ME). Recordings 

analyzed here were obtained from areas 8a and 46 of the dorsolateral prefrontal cortex.  

Behavioral Data Analysis 

We analyzed performance in the ODR task and ODR with distractor task as the 

percentage of trials that resulted in correct responses. A significant percentage of trials 
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resulted in breaks in fixation or premature saccades, prior to offset of the fixation point, 

particularly in the peri-pubertal period. We therefore analyzed performance in more 

detail, by expressing the percentage of correct trials at different time points during the 

task, e.g. after the presentation of the stimulus, or after the offset of the fixation point. We 

additionally compared the patterns of responses in the ODR task/ODR with Distractor 

Task during the peri-pubertal and adult period, examining parameters including the end 

point of the saccade, reaction time, peak saccadic velocity as described in a previous 

paper (Zhou et al., 2013). 

In the anti-saccade task, we classified behavior on each trial as belonging to one 

of five possible outcome categories. Hit trial: correct saccade to the mirror position of the 

cue. Error trial type 1 (e1): saccade towards the correct direction which however did not 

stay for sufficient time (<100 ms) inside the target window. Error trial type 2 (e2): 

incorrect saccade, towards the cue direction. Such an error reflects monkeys' inability to 

suppress the automatic response to look toward a salient target. Error trial type 3 (e3): 

incorrect saccade towards directions other than either the cue location or its mirror 

(rewarded) location. These saccades were typically orthogonal to the axis formed by the 

cue and its mirror location. Error trial type 4 (e4): saccade away from correct direction at 

the beginning, but followed by a saccade whose endpoint was inside the target window, 

albeit did not make it in time (>600 ms).  

To prepare the anti-saccade, the subject needs to see the cue and plan a movement 

away from it. Furthermore, the more time the subject can view the cue before actually 

triggering the saccade, the more likely the response is correct. Conversely, if the subject 

makes a saccade very shortly after cue presentation, the percentage of error trials will 
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increase greatly, because inferring the correct response should take some non-zero 

amount of processing time, as shown in various studies (Becker and Jurgens, 1979; 

Salinas et al., 2010; Stanford et al., 2010; Shankar et al., 2011). We therefore analyzed 

the percentage of correct trials as a function of the raw processing time (rPT), the amount 

of time between the onset of cue and the onset of saccade. These results were plotted for 

each of the conditions of antisaccade task. In the overlap condition, rPT = reaction time + 

0.1s; In the zero gap and gap condition, rPT = reaction time. The curve that describes the 

correlation between the correct percentage of trials and rPT, is referred to as the 

tachometric curve. To plot the tachometric curve of anti-saccade, for each condition, we 

grouped hit trials and cue-related error trials (e2) into rPT bins, and plotted the 

percentage of correct choice as a function of rPT. We compared these measures of 

performance for the same animals during pubertal and adulthood period. 

 

Neural Data Analysis 

Recorded spike waveforms were sorted into separate units using an automated 

cluster analysis method based on the KlustaKwik algorithm (Harris 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, the 1 s delay period, and the 500 ms saccade period, beginning 

after the offset of the fixation point. Firing rate in these periods were compared to the 1 s 

baseline fixation period, prior to the presentation of the cue, and neurons with significant 

difference in firing rate were identified (paired t-test, p<0.05). We similarly identified 

neurons with significant responses in the ODR with distractor task, with the only 
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difference that this task involved two stimulus presentations and two delay period, each 

500 ms long. Neurons with significant responses at any task period were used in further 

analysis.  

Population Peri-stimulus time histograms (PSTH) were constructed averaging 

responses of multiple neurons. Population tuning curves were constructed by rotating the 

responses of each neuron so that the best responses of each neuron would be aligned, and 

then averaged together, as described previously (Zhou et al., 2013). A Gaussian curve 

was fitted over these responses. We were thus able to compare the tuning width of 

responses during peri-pubertal and adulthood period. 

In anti-saccade task, we identified responses when the cue stimulus appeared in 

the receptive field or diametric to it. We analyzed in particular neurons with responses 

either to the stimulus and no saccade activity, or responses to the saccade and no cue 

activity.  

 

RESULTS 

We evaluated the developmental profile, tracked behavioral performance, and performed 

neurophysiological recordings from the prefrontal cortex (Fig. 1) of four male monkeys 

(Macaca mulatta), at two stages of development: during the time of adolescence and 

during adulthood. The monkeys were tested with variants of the Oculomotor Delayed 

Response (ODR) task and the anti-saccade task (Fig. 2) at these two phases. 

Neurophysiological recordings were also obtained at the same times. 
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Developmental Profiles 

We evaluated the developmental profile of the monkeys with a series of morphometric, 

radiographic, and hormonal measures. Results are aligned relative to the onset of 

neuronal recordings in the adolescent adult phase, in Figure 3. Measures such as body 

mass, femur length, and testis size were all rising at the time of recordings in the 

adolescent stage (Fig. 3A, C, E), consistent with individuals that were still growing, but 

had plateaued at the time of recordings in the adult stage (Fig. 3B, D, F), as expected by 

fully matured adults. Serum testosterone proved a less reliable indicator, as this is a 

hormonal measure that undergoes constant fluctuations, nonetheless in all cases, [T] 

concentration values were higher in the 3 quarters around the time of recordings in the 

adult than the adolescent stage (Fig. 3G), and the highest testosterone measurements were 

recorded after the end of recordings in the adolescent stage for each of the four monkeys.   

 

Behavioral Performance in ODR task 

Peri-pubertal monkeys performed robustly in the ODR task, but the same animals 

exhibited further improvement in adulthood. We have already observed peri-pubertal 

monkeys could achieve an average 86.4% (across four monkeys) correct behavior 

performance in ODR task, for trials where the monkey had not aborted the trial by the 

end of the delay period (Zhou et al., 2013). When the same four monkeys reached 

adulthood stage, it was surprisingly to find that the monkeys’ correct performance 

increased by 7% to 17% (Fig. 4A), to an average level of 97.5%. 

To further investigate the improved performance in the adulthood period we 

compared performance in the adult period with that of the peri-pubertal period of the 
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same monkeys, for all types of errors. We observed several error types during execution 

of the ODR task, and errors occurred at all task intervals (Fig. 4C). From the average 

results (across four  monkeys), we can see that during both periods, monkeys made 

similar percentages of non-spatial errors, such as breaking fixation during the fixation 

period, cue period, or delay period. The increased percentage of correct trials during adult 

period was largely caused by the decreased percentage of erroneous saccades after the 

fixation off (go signal), which included spatial errors (saccade to directions other than the 

target), or non-spatial errors (failure to fixate for the required duration at the target end-

point). 

To further understand the performance in the task, we also examined other aspects 

of behavior in the task between the peri-pubertal and adult phase, including reaction 

times and saccade metrics. Means and standard deviations of reaction times were 277±35, 

209±85, 258±49, and 249±37 ms, in the peri-pubertal period, and 273±33, 156±81, 

248±47, and 243±38 ms, in adult period for subjects 1708, 1709, 1752 and 1753 

respectively. Peak velocities for correct trials were 488±91, 449±129, 587±162, and 

581±120 degrees/s respectively in peri-pubertal period, 516±166, 597±290, 648±173, and 

585±175 degrees/s respectively in adult period. Mean and standard errors of amplitudes 

of these memory guided saccades were 9.2°±1.6°, 8.7°±2.8°, 9.5°±2.0° and 10.3°±2.3°, 

respectively in peri-pubertal period, 10.1°±1.9°, 9.6°±1.8°, 10.5°±1.8° and 10.5°±1.8°, 

respectively in adult period. Saccadic precision (standard deviation around the saccadic 

end-point) was 1.1°, 1.8°, 1.8°, and 1.3°, respectively in peri-pubertal period, 1.1°, 1.4°, 

1.2°, and 1.3°, respectively in adult period. These results indicated that after reaching 

adulthood, all four monkeys were more likely to make saccades with higher peak 
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velocities, larger amplitudes and more precision in the end point relative to the target. 

This result paralleled the improvement in the percentage of error saccades in adult period. 

In the ODR with Distractor task, the average correct performance across monkeys 

was 89.6% during peri-pubertal period compared with 92.3% in adult period (Fig. 4B), 

corresponding to approximately a 3% increase. For this task, monkey 1753 was trained in 

both peri-pubertal and adult period, monkey 1709 was trained only in the peri-pubertal 

period and monkey 1708 was trained only in the adult period. There was an 8% increase 

in performance in the adult period compared with peri-pubertal period of monkey 1753. 

Generally, monkeys made less error saccades and break fixation during cue and delay 

period in a less frequency in adult period compared with peri-pubertal period, especially 

for monkey 1753 (Fig. 4D). 

 

Behavioral Performance in anti-saccade task 

All monkeys did poorly in anti-saccade task during peri-pubertal period, 

especially for the gap condition (Fig. 2E), which presents the stimulus after the fixation 

point has already been turned off. The average of correct behavior performance across 

monkeys (Fig. 5A) was 56.6% for the overlap condition (Fig. 2C), 57.1% for the zero gap 

condition (Fig. 2D), and 39.0% for the 100ms-gap condition (Fig. 2E). After they reached 

the adult period, the average performance of each monkey improved significantly (t-test, 

p < 10
-4

) and increased by 21-31 percentage points, except for monkey 1709. The average 

of correct behavior performance across monkeys was 79.7% for overlap condition, 84.2% 

for zero gap condition, and 63.7% for 100ms gap condition (Fig. 5B). We classified trials 

in the anti-saccade task to hit (correct) trials and four different error types. The 
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percentages of all the error types were decreased in adult period compared with peri-

pubertal period, especially for error type 3 (e3): incorrect saccades which were directed 

neither to the cue location nor its mirror (correct) location, and were typically orthogonal 

to the axis formed by the cue and its mirror location. The results indicated that the adult 

monkeys’ abilities to orient a saccade to a diametric location from the cue had matured.  

It is easy to observe that the lower percentage of hit trials for the gap condition 

during the peri-pubertal phase was caused by the higher percentage of e2 and e3 type of 

errors (which was indicated by the horizontal dash line in Fig 5). In other words, the 

monkeys’ performance in the gap condition improved during adulthood by virtue of 

fewer errors directed towards the stimulus (e2) or orthogonal locations (e3). When we 

examined each monkey’s performance separately, we observed the percentages of error 

type 2 (e2) for monkey 1708, 1752, and 1753 all decreased in adult period, especially for 

100ms gap condition except for monkey 1709 (Figure S1). 

We additionally tested two monkeys with a 200ms-gap anti-saccade task. The 

monkeys performed more poorly in the 200ms gap condition compared with the 100ms 

gap condition in both the peri-pubertal and the adult period (right panel versus left panel 

in Fig. S2A). They made more errors towards the stimulus in 200ms gap condition 

compared with 100ms gap condition (e2 in right panel versus e2 in left panel of Fig. 

S2A). However, similar to the 100ms gap condition, the correct behavior percentage of 

200ms gap condition increased in the adult period compared with the peri-pubertal period 

(h in right panel of Fig. S2A), and they made less e2 type errors in the adult period (e2 in 

right panel of Fig. S2A). 
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In order to understand the nature of behavioral improvement in the anti-saccade 

task in adulthood, we examined more closely the timing of responses relative to task 

events. To prepare the anti-saccade, the subject needs to see the cue and plan a movement 

away from it. We particularly focused on the raw processing time, the time interval 

between the onset of the stimulus and the onset of the saccade (Salinas et al., 2010; 

Stanford et al., 2010). In the gap condition of the task (Fig. 2D), as well as the zero gap 

condition (Fig. 2E), where the stimulus turns on after or at the same time the fixation 

point turns off, the raw processing time equals the animal’s reaction time. All monkeys 

made more errors in the gap condition of the anti-saccade task, and their raw processing 

time was shorter than that of the overlap condition and zero gap condition in both the 

peri-pubertal and adult period (brown bars are the lowest in both Fig. 6A and B). All four 

monkeys’ raw processing time was shorter in the adult period compared with the peri-

pubertal period, for each type of the task (bars in Fig. 6A are higher than the equivalent 

ones in Fig. 6B). As described in the methods, we next analyzed the percentage of correct 

trials from all conditions of the anti-saccade task as a function of the raw processing time, 

a plot known as the tachometric curve (Salinas et al., 2010; Stanford et al., 2010). This 

allowed us to test if adult monkeys need less processing time of stimulus information 

than peri-pubertal monkeys. As expected, the tachometric curve of adult monkeys shifted 

to the left by around 15 ms (Fig. 7). The result indicated that monkeys need less 

processing time of a stimulus to plan an anti-saccade in the adult period compared with 

peri-pubertal period. We observed this leftward shift in three of the four monkeys (Fig. 

S3A, C, D). The exception was monkey 1709 (Fig. S3B), which also had no decreased 

error rate for the gap condition in the adult period (Fig. S1C, D, described before). 
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 Overall Neuronal Responses in the ODR task and anti-saccade task 

A total of 607 neurons were recorded in areas 8 and 46 of the dorsolateral 

prefrontal cortex of the four monkeys during execution of the ODR task and anti-saccade 

task with 3 conditions (overlap, zero gap, 100 ms gap) in peri-pubertal period. A total of 

789 neurons were recorded with the same tasks in the adult period. In the peri-pubertal 

period we recorded 33, 133,158, and 283 neurons from monkeys 1708, 1709, 1752 and 

1753, respectively; in the adult period 133, 238, 418 neurons from monkeys 1708, 1752 

and 1753, respectively). Furthermore, a total of 248 neurons were recorded of the two 

monkeys during execution of the ODR with Distractor task and anti-saccade task with 4 

conditions in peri-pubertal period (including a 200 ms gap condition). A total of 258 

neurons were recorded in the adult period. In the peri-pubertal period we recorded 88, 

and 160 neurons from monkeys 1709 and 1753, respectively; in the adult period 72 and 

186 neurons from monkeys 1708 and 1753, respectively). During recordings, we sought 

neurons with any type of activity related to the task. Recordings relied on multiple 

electrode recordings and sometimes we sampled neurons with no task-related responses. 

We identified neurons exhibiting responses during the cue, delay and saccade periods as 

visual neurons (V), delay neurons and motor neurons (M) in the ODR task. Neurons with 

combinations of these types of activity (e.g. visuo-motor or VM neurons) were also 

recorded. V and VM neurons represented 11.2% and 35.9% of total neurons recorded in 

all tasks during peri-pubertal phase, V and VM neurons represented 6.5% and 35.9% of 

total neurons recorded in all tasks during adult phase. 

Of all these neurons, 309 neurons in peri-pubertal period and 322 neurons in adult 

period responded to at least the cue in both the ODR and anti-saccade task with 3 
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conditions. Activity of these V and VM neurons in the ODR and anti-saccade tasks is 

shown in Figure 8. Furthermore, 94 neurons in peri-pubertal period and 122 neurons in 

adult period responded to at least the cue in both the ODR with Distractor and anti-

saccade task with four conditions. Activity of these V and VM neurons in the ODR with 

Distractor and anti-saccade tasks is shown in Figure S6. 

 

Neural activity in ODR task 

Our analysis of neuronal activity first compared responses in the ODR task in the 

peri-pubertal and adult stages. Overall patterns of responses in the two phases were 

similar, however we observed higher activity in the delay period of the task. This was 

most obvious when we examined neurons with visual responses (V and VM neurons), 

and compared them in the peri-pubertal and adult stages. We observed that there was a 

significantly increased working memory activity during delay period in ODR task when 

monkeys reached the adult period (t-test, p<10
-4

, Fig.8A versus B). In the peri-pubertal 

period, the average firing rate during the best cue presentation (16.4 sp/s) was followed 

by delay period activity of 10.6 sp/s, which represented 65% of the cue response. In the 

adult period, average firing rate during the best cue presentation (19.7 sp/s) was followed 

by delay period activity of 14.7 sp/s, which represented 75% of the cue response. 

Since each monkey’s performance improved during the adult period, we matched 

each monkey’s performance during the peri-pubertal and adult period to account for the 

improved effects in behavior. In this way, we could test changes in working memory 

activity between adolescence and adulthood. We chose the sessions with the highest 

performance in the peri-pubertal period and matched them with the sessions with the 
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lowest performance in the adult period. We then compared activity of neurons recorded 

in these sessions. Overall performance in matched sessions was an average 96% correct 

performance in per-pubertal period versus 97% correct performance in adult period, 

excluding aborted trials prior to the end of the delay period. Performance was not 

significantly different in these groups of sessions (2-tail ttest, p > 0.05). In these matched 

recording sessions, we obtained a total of 499 neurons which exhibited a significant 

response in any time period (t-test, p<0.05 compared to baseline fixation), including 86 

neurons with delay period activity in the peri-pubertal phase. An example of such a 

neuron with delay period activity is shown in in Figure 9A. In the adult phase we 

obtained a total of 499 significant neurons, including 122 delay neurons. An example of 

such a neuron with delay period activity is shown in Figure 9B. We found there was an 

increased working memory activity in adult period compared with peri-pubertal period 

for delay neurons (t-test, p<10
-4

, Fig. 10A and B). This increased working memory 

activity was also present if we averaged activity from all significant neurons (Fig. 10C 

and D). The discharge rate during delay period, after subtracting the fixation period firing 

rate, was 5.1 sp/s in peri-pubertal period, and 7.3 sp/s in adult period, for the neurons 

with significant delay period activity. The discharge rate during the delay period after 

subtracting the baseline activity was 2.8 sp/s in peri-pubertal period, and 4.2 sp/s in adult 

period, when examining all neurons with activity in any task epoch. This corresponds to a 

43% - 50% increase of working memory activity from peri-pubertal period when 

monkeys reached adulthood, even in sessions without any behavior performance change.  

Furthermore, we investigated the spatial selectivity of delay neurons between 

peri-pubertal and adult period. A total of 263/607 (43.3%) and 328/789 (41.6%) neurons 
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with significant delay period activity exhibited spatial tuning during the delay period in 

ODR task during adolescence and adult phase, respectively, as evidenced by significant 

selectivity for location during the delay period (t-test, p<0.05). The population tuning 

curve of these delay neurons from both phases is shown in supplemental Figure 4. 

Overall, the population of delay neurons in adulthood displayed a slightly narrower 

tuning in both cue period (Fig. S4A) and delay period (Fig. S4B). The SD of the 

Gaussian curve that provided the best fit was 0.73 in cue period of adolescence vs. 0.59 

for cue period in adulthood and 0.64 for the delay neurons in adolescence vs. 0.55 for the 

adulthood. In other words, neurons that exhibited significant delay period activity had 

higher selectivity in the adult period compared with peri-pubertal period. The tuning 

curves (Fig. S4) also demonstrate the more robust working memory activity after 

monkeys reached adulthood.  

 

Neural activity in ODR with Distractor task 

 We additionally obtained recordings in a variant of the ODR task, the ODR with 

Distractor task (Fig. 2B). We used this task to examine the effects of distracting stimuli 

on working memory, as it is thought that the ability to filter distracting stimuli increases 

after adolescence. Neuronal recordings were obtained from two monkeys in the peri-

pubertal and two monkeys in the adult phase (thee monkeys in total). As described above, 

the peri-pubertal monkeys performed the task robustly (Fig. 4B). It was possible therefore 

to perform comparisons of neuronal activity in sessions matched for behavioral 

performance. Overall performance in matched sessions was an average 94% correct 

performance in per-pubertal period versus 93% correct performance in adult period, 
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excluding aborted trials prior to the end of the delay period. Performance was not 

significantly different in these groups of sessions (2-tail t-test, p>0.2). In these matched 

recording sessions, a total of 139 neurons with significant responses at any task epoch 

were recorded during the peri-pubertal period (t-test, p<0.05 compared to baseline 

fixation). Of those, 58 neurons exhibited significantly elevated delay period activity. A 

total of 166 significant neurons were recorded during the adult period. Of those, 62 

neurons exhibited significant delay period activity.  

An important question was how delay period activity in the adult phase 

representing the original stimulus faded after the appearance of a distractor, in 

comparison to the peri-pubertal phase. We therefore compared firing rate in the second 

delay period over the baseline period (thick lines in Fig. S7A versus B). In the adult 

period, delay period activity after the appearance of the distractor was higher (13.5 sp/s 

after subtracting the baseline fixation period) than in the peri-pubertal period (12.0 sp/s).  

A second comparison informative about the ability of the prefrontal cortex to 

resist interference involved the activity in the second delay period which followed 

appearance of the first stimulus in the receptive field and distractor out of the receptive 

field vs. the activity following a first stimulus out of the receptive field and a distractor 

in. Overall activity was higher in the former condition, representing the stimulus actively 

held in memory as opposed to the distractor (solid line vs. dotted line in Fig. S7A and B), 

in both the adult and peri-pubertal phase. The difference between conditions was 3.5 sp/s 

in the peri-pubertal period and 4.3 sp/s in the adult period. These results indicate that 

peri-pubertal monkeys exhibited robust responses to the remembered stimulus when it 

was followed by a distractor, with little further improvement in adulthood. 
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Neural activity in anti-saccade task 

In order to understand the representation of stimulus information in the anti-

saccade task, we analyzed first responses of neurons with responses to at least the cue 

presentation (V neurons and VM neurons). Activity of these neurons in the ODR task is 

shown in Figure 8A-B. In the anti-saccade task, when the cue appeared in the receptive 

field (Fig. 8C-D), there was a significantly increased preparatory activity in adult period 

compared with peri-pubertal period (t-test, p<10
-5

), and the overall firing rate was also 

higher in adult period than peri-pubertal period. When the cue was out of receptive field 

(Fig. 8E and F), we still observed a significantly increased preparatory activity in adult 

period compared with peri-pubertal period (t-test, p<10
-4

). In this case, the peak of the 

response was more associated with the motor response, rather than the visual stimulus. 

Furthermore, in peri-pubertal period, the motor related response was lower than the visual 

related response (Fig. 8C versus E). In the adult period, the motor related response was 

almost comparable to the visual related response (Fig. 8D versus F). All these change 

patterns observed were also exhibited in each monkey’s data (Fig. S5), and single neuron 

level (Fig. 9). 

As discussed earlier, anti-saccade performance increased greatly in the adult 

period (Fig. 5-6). In order to compare neuronal activity in the two phases, we chose again 

higher performance sessions from the peri-pubertal period to match lower performance 

sessions from the adult period. This resulted in an average 70% correct performance in 

per-pubertal period versus 70% correct performance in adult period, which was not 

significantly different (2-tail t-test, p>0.8). This percentage of correct performance 

represented the average correct percentage of the three conditions of anti-sac task. From 
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the matched recording sessions, we obtained 89 neurons that responded to the stimulus 

presentation in both ODR and anti-saccade task in the peri-pubertal period, and 118 

neurons in adult period. Average firing rate of these neurons in the ODR and anti-saccade 

tasks are shown in Figure 11. Response patterns in the peri-pubertal and adult period 

were similar when the cue was in the receptive field (Fig. 11C-D), and when the cue was 

out of the receptive field, and the saccade was towards the receptive field (Fig. 11E-F). 

Differences were present mostly in the baseline fixation period, prior to the appearance of 

the stimulus and this was true for all neurons (Fig. 11), but particularly so for neurons 

with significantly elevated delay period activity which are demonstrated in Figure 13 (we 

will discuss this further, below). Once the monkeys reached adulthood, prefrontal 

neurons’ response to anti-saccade task were consistent, regardless of the behavior 

performance, and there was an overall higher activity, and a higher preparatory activity in 

adult period compared with peri-pubertal period, especially when cue was presented in 

the same hemisphere as recording site (cue out of receptive field). 

The three conditions of the anti-saccade task (overlap, zero gap, and 100ms gap) 

displayed three different levels of activity, however 100 ms gap condition exhibited the 

highest level of discharge rate (green line is always higher in Fig. 11). As described 

before, after introducing an additional 200ms gap condition, it caused monkeys make 

more errors than the 100ms gap condition in anti-saccade task, however have an even 

shorter raw processing time (reaction time) than 100ms gap condition (Fig. S2B). So 

would the discharge rate in 200ms gap condition be even higher and earlier than 100ms 

gap condition? We got 94 V and VM neurons from two monkeys in peri-pubertal period, 

122 V and VM neurons from two monkeys in adult period. The 200ms gap condition 
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indeed exhibited an even higher and earlier overall activity than 100ms gap condition 

(Fig. S6C, D, E, F).  

 

Vector inversion in anti-saccade task 

In the above sections we described neurons that responded to the visual stimulus, 

and neurons responding to the impending saccade. How the vector inversion is 

performed, so as to plan a saccade based on the visual stimulus away from the target 

location has not been known. We observed a potential neural correlate of this function in 

the activity of neurons with visual activity in the ODR task that were also active when the 

cue appeared away from their receptive field in the anti-saccade task. When cue was 

presented in the same hemisphere as recording site (cue out of receptive field), the 

response in anti-saccade could be driven by visual and motor response, and even working 

memory activity. So we only selected the neurons which responded to cue in both ODR 

and anti-saccade task, but had no response to the stimulus of the opposite of the cue, no 

response in the delay period and no motor response in ODR task. We got 47 and 36 these 

neurons in peri-pubertal and adult period respectively.  

These neurons exhibited an interesting inverted response in anti-saccade for all 

three conditions when the cue was out of receptive field (Fig. 12E and F). This inverted 

response, not driven by visual, motor, working memory activity, was even higher in adult 

period. The firing rate around in the interval of -80 ms to +80 ms around the cue 

presentation across the three conditions was 1.3 sp/s above the fixation period for the 

young monkeys, and 5.2 sp/s for the adult ones (t-test, p < 0.05). This inverted response 

may help initiate a correct anti-saccade to the opposite site of the cue. 
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Working memory role in anti-saccade task 

Whether the increased working memory activity accounts for the improved 

behavior performance in ODR task or not, what is the underlying mechanism for the 

different response patterns in anti-saccade task between peri-pubertal and adult period, 

and how they are related to the improved behavior performance in anti-saccade task? We 

analyzed these questions in detail below. Since there were an overall higher activity in 

anti-saccade task compared ODR task for both peri-pubertal and adult period. We 

classified the neurons in Figure 13 to two categories for both periods: working memory 

neurons (WM) and non-working memory neurons (non-WM). This yielded 121 non-WM 

and 188 WM neurons in peri-pubertal period, 116 non-WM neurons and 206 WM 

neurons in adult period. 

We can observe that for non-WM neurons, the overall activity was only slightly 

higher in the anti-saccade task compared to the ODR task in both periods (Fig. 13A and E 

in young, 13B and F in adult). For WM neurons, the overall activity was significantly 

higher in the anti-saccade task compared ODR task in both periods (Fig. 13C and G in 

young, 13D and H in adult). Furthermore, the increased preparatory activity in adult 

period was mostly driven by the increased working memory activity (Fig. 13D, H and L 

compared with the rest of the sub figures), and the overall level of activity in anti-saccade 

task when the cue appeared in the receptive field was very similar with that when the cue 

was out of the receptive filed only in adult period for WM neurons (Fig. 13H and L).  

When the cue was out of receptive field, the anti-saccade response was driven by 

the motor response. In ODR task, the increased working memory activity was 
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accompanied by the increased motor response to the opposite site of the cue (Fig. 13D, 

solid red trace), and it accounts for the increased anti-saccade response when cue out of 

receptive field in adult period (Fig. 13L). So the increased working memory activity 

explained the changed anti-saccade response pattern in adult period.  

 

Pre-stimulus signals correlate with reaction time in anti-saccade task 

We observed that there was an overall higher and earlier preparatory activity in 

anti-saccade task during adult period compared with peri-pubertal period. To investigate 

the relationship among preparatory activity, reaction time and receptive field of prefrontal 

neurons in anti-saccade task, we determined the correlation between pre-stimulus activity 

and reaction time when the cue was in the receptive field, or when the cue was out of 

receptive field. The pre-stimulus activity was the average activity during the 80ms period 

before cue onset. 

We found significant negative correlations between pre-stimulus activity and 

reaction time in the anti-saccade task when the cue was out of receptive field for both the 

peri-pubertal and adult period (p=0.0016 for peri-pubertal period, and p=0.0004 for adult 

period in Fig. 14C and D). In peri-pubertal period, there was also a negative correlation 

between pre-stimulus activity and reaction time when cue was in receptive field 

(p=0.0076 in Fig. 14A), however, this negative correlation between pre-stimulus activity 

and reaction time when cue was in receptive field during adult period was not significant 

(p=0.89 in Fig. 14B). It indicated these higher and earlier preparatory activities when cue 

out of receptive field during adult period may help initiating a faster and correct anti-

saccade for cue out of receptive field. In other words, it also means that higher and earlier 
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firing rate of prefrontal neurons help initiating faster and correct anti-saccades for 

ipsilateral targets relative to the recording site. 

Furthermore, we used a threshold 0.2s for reaction time to plot the PSTHs for the 

trials in which reaction time was shorter than 0.2s, and for the trials in which reaction 

time was longer than 0.2s. Consistent with the correlation results, the higher and earlier 

the pre-stimulus activity, the shorter the reaction time, only when the cue was out of the 

receptive field (Fig. S8). 

 

Role of neurons with suppressed responses in anti-saccade task 

 As we saw before, the 100ms gap condition caused an earlier and higher 

discharge rate than the overlap and zero gap conditions of the anti-saccade task, which 

was also associated with shorter reaction times in the 100ms gap condition. It has been 

proposed that fixation neurons in frontal eye field would play a role in the anti-saccade 

task similar to that of fixation neurons in the superior colliculus (Munoz and Everling, 

2004a). We therefore sought to identify neurons performing this function and we 

identified 20 and 21 neurons with suppressed responses in peri-pubertal and adult period 

respectively in prefrontal cortex, which could play a role similar to fixation neurons.  

In contrast to the overall activity of V and VM neurons in anti-saccade task, 

suppressed neurons exhibited a gradually decreasing trend, especially for the 100ms gap 

condition. The discharge rate during fixation period was high and consistent, however it 

decreased significantly during the cue period. For 100ms gap condition, the discharge 

rate of suppressed neurons decreased the most and earliest (green trace in Fig. 15). In the 

peri-pubertal period, the discharge rate decreased earlier than adult period, but the 
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decreasing amplitude was less than that of adult period (Fig. 15C versus D, E versus F). 

Furthermore, as we described before, the reaction time in the 200ms gap condition was 

even shorter than the 100ms gap condition, and the overall activity of V and VM neurons 

in anti-saccade task was also even higher and earlier than the 100ms gap condition. So 

it’s interesting we also found the discharge rate of these inhibitory neurons in prefrontal 

cortex decreased even more and earlier in 200ms gap condition than 100ms gap condition 

(Fig. S9).  

 

Analysis of Error Trials 
 

 Since the number of error trials in the anti-saccade task differed greatly between 

the peri-pubertal and adult phases, we investigated neuronal activity in error trials to 

understand the nature of changes that occur in adulthood. As mentioned above, the errors 

towards the location of the cue were very frequent in the anti-saccade task, especially for 

the gap condition, and these were caused by the inability to withhold the reflex response 

to the suddenly appeared stimulus. From the behavior results (Fig. 6C and D, and Fig. 

S2B), we observed that animals used the shortest raw processing time (reaction time) for 

pro-saccade errors, which was around 100ms in 100ms gap condition, and 80ms in the 

200ms gap condition.  

We identified neurons with at least 1 pro-saccade error trials in the 100ms gap 

condition for both the cue in the receptive field or out of receptive field, and plotted firing 

rate in correct trials for all conditions of these neurons, and in error trials for only the 

100ms gap condition. When the cue appeared in the receptive field, error responses to the 

cue, which represented the location of inappropriate eye movement in the task, exhibited 
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peak responses that were at least as high as or higher than peak responses of correct trials 

(Fig. 16C, D). Activity also appeared to rise early in error trials. So we can see that 

higher and earlier prefrontal activity when cue was in receptive field caused more pro-

saccade errors in anti-saccade task, in other words, higher and earlier visual related 

activity has a negative effect on contralateral targets.  

 

DISCUSSION 

Our experiments examined patterns of behavioral performance in tasks that 

require working memory and response inhibition at two stages: the peri-pubertal phase 

and the adult phase. We tracked the same animals in a longitudinal fashion, allowing us 

to determine changes in the same subjects as they age. We also conducted 

neurophysiological recordings from the same animals in the peri-pubertal and adult 

phase, providing results on the neural processes that change over that period. 

 

Working memory ability 

In the peri-pubertal period, all four monkeys already could achieve a high level of 

correct performance in the ODR task, when not taking into account non-spatial errors. 

However, all of them made further progress in performance in the adult period compared 

with peri-pubertal period, and they made less non-spatial and spatial errors. The result 

indicates that in the adult period, monkeys have had higher working memory abilities 

than peri-pubertal period. Although in the peri-pubertal period we observed robust 

neuronal activity in the prefrontal cortex, in the adult period, this activity reached an even 
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higher level. Even after we only selected the neurons from sessions matched for 

behavioral performance, the increased working memory activity still existed.  

The peri-pubertal monkeys also performed well in the variant of the ODR task 

with a distractor. Little further improvement was observed in the adult phase. A subtle 

change in firing rate indicated higher working memory activity after a distracting 

stimulus, and also higher activity representing the remembered stimulus compared to the 

distractor. These results indicate that the ability to resist distractors, at least for the simple 

task that we used, is fairly well developed in adolescence.  

 

Response inhibition 

We relied on the anti-saccade task as a way to evaluate response inhibition after 

puberty. Monkeys made many more errors in the anti-saccade task in the peri-pubertal 

period compared with the adult period. One category of errors that was greatly reduced 

was pro-saccade related errors, in which subjects could not withhold the reflexive eye 

movement to the cue and made a fast saccade directly to the cue location. After they 

reached adulthood, monkeys not only could perform the anti-saccade task with a high 

level of correct performance, they were also able to more easily hold the reflex response 

and made less pro-saccade errors. Another mature feature of anti-saccade behaviors was 

that monkeys needed less raw processing time to achieve the same level of correct 

performance in adult period compared with peri-pubertal period. The behavior 

improvement also accompanied the changed discharge rate pattern of prefrontal neurons.  

Behavioral results from previous micro-stimulation and deactivation experiments 

in prefrontal cortex all indicate that in the anti-saccade task activation of prefrontal cortex 
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imposes a positive effect on ipsilateral targets, but a negative effect on contralateral 

targets, and inactivation of prefrontal cortex causes a negative effect on ipsilateral targets 

(Condy et al., 2007; Wegener et al., 2008; Johnston et al., 2014). After monkeys in the 

present study reached adulthood, the overall activity in prefrontal cortex increased 

significantly, regardless of whether the cue was in the receptive field or out of receptive 

field, and this increased activity arrived much earlier in prefrontal cortex compared with 

the peri-pubertal period. So we can deduce that when the cue is in the receptive field, the 

increased visual-related prefrontal activity imposes a negative effect on the contralateral 

targets, which can cause a high percentage of pro-saccade errors. However, when the cue 

is out of receptive field, the increased motor-related activity imposes a positive effect on 

ipsilateral targets which causees a high percentage of correct anti-saccades. The pro-

saccade error trials analysis in Figure 16 suggested that higher/earlier visual-related 

prefrontal activity or lower/later motor-related activity produced more pro-saccade errors 

in the anti-saccade task. The correlation between pre-stimulus activity and reaction time 

in Figure 14 also suggested that when cue was out of receptive field, reaction time was 

negatively correlated with the pre-stimulus activity. Prefrontal maturation can be viewed 

as a natural stimulation of the prefrontal cortex, but it is also different in some aspects. 

Since we observed that all monkeys’ behavior improved a lot and 3 of 4 monkeys also 

made less pro-saccade errors and they needed less raw processing time to achieve a high 

level of correct performance, unilateral activation of prefrontal cortex is not sufficient for 

this improvement. Although we recorded from the right hemispheres, it can be deduced 

that the left hemisphere should exhibit the same pattern of prefrontal activity during the 

adult period. In the peri-pubertal period, the negative effect by visual related activity 
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presumably overwhelmed the positive effect by motor related activity, which caused a 

low percentage of correct performance, however in the adult period the positive effect 

was comparable to the negative effect, which formed a balance between contralateral and 

ipsilateral targets and hemispheres.  

The increased working memory activity implicates the increased motor related 

activity in the anti-saccade task (Fig. 13). After dividing V and VM neurons to two 

categories, non-working memory neurons and working memory neurons, it appears that 

the increased pre-stimulus activity of visual related response and motor related response 

was more driven by the increased working memory activity. In the ODR task, the 

working memory activity after cue presented in the receptive field was increased 

significantly in the adult period compared with the peri-pubertal period, and this working 

memory activity was also associated with the saccade to the receptive field. So in the 

anti-saccade task, this working memory activity helped to initiate correct anti-saccades 

into receptive field, which was driven by the motor related prefrontal activity. In 

conclusion, the increased positive effect is associated with the increased working memory 

activity.  

Among all the V and VM neurons, we found a specific group of neurons (Fig. 

12), which were defined as vector-inversion visual neurons. These visual neurons appear 

to play a role in generating positive effects on ipsilateral targets even without visual or 

motor related response to drive them. In the adult period, this inverted activity was 

significantly higher than that in peri-pubertal period.  

As we described before, monkeys made the fastest saccades in the gap condition 

compared to other conditions of the anti-saccade task, and furthermore, the gap condition 
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caused the highest and earliest level of activity in prefrontal cortex. This response also 

exists in frontal eye field and superior colliculus (Dorris and Munoz, 1995a; Munoz and 

Everling, 2004a). A saccade to a target requires visual attention to be disengaged from 

the current fixation point and motor plans to be programmed for the stimulus, which 

involves fixation neurons in superior colliculus. The gap effect (fast saccades in gap 

condition) is thought to involve reciprocal interactions between activity of the saccade 

neurons and the fixation neurons in the superior colliculus and the frontal eye field 

(Dorris and Munoz, 1995b; Munoz and Everling, 2004b). Fixation neurons increase their 

activity during fixation, but pause immediately before a saccade, which reciprocally 

connected to saccade neurons, with the opposite response (Munoz and Wurtz, 1992). The 

gap effect could be explained by an acceleration of the disengagement process of fixation 

neurons in superior colliculus (Dorris et al., 1997; Crawford et al., 2011). In prefrontal 

cortex, we found a group of inhibitory neurons playing similar role like fixation neurons 

in superior colliculus (Fig. 15). These inhibitory neurons had a high and constant activity 

during fixation period, but ceased to response during the cue period.  The gap condition 

caused the earliest and biggest disengagement process.     
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Figure 1. Structural MRI of four adolescent monkey brains. The circle areas indicate the 

recording sites in the dorsolateral prefrontal cortex (PFC). A. Subject 1753 B. Subject 

1752  C. Subject 1708 D. Subject 1709. 
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Figure 2.  A. Successive frames indicate the sequence of events in the Oculomotor 

Delayed Response (ODR) task. Monkeys were required to remember the stimulus 

location and to saccade to it after a delay period. B. Sequence of events in the ODR with 

Distractor task. The presentation of the stimulus is the same as in the ODR task, but one 

distractor is shown in the middle of the delay period. C. Sequence of events in the overlap 

condition of the anti-saccade task. Monkeys were required to make a saccade to the 

opposite site of the cue location after fixation point and cue simultaneously off. D. 

Sequence of events in the zero gap condition of anti-saccade task. Monkeys were 

required to make a saccade to the opposite site of the cue location when cue turned on, 

simultaneously with the fixation point turning off. E. Sequence of events in the gap 

condition of anti-saccade task. Monkeys were required to make a saccade to the opposite 

site of the cue location when cue is on, however there is a 100ms blank screen between 

the fixation point turning off and the cue turning on.  
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Figure 3. Developmental profiles for peri-pubertal and adult period. A, B. Body mass for 

each monkey as a function of time, evaluated in quarterly assays. Data are aligned to the 

onset of neurophysiological recordings (Q0) in the peripubertal (A) and adult (B) stage. 

C, D. Femur length as a function of time. E, F. Testis size as a function of time. G. 

Average of serum testosterone concentration obtained from each monkey for three 

quarter around the onset of the peri-pubertal and adult period. 
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Figure 4. A. Proportion of correct trials for the ODR task in peri-pubertal period (blue 

bars) and adult period (red bars), for trials that were not aborted by the end of the delay 

period. Data are shown separately for four monkeys. B. Proportion of correct trials for the 

ODR with Distractor task in peri-pubertal period (blue bars) and adult period (red bars), 

for trials that were completed up to the end of the delay period, shown separately for two 

monkeys. C. Proportions of possible trial outcomes for the ODR task. The first two bars 

indicate correct trials, in peri-pubertal (blue bars) and adult period (red bars). Subsequent 

bars indicate errors due to breaks in fixation during the initial fixation interval; errors 

during the cue presentation interval; errors during the delay interval; and errors during the 

saccade interval. Mean values are plotted across monkeys, and standard errors. D. 

Proportion of error trials during the second delay period (following the distractor) for the 

ODR with Distractor task in peri-pubertal period (blue bars) and adult period (red bars). 

Errors due to a saccade towards the initial cue, errors due to a saccade to the distractor, 

errors due to a saccade to another location, and premature breaks in fixation at the target 

location are plotted. 
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Figure 5. Proportion of trials for anti-saccade task in peri-pubertal period (A) and adult 

period (B), for trials that were completed up to the go signal, averaged across four 

monkeys. Colors correspond to the three experimental conditions: overlap (blue), zero 

gap (green), and gap (red). The y axis shows the percentage of all recorded trials that led 

to the outcome indicated on the x axis: h: (hit) correct saccade to the mirror position of 

the cue;  e1: incorrect saccade which moved toward correct direction at the beginning but 

which missed the target window or saccade did not stay enough time inside target 

window;  e2: incorrect saccade towards the cue direction, consistent with monkeys' 

inability to suppress the automatic response to look toward a salient target;  e3: incorrect 

saccade to directions other than the cue or its mirror location; typically these were 

roughly orthogonal to the axis formed by the cue and its mirror location, which is the 

target location; e4: saccade away from correct direction at the beginning, but the saccade 

endpoint is inside the target window. 
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Figure 6. A) Raw processing time in the anti-saccade task for each of the four monkeys 

in peri-pubertal period. For each monkey, the y axis shows raw processing time (+/- 

SEM) only for the hit trials. B) Raw processing time for each monkey in the adult period 

C). Raw processing time for each trial outcome type in the peri-pubertal period. Colors 

correspond to the three experimental conditions: overlap (blue), zero gap (red), and gap 

(green). The y axis shows the mean raw processing time (+/- SEM) across the four 

monkeys for each outcome which were demonstrated in Figure 5. D) Raw processing 

time for each trial type in the adult period. 
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Figure 7. Raw processing time in anti-saccade task, averaged across all tasks conditions 

(gap, zero-gap and overlap) and all four monkeys in the adult period (red trace) and peri-

pubertal period (blue trace). The tachometric curve shows the percentage of correct 

response as function of rPT, and only hit trials and prosaccade-related (e2) error trials.. 

Each point corresponds to a 30 ms rPT bin.  
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Figure 8. Population responses of visual (V) and visuomotor (VM) neurons with 

significantly elevated firing rate at least during the cue or saccade period of the ODR 

task, and the cue period of the anti-saccade task for peri-pubertal period (N=309 neurons) 

and adult period (N = 322 neurons). A. Average PSTH for peri-pubertal period in ODR 

task following the best cue location (solid blue line), or following the diametric location 

(dotted blue line). Insets above to the PSTHs are schematic illustrations of the position of 

the stimulus relative to the receptive field, which differed for each neuron. C. Average 

PSTH for peri-pubertal period in anti-saccade task when cue was in the receptive field 

which was defined by the ODR task in A.  E. Average PSTH for peri-pubertal period in 

anti-saccade task when cue was out of the receptive field. B. Average PSTH for adult 

period following the best cue location (solid red line), or following the diametric location 

(dotted red line). D. Average PSTH for adult period in anti-saccade task when cue was in 

the receptive field which was defined by the ODR task in B.  F. Average PSTH for adult 

period in anti-saccade task when cue was out of the receptive field. The average PSTHs 

for the other two directions of anti-saccade task are not shown in this figure. Colors 

correspond to the three experimental conditions in anti-saccade task: overlap (blue), zero 

gap (red), and gap (green). 
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Figure 9. Persistent activity in two prefrontal neurons. A. Rasters and peristimulus time 

histograms (PSTHs) of a single neuron during the ODR task for peri-pubertal period. 

Spike rasters and histograms are arranged according to the spatial location of the cue (i.e., 

saccade target). C. The same peri-pubertal neuron’s rasters and PSTHs for the anti-

saccade task. Insets above are schematic illustrations of the position of the stimulus 

relative to the receptive field. B. Rasters and PSTHs of another single neuron during the 

ODR task for adult period. D. The same adult neuron’s rasters and PSTHs for the anti-

saccade task. 
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Figure 10. Population responses of neurons with significant activity in delay period (A-

B) or any time period (C-D) recorded in sessions matched for behavior performance in 

the ODR task. A. Population PSTH (N=86 delay neurons) in peri-pubertal period 

following the best cue location (solid blue line), or following the worst cue location 

(dotted blue line). Horizontal line represents baseline fixation discharge rate. B. 

Population PSTH (N=122 delay neurons) in adult period following the best cue location 

and diametric distractor location (solid red line), or following the worst cue location and 

best distractor location (dotted red line). C. Population PSTH (N=170 all sig neurons) in 

peri-pubertal period following the best cue location and diametric distractor location 

(solid blue line), or following the worst cue location and best distractor location (dotted 

blue line). D. Population PSTH (N=208 all significant neurons) in adult period following 

the best cue location and diametric distractor location (solid red line), or following the 

worst cue location and best distractor location (dotted red line).  
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Figure 11. Population responses of V and VM neurons recorded in sessions matched for 

behavioral performance in the anti-saccade task. A). Population PSTH (N=89 neurons) of 

neurons in ODR task in peri-pubertal period following the best cue location (solid blue 

line), or following the worst cue location (dotted blue line). B) Population PSTH of 

neurons in ODR task recorded in the adult phase. C). Average PSTH of these peri-

pubertal neurons in the anti-saccade task when cue was in the receptive field which was 

defined by the ODR task in panel A.  D). Average PSTH of these adult neurons in anti-

saccade task when cue was in the receptive field which was defined by the ODR task in 

B. E). Average PSTH of these peri-pubertal neurons in anti-saccade task when cue was 

out of the receptive field. B. Population PSTH (N=118 neurons) in adult period following 

the best cue location (solid red line), or following the worst cue location (dotted red line). 

F). Average PSTH of these adult neurons in anti-saccade task when cue was out of the 

receptive field. Colors correspond to the three experimental conditions in anti-saccade 

task: overlap (blue), zero-gap (red), and gap (green). 
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Figure 12. Population responses of neurons with only visual responses (V neurons). A. 

Population PSTH (N=47 neurons) in peri-pubertal period following the best cue location 

(solid blue line), or following the worst cue location (dotted blue line). B). Population 

PSTH (N=36 neurons) in adult period following the best cue location (solid red line), or 

following the worst cue location (dotted red line). C). Average PSTH of these peri-

pubertal neurons in anti-saccade task when cue was in the receptive field which was 

defined by the ODR task in A.  D). Average PSTH of these adult neurons in anti-saccade 

task when cue was in the receptive field which was defined by the ODR task in B.  E. 

Average PSTH of these peri-pubertal neurons in anti-saccade task when cue was out of 

the receptive field. F. Average PSTH of these adult neurons in anti-saccade task when 

cue was out of the receptive field. Colors correspond to the three experimental conditions 

in anti-saccade task: overlap (blue), zerogap (red), and gap (green). 
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Figure 13. Population responses of non-working memory neurons (no-WM) and working 

memory neurons (WM). A. Population PSTH (N=121) of no-WM neurons in the peri-

pubertal period following the best cue location (solid blue line), or following the worst 

cue location (dotted blue line). B) Population PSTH (N=116 no-WM neurons) in adult 

period C) Population PSTH (N=188 WM neurons) in peri-pubertal period. D) Population 

PSTH (N=206 WM neurons) in adult period. E-G). Average PSTH of these peri-pubertal 

neurons in anti-saccade task when cue was in the receptive field which was defined by 

the ODR task in A-D I). Average PSTH of these peri-pubertal neurons in anti-saccade 

task when cue was out of the receptive field.  . Colors correspond to the three 

experimental conditions in anti-saccade task: overlap (blue), zerogap (red), and gap 

(green). 
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Figure 14. Histograms depicting correlations between neural activity and raw processing 

time (rPT) for the V and VM neurons in peri-pubertal (A, C) and adult period (B, D).  A, 

B. Correlation when cue was in the receptive field. C, D. Correlation when cue was out of 

the receptive field. 
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Figure 15. Population responses of neurons with suppressed activity to the task. A). 

Population PSTH (N=20 neurons) in peri-pubertal period following the best cue location 

(solid blue line), or following the worst cue location (dotted blue line). B). Population 

PSTH (N=21 neurons) in adult period C-D). Average PSTH of peri-pubertal (C) and 

adult (D) neurons in anti-saccade task when cue was in the receptive field which was 

defined by the ODR task in A.  E-F). Average PSTH of peri-pubertal (E) and adult (F) 

neurons in anti-saccade task when cue was out of the receptive field.. Colors correspond 

to the three experimental conditions in anti-saccade task: overlap (blue), zero gap (red), 

and gap (green). 
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Figure 16. Error Trials in anti-saccade task. Population PSTH of neurons with at least 1 

error trials in both cases (cue in receptive field or out of receptive field) in anti-saccade 

task, compared to firing rate in correct trials by the same neurons. A. Population PSTH of 

neurons in ODR task in the peri-pubertal phase. Correct trials are plotted only, for 

comparison with the anti-saccade task. B. As in panel A, for adult phase. C. Population 

PSTH of correct responses (solid lines) and error responses (dotted lines) in anti-saccade 

task, for peri-pubertal phase, when cue appeared in the receptive field. D. As in panel C, 

for adult phase. E. Population PSTH of correct responses (solid lines) and error responses 

(dotted lines) in anti-saccade task, for peri-pubertal phase, when cue appeared in the 

receptive field. F. As in E, for adult phase. 
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Supplementary Figure 1. Proportion of trials for anti-saccade task in peri-pubertal 

period (left panels) and adult period (right panels), for trials that were completed up to the 

go signal, shown separately for four monkeys. Conventions are the same as in Figure 5.  
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Supplementary Figure 2. A) Proportion of trials in the 100 ms gap and 200 ms gap 

conditions of the anti-saccade task are shown for the peri-pubertal and adult period of 

monkey 1753. B) Raw processing time in the anti-saccade task for the 100ms and 200ms 

gap condition in peri-pubertal  and adult period of monkey 1753. Labels h, e1,e2,e3,e4 

refer to correct trials and 4 error types described in Figure 5. The left panel with blue and 

red bars corresponds to the 100ms gap condition, and the right panel with light blue and 

red bars correspond to 200ms gap condition.  
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Supplementary Figure 3. Performance in anti-saccade task is plotted as a function of 

rPT in adult period (red traces) and peri-pubertal period (blue traces), shown separately 

for four monkeys. Conventions are the same as in Figure 7.  
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Supplementary Figure 4. Population tuning curve of delay neurons from the peri-

pubertal period (blue line) and from adult period (red line). A. Tuning curve in cue 

period. B. Tuning curve in delay period.  
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Supplementary Figure 5. Population responses of V and VM neurons with significantly 

elevated firing rate at least during the cue or saccade period of the ODR task, and the cue 

period of the anti-saccade task for peri-pubertal period and adult period, shown separately 

for three monkeys. Conventions are the same as in Figure 8.  
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Supplementary Figure 6. Population responses of V and VM neurons with significantly 

elevated firing rate at least during the cue or saccade period of the ODR with Distractor 

task, and the cue period of the anti-saccade task for peri-pubertal period (N=94 neurons) 

and adult period (N = 122 neurons). A. Average PSTH for peri-pubertal period in ODR 

with Distractor task following the best cue location and diametric distractor location 

(solid blue line), or following the worst cue location and best distractor location (dotted 

blue line). Insets above to the PSTHs are schematic illustrations of the position of the 

stimulus relative to the receptive field, which differed for each neuron. C. Average PSTH 

for peri-pubertal period in anti-saccade task when cue was in the receptive field which 

was defined by the ODR task in A.  E. Average PSTH for peri-pubertal period in anti-

saccade task when cue was out of the receptive field. B. Average PSTH in ODR with 

Distractor task for adult period following the best cue location and diametric distractor 

location (solid red line), or following the worst cue location and best distractor location 

(dotted red line). D. Average PSTH for adult period in anti-saccade task when cue was in 

the receptive field which was defined by the ODR task in B.  F. Average PSTH for adult 

period in anti-saccade task when cue was out of the receptive field. The average PSTHs 

for the other two directions of anti-saccade task are not shown in this figure. Colors 

correspond to the four experimental conditions in anti-saccade task: overlap (blue), 

zerogap (red), 100ms gap (green), and 200ms gap (dash green). 
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Supplementary Figure 7. Population responses of neurons in ODR with Distractor task. 

with significant activity in delay period or any time period for the matched behavior 

performance recording files A. Population PSTH (N=58 delay neurons) in peri-pubertal 

period following the best cue location and diametric distractor location (solid blue line), 

or following the worst cue location and best distractor location (dotted blue line). 

Horizontal line represents baseline fixation discharge rate. B. Population PSTH (N=62 

delay neurons) in adult period following the best cue location and diametric distractor 

location (solid red line), or following the worst cue location and best distractor location 

(dotted red line). C. Population PSTH (N=139 all significant neurons) in peri-pubertal 

period following the best cue location and diametric distractor location (solid blue line), 

or following the worst cue location and best distractor location (dotted blue line). D. 

Population PSTH (N=166 all significant neurons) in adult period following the best cue 

location and diametric distractor location (solid red line), or following the worst cue 

location and best distractor location (dotted red line).  
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Supplementary Figure 8. Population responses of V and VM neurons for peri-pubertal 

period (N=309 neurons) and adult period (N = 322 neurons), shown separately by trials 

with fast rPT and slow rPT.  A. Average PSTH for peri-pubertal period in anti-saccade 

task when cue was in the receptive field.  C. Average PSTH for peri-pubertal period in 

anti-saccade task when cue was out of the receptive field. Colors correspond to the three 

experimental conditions in anti-saccade task: overlap (blue), zerogap (red), and gap 

(green). Solid lines correspond to the slow rPTs, and dash lines correspond to the fast 

rPTs. 
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Supplementary Figure 9. Activity in neurons with suppressed responses. Conventions 

are the same as in Figure 9, except an additional 200ms gap condition was introduced to 

the anti-saccade task.  
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The experiments included in this dissertation document the neural basis of phenomena 

related to the maturation of working memory and response inhibition. We examined the 

performance of behavioral tasks requiring these cognitive functions in a non-human 

primate model and recorded neuronal activity from the prefrontal cortex during 

performance of these tasks. Furthermore, we compared behavioral performance and 

neuronal activity during puberty and during adulthood. The results are informative about 

the maturation of cognitive abilities after the age of puberty and the neural changes 

responsible for them. 

 

Working memory in adolescence  

Working memory performance in humans increases throughout childhood and 

adolescence (Fry and Hale, 2000; Gathercole et al., 2004). It appears that working 

memory capacity does not reach a mature level in childhood but instead increases 

throughout adolescence and into early adulthood (Fry and Hale, 2000; Gathercole et al., 

2004). Monkeys in our study exhibited a similar pattern of behavior. In the peri-pubertal 

period, they committed several types of errors when performing working memory tasks. 

The most common were breaks in fixation during the, relatively short, 1.5 s, delay period, 

or failure to fixate for the duration imposed by our task (0.1 s) at the saccade target 

location. Such non-spatial errors may be associated with impulsivity or an inability to 

maintain focus on the task, which itself may be the result of loss in working memory in 

various components of the current task. When monkeys did make a saccade at the 

conclusion of the delay period as required, they attained a relatively high level of 

performance of 86% correct on average, though this still increased after adolescence 
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(discussed in the next section). The adolescent monkeys made some erroneous saccades 

to directions other than the target, which also implied the loss of working memory. The 

addition of a distracting stimulus had no significant impact on performance, consistent 

with prior findings in adult animals (Powell and Goldberg, 2000). These results suggest 

that the ability to perform at least a simple spatial working memory task while resisting 

the effect of a distracting stimulus is already well developed in peri-pubertal animals. 

However some improvements in performance were still possible after that age, involving 

both the ability to focus better at the task at hand, and to perform less incorrect saccades 

away from the location of the stimulus. 

Neural activity in both the single neuron and population level during peri-pubertal 

period indicated that the prefrontal cortex is capable of generating robust persistent 

activity in the delay periods of working memory tasks. The incidence of neurons that 

exhibited persistent discharges, the firing rate of delay period activity, the spatial tuning 

of individual responses, and variability of firing all appeared within the range of neural 

activity recorded in adult animals. 

Both the behavior and neural activity results in macaque monkeys suggest at least 

some degree of maturation of the prefrontal cortex in monkeys after they enter puberty. 

Our study did not test monkeys with more challenging behavioral tasks, such as those 

requiring memory for multiple stimuli. It will be interesting for future studies to 

determine if poor working memory performance is evident for more complex tasks, and if 

working memory capacity is lower in peri-pubertal non-human primates compared to 

adults.  
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Working memory changes after adolescence 

After all peri-pubertal animals reached adulthood, their behaviors for the same 

working memory tasks improved to an even higher correct level. Each monkey’s correct 

performance was increased by 7% to 17%, to an average level of 97.5%. Examining 

carefully the difference in the behavior between the peri-pubertal and the adult period, we 

found that monkeys in both periods made similar percentages of non-spatial errors, such 

as breaking fixation during fixation period, cue period, or delay period. The increased 

percentage of correct trials during adult period was largely caused by the decreased 

percentage of error saccades after the fixation off (go signal), which included spatial 

errors (saccade to directions other than the target), or non-spatial errors (failure to fixate 

for the required duration at the target end-point). In the ODR with Distractor task, the 

average correct performance (across monkeys) was 89.6% during peri-pubertal period 

compared with 92.3% in adult period, which corresponded to approximately a 3% 

increase. Generally, monkeys made less both spatial and non-spatial errors in adult period 

compared with peri-pubertal period. And all four monkeys in adult period made saccades 

with larger amplitudes and saccades were more precisely close to the target.  

Accompanied with the improved performance in working memory tasks, working 

memory activity exhibited significant changes. Overall, firing rate in the delay period was 

increased in the adult period compared with the peri-pubertal period. Even when 

selecting neurons with significant delay period activity from sessions matched for 

behavioral performance, increased working memory activity was present in the adult 

period. The robust activity could explain the improved performance, as adult monkeys 
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were able to more easily hold the information for a delay period and to make a saccade to 

the correct target direction, rather than other random directions.  

 

Anti-saccade in adolescence 

It is well known that children are less able to inhibit prepotent responses to 

suddenly appearing visual stimuli compared to adults (Goepel et al., 2011). Impulsivity 

peaks in adolescence and this is associated with an impaired ability to withhold 

inappropriate responses, including risky decision making and delinquent behavior (Spear, 

2000; Harbaugh et al., 2002; Casey et al., 2008; Van Leijenhorst et al., 2008; Cauffman 

et al., 2010). The adolescent human brain appears to not have developed the capacity for 

self-control that characterizes mature decision-making (Steinberg et al., 2008). A 

behavioral task that has been used extensively to probe the ability to withhold prepotent 

responses is the anti-saccade task which requires an eye movement away from a stimulus 

presented for a short period. Performance in the anti-saccade task has also been shown to 

improve markedly as a function of age with individuals making fewer errors from 

childhood through adolescence (Kramer et al., 2005; Goepel et al., 2011).  

In our study, all four monkeys did more poorly in the anti-saccade task than the 

working memory task during the peri-pubertal period. Performance was especially low 

for the gap condition, in which the fixation point turns off before the stimulus appears, 

making it more difficult to resist making an eye movement towards the stimulus. The 

average of correct behavior performance across monkeys was 56.6% for overlap 

condition, 57.1% for zero gap condition, and only 39.0% for the 100ms gap condition. 

Most of the errors they made were saccades to either the location of the stimulus or to 
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other directions. Monkeys used less raw processing time for the gap condition (which 

equals reaction time in this condition) compared with the overlap and zero gap 

conditions. In the pro-saccade error trials of the gap condition, the raw processing time 

was even shorter than that of regular correct trials. These results are very similar to the 

human studies, and suggest that the non-human primate model exhibits the same late 

maturation of the ability to withhold prepotent responses.  

Prefrontal activity during the anti-saccade task exhibited systematic differences in 

firing rates for the three different conditions. The gap condition was characterized by the 

highest level of activity, the zero gap condition was associated with the second highest 

level of activity, and in the overlap condition we observed the lowest level of activity. 

This is consistent with neural results in previous studies in the frontal eye field, where the 

gap condition caused higher activity than the overlap condition (Munoz and Everling, 

2004a; Johnston et al., 2014). In the monkey model, stimulus-related and saccade-related 

activity was found to be lower in anti-saccade trials than pro-saccade trials, and the 

attenuation of this activity in the superior colliculus is thought to serve avoid unwanted 

pro-saccades in anti-saccade trials (Everling et al., 1999). In contrast to the superior 

colliculus and the frontal eye field, many prefrontal neurons exhibit higher activity in the 

anti-saccade task than the pro-saccade task, especially when the stimulus is presented in 

the hemifield contralateral to the recorded hemisphere (Johnston and Everling, 2006a). In 

our study, prefrontal activity in the anti-saccade task was significantly higher than that in 

the ODR task when the stimulus was presented in the receptive field. 

 

 



193 

 

Anti-saccade changes after adolescence 

In our study, after the peri-pubertal monkeys reached the adult stage, the average 

performance of all monkeys improved significantly and increased by 49%. The average 

of correct behavioral performance across monkeys was 79.7% for the overlap condition, 

84.2% for the zero gap condition, and 63.7% for the 100ms gap condition. In addition to 

the overall performance increase, the adult monkeys could saccade to the target window 

more precisely. There were also fewer errors directed towards the stimulus in the gap 

condition in adult period. Compared to peri-pubertal period, monkeys in adult period 

used less raw processing time to finish the same percentage of correct performance in all 

three conditions of anti-saccade task. So monkeys in adult period were able to inhibit 

prepotent responses to suddenly appearing visual stimuli with a higher ability compared 

to the peri-pubertal period.  

Compared to the peri-pubertal period, prefrontal neurons in adulthood exhibited 

an overall higher activity. The biggest difference was the motor related activity, when the 

cue appeared out of receptive field and a saccade was required into the receptive field. 

Prefrontal activity in the adult phase also began much earlier than in the peri-pubertal 

period. The correlation between the pre-stimulus activity and reaction time indicated that 

the higher and earlier preparatory activity of motor related response when cue was out of 

receptive field during adult period may help initiating a faster and correct anti-saccade for 

targets out of receptive field. In other words, higher and earlier motor related activity 

helps initiate faster and correct anti-saccades for ipsilateral targets (relative to the 

recording site). Furthermore, the comparison of population response for short and long 

reaction times also indicated that to initiate a faster and correct saccade for targets out of 
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receptive field, the motor related activity needed to arrive earlier and be higher. So 

instead of sending excitatory projection to inhibitory neurons in superior colliculus which 

was proposed in the inhibitory model of prefrontal influence (Johnston and Everling, 

2006b), prefrontal cortex is more likely to send excitatory projections to saccade neurons 

in superior colliculus. The more activation of prefrontal cortex during the adult period 

helps initiate faster and correct anti-saccades for ipsilateral targets. To solve the pro-

saccade error problem, the contralateral prefrontal cortex plays an opposite role in 

initiating saccades. In the peri-pubertal period, only the visual related activity was high 

and could cause more pro-saccade errors. On the other hand, the motor related activity 

was not high enough to generate correct anti-saccades for ipsilateral targets.  

In conclusion, the prefrontal cortex in each hemisphere helps initiate contralateral 

saccades, which can be correct anti-saccades for ipsilateral targets (positive effects), or 

error pro-saccades to contralateral targets (negative effects). In the peri-pubertal period, 

negative effects are overwhelming the positive effects, however, in the adult period, the 

positive effects are comparable to the negative effects, and the overall higher activation 

of both hemispheres of the prefrontal cortex produces a balance allowing the adult 

subject to be able to withhold the reflex response and have a mature response inhibition 

ability.  

In our study, after dividing the neurons to two different groups, non-working-

memory neurons and working memory neurons, we found that the increased pre-stimulus 

activity of visual related response and motor related response was more driven by the 

neurons with working memory activity. In the ODR task, the working memory activity 

after cue presented in the receptive field was increased significantly in adult period 
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compared with peri-pubertal period, and this working memory activity was also 

associated with the saccade to the receptive field. It appears that in the anti-saccade task, 

this prefrontal activity helped to initiate correct anti-saccades into receptive field, which 

was driven by the motor related prefrontal activity. In conclusion, the increased positive 

effect is caused by the increased working memory ability in adult period.  

Among all the V neurons in our study there was a specific group of neurons, 

which were defined as vector inversion neurons. These visual neurons play a role in 

generating positive effects on ipsilateral targets for generating correct contralateral anti-

saccades even without visual or motor related response to drive them. In the adult period, 

this vector-inversion activity was significantly higher than those in peri-pubertal period.  

Monkeys in our study made the fastest saccades in the gap condition compared to 

other conditions, and furthermore, the gap condition caused the highest and earliest level 

of activity in the prefrontal cortex. This response also exists in frontal eye field and 

superior colliculus (Dorris and Munoz, 1995a; Munoz and Everling, 2004a). A saccade to 

a target requires visual attention to be disengaged from the current fixation point and 

motor plans to be programmed for the stimulus, which involves fixation neurons in 

superior colliculus. The gap effect (fast saccades in gap condition) is thought to involve 

reciprocal interactions between activity of the saccade neurons and the fixation neurons 

in the superior colliculus and the frontal eye field (Dorris and Munoz, 1995b; Munoz and 

Everling, 2004b). Fixation neurons increase their activity during fixation, but pause 

immediately before a saccade, which reciprocally connected to saccade neurons, with the 

opposite response (Munoz and Wurtz, 1992). The gap effect could be explained by an 

acceleration of the disengagement process of fixation neurons in superior colliculus 
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(Dorris et al., 1997; Crawford et al., 2011). In prefrontal cortex, we found a group of 

suppressed neurons playing similar role like fixation neurons in superior colliculus. These 

suppressed neurons had a high and constant activity during fixation period, but ceased to 

response during the cue period.  The gap condition caused the earliest and strongest 

disengagement process.    

 

Neural circuit changes after adolescence 

In order to gain deeper insights on the processes that underlie these changes in neural 

activity in the prefrontal cortex after adolescence, we examined the strength of intrinsic 

connections between simultaneously recorded neurons. We focused on pairs of neurons 

recorded at distances of 0.5 – 1.0 mm from each other and we compared groups of 

adolescent and adult animals. For each pair we computed the strength of cross-correlation 

interactions, and then compared the distribution of strengths between groups. There was a 

higher overall cross-correlation strength in adult animals which was due to a decrease in 

the incidence and strength of negative correlations in adult animals. The result was 

suggestive of a selective decline in intrinsic inhibitory connections as an animal matures. 

Inhibitory interactions have been implicated in sculpting the spatial and temporal 

selectivity of prefrontal neurons, which is essential for the execution of working memory 

tasks (Constantinidis et al., 2002).  

These results highlight the nature of changes that occur during the maturation of 

the prefrontal cortex at the level of single neurons, and these may be related to changes in 

patterns of prefrontal activation observed with imaging methods (Luna et al., 2001; 

Klingberg et al., 2002; Kwon et al., 2002; Burgund et al., 2006; Olesen et al., 2007). The 
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finding of an inhibitory bias in the strength of intrinsic connectivity in young animals 

provides a potential functional basis for the cognitive changes that occur after puberty. 
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ABSTRACT 

The prefrontal cortex, a cortical area essential for working memory and higher 

cognitive functions is modulated by a number of neurotransmitter systems, including 

acetylcholine, however the impact of cholinergic transmission on prefrontal activity is not 

well understood. We relied on systemic administration of a muscarinic receptor 

antagonist, scopolamine, to investigate the role of acetylcholine on primate prefrontal 

neuronal activity during execution of working memory tasks and recorded neuronal 

activity with chronic electrode arrays and single electrodes.  Our results indicated a dose-

dependent decrease in behavioral performance after scopolamine administration in all the 

working memory tasks we tested. The effect could not be accounted for by deficits in 

visual processing, eye movement responses, or attention, as the animals performed a 

visually guided saccade task virtually error free, and errors to distracting stimuli were not 

increased. Performance degradation under scopolamine was accompanied by decreased 

firing rate of the same cortical sites over the working memory period of the task and 

decreased selectivity for the spatial location of the stimuli. These results demonstrate that 

muscarinic blockade impairs performance in working memory tasks and prefrontal 

activity mediating working memory.  
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INTRODUCTION 

The prefrontal cortex plays an important role in executive function, allowing the 

control of behavior in accordance to prior information and future goals (Miller and 

Cohen, 2001). Accordingly, neural correlates of processes such as working memory, 

decision-making, and planning have been observed in neurophysiological studies of 

primates trained to perform behavioral tasks (Fuster and Alexander, 1971; Funahashi et 

al., 1989; Kim and Shadlen, 1999; Wallis et al., 2001; Barraclough et al., 2004; Mansouri 

et al., 2007). Importantly, the precise level of firing rate of prefrontal neurons has been 

shown to correlate with psychophysical measures of these functions (Kim and Shadlen, 

1999; Constantinidis et al., 2001a). A number of neuromodulator systems are known to 

regulate both executive functioning and the activity of prefrontal neurons, including 

dopamine, norepinephrine and acetylcholine (Arnsten and Li, 2005; Robbins and 

Arnsten, 2009). The acetylcholine system in particular has been implicated in the 

profound deficits in cognitive function associated with aging, dementia, and Alzheimer’s 

disease (Bartus et al., 1982; Heise, 1984; Ebert and Kirch, 1998; Mesulam, 2004; Sarter 

and Parikh, 2005). Decrease in the action of acetylcholine, for example by administration 

of muscarinic receptor antagonists, impairs cognitive abilities in humans and animals 

(Deutsch, 1971; Bartus and Johnson, 1976; Drachman, 1977; Everitt and Robbins, 1997; 

Buccafusco et al., 2007). Conversely, enhancement of acetylcholine levels through 

systemic administration of acetylcholinesterase inhibitors is used widely for the treatment 

of decline in executive function in human patients (Rogers et al., 1998; Doody et al., 

2001; Winblad et al., 2001; Birks and Harvey, 2003; Courtney et al., 2004). Such drugs 

have also been shown to improve performance in delayed matching tasks in young adult 
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and older monkeys (Terry and Buccafusco, 2003; Buccafusco and Terry, 2004). 

Enhancement of acetylcholine levels by stimulation of the Nucleus Basalis also improves 

capacity for executive function in humans (Freund et al., 2009). 

Few studies have tested effects of acetylcholine on activity of cortical neurons 

during execution of cognitive tasks in primates. The effects of acetylcholine levels on 

neuronal activity have been studied more extensively in the context of plasticity: 

cholinergic depletion blocks cortical plasticity (Juliano et al., 1991; Webster et al., 1991) 

whereas increase in acetylcholine levels or direct iontophoretic application can induce 

plastic changes (Metherate et al., 1988; Bakin and Weinberger, 1996; Kilgard and 

Merzenich, 1998; Froemke et al., 2007). One of the few studies that addressed the role of 

acetylcholine on executive function in monkeys reported that scopolamine degrades 

behavioral performance in a working memory task but, paradoxically, causes an increase 

of neuronal discharges during the presentation of stimuli in the monkey inferior parietal 

cortex (Miller and Desimone, 1993). Evidence from human functional imaging studies 

suggests that the prefrontal cortex may be a critical site of action of acetylcholine as 

acetylcholinesterase inhibitors can affect the patterns of prefrontal cortical activation 

during working memory (Furey et al., 2000). However, the exact effects of acetylcholine 

application on prefrontal neuronal discharges are unknown.  

We relied on scopolamine to block acetylcholine actions in the central nervous 

system. Scopolamine is an alkaloid muscarinic receptor antagonist, non-specific for the 

M1 and M2 families of muscarinic receptors which comprise M1, M3, M5 and M2, M4 

receptors, respectively (Bolden et al., 1992; Klinkenberg and Blokland, 2010). The 

primary CNS effects attributable to the muscarinic receptors are changes in EEG 
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activation patterns and cortical activity that endogenously accompany changes in 

alertness or arousal (Ebert and Kirch, 1998). The stimulation of the ascending reticular 

pathways or the Nucleus Basalis alters EEG activation patterns to suppress low frequency 

activity and enhance higher frequencies (Metherate et al., 1992; Steriade and Amzica, 

1996), and these effects are blocked by muscarinic antagonists.  Our experiments tested 

how systemic blockade of acetylcholine action affects neuronal activation in the monkey 

lateral prefrontal cortex as it relates to performance of visual working memory tasks. 

 

 

METHODS 

Three male, rhesus monkeys (Macaca mulatta) weighing 5-12 kg were used in 

this study. All animal experiments were performed in compliance with the guidelines set 

forth by the National Institutes of Health, as reviewed and approved by the Wake Forest 

University Institutional Animal Care and Use Committee. Data analysis was performed 

using the MATLAB computational environment (Mathworks, Natick, MA).  

 

Experimental Setup 

Details of the experimental setup have been published before (Qi et al., 2010). 

Briefly, the monkeys sat in a primate chair with their head restrained and viewed a 

computer screen positioned 60 or 68 cm away. They were required to maintain fixation, 

while visual stimuli were presented on the screen. An infrared tracking system (ISCAN, 

Burlington, MA) sampled eye position at 240 Hz. Correct completion of a trial resulted in 

delivery of a liquid reward (fruit juice). In-house software (Meyer and Constantinidis, 

2005) was used to monitor behavior online.  
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Behavioral Tasks 

We trained two monkeys to perform a variant of a Delayed Response Task (Fig. 

1a-c). This was a spatial working memory task, which required them to remember the 

spatial location of a cue stimulus flashed on a screen for 0.5 s. The cue was a 3° white 

square stimulus that could appear at one of eight locations arranged on a circle, of 12° 

eccentricity. After a 3.5 s delay period, the fixation point was extinguished and the 

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

within 0.6 s. The saccade needed to terminate on a 6° radius window centered on the 

stimulus (within 2-3° from the edge of the stimulus), and the monkey was required to 

hold fixation within this window for 0.2 s. Zero, one or two distractors could appear 

between the cue and the saccade, with equal probability, though the total duration of the 

trial was the same for all trial types. Distractors were incorporated in the delayed 

response task so that we can test the effects of scopolamine at versions of the task of 

varying difficulty in terms of attentional demands. Breaking fixation at any point before 

the offset of the fixation point aborted the trial and resulted in no reward. These errors 

were also excluded from analysis.  

 As a control, the same animals were trained to perform a Visually Guided 

Saccade task. This used the same size stimulus, presented at the same eccentricity as in 

the Delayed Response task. However, in this task the fixation point disappeared 

simultaneously with the appearance of the cue and the monkey was rewarded for making 

a saccade to the cue, and maintaining fixation for 0.2 s. The duration of trials in this task 

was much shorter, and we were able to collect more than one set of trials in each daily 
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session (typically two), to approximate the same total length of the data collection session 

in the two tasks. 

 One monkey was trained in a Match/Nonmatch task (Fig 1d). This was also a 

spatial working memory task which required animals to remember the spatial location of 

one stimulus flashed on the screen, to observe a second stimulus presented after a delay 

period, and to indicate whether the two stimuli appeared at the same or different locations 

by making a saccade toward a green or blue target, respectively, which appeared after a 

second delay period (Qi et al., 2011a). Stimuli for this experiment appeared on a 3x3 grid 

of 10° distance between each other.  

Scopolamine Administration 

A saline solution of scopolamine was administered intramuscularly, 30-60 

minutes prior to the beginning of a recording session. Scopolamine crosses the blood-

brain barrier with peak CNS action between 30 minutes and 3 hours after administration, 

and with peak peripheral action in the first 30 minutes (Renner et al., 2005). Effective 

dosage was determined separately for each monkey during an initial period prior to the 

collection of neurophysiological data. The doses used were 5 and 10 μg/kg, 2.5and 5 

μg/kg, and 10 μg/kg for the three animals, respectively (Figure 2). Scopolamine was 

administered 1 or 2 days a week, separated by at least a 48 hour period. Control data were 

collected on the days between scopolamine administrations.  

 

Surgery and neurophysiology 

A chronic microelectrode array (Spingath et al., 2011) was implanted on the 

lateral prefrontal cortex of two monkeys (Fig. 4). The implant comprised 64 parylene-c 
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insulated, Pt/Ir or pure Iridium microelectrodes arranged on a grid, spaced 0.75 mm apart 

from each other, thus covering a ~5×5 mm surface area. During implantation surgery, a 

<20 mm diameter craniotomy was performed and a titanium holder was anchored onto 

the skull with bone screws. Subsequently, the dura under the craniotomy was removed to 

expose the underlying cortex. The implant core was lowered into the titanium holder and 

the electrodes were advanced into the cortex. The implant’s design allowed repositioning 

of the electrodes after implantation. Neuronal recordings were obtained through a set of 

connectors attached on a circuit board, from up to 16 channels at a time. The electrical 

signal from each electrode was amplified, band-pass filtered between 500 and 7 kHz, and 

recorded with a data acquisition system (APM system, FHC, Bowdoin, ME). Waveforms 

were sampled at 25 μs resolution, digitized and stored.  

Neurophysiological recordings with single electrodes were performed in one 

monkey as described previously (Qi et al., 2010). Briefly, a 20-mm diameter craniotomy 

was performed over the prefrontal cortex and a recording cylinder was implanted. We 

used glass-coated, Tungsten electrodes of 250 μm diameter, with an impedance of 1 MΩ 

at 1 kHz (Alpha-Omega Engineering, Nazareth, Israel). Arrays of up to 8-microelectrodes 

spaced 0.2-1.5 mm apart were advanced into the cortex through the dura with a 

microdrive system (EPS drive, Alpha-Omega Engineering, Nazareth, Israel).  

Behavioral Trial Analysis 

To analyze the patterns of eye movements in the Delayed Response Task we first 

determined the end point of saccades performed after the fixation point was turned off. 

Trials resulting in fixation errors were omitted from this and any subsequent analysis. 

During the 0.6 s interval following the offset of the fixation point, we determined the eye 
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position corresponding to the time point of maximum eye velocity. The end point of the 

saccade was determined as the eye position at the last point of monotonic deviation away 

from the fixation point, following the point of maximum velocity. We compared a 

number of eye movement variables in control and scopolamine sessions: Response 

latency was defined as the interval between the offset of the fixation point and the time 

that eye position entered the target window. Saccadic error was defined as the standard 

deviation of the saccadic endpoint around its mean position for each target. Peak saccadic 

velocity was determined from the maximum eye position distance between successive 

samples during the saccade period, smoothed with an 8 ms triangular filter, and 

resampled at 4 ms. 

We classified error trials in four types: 1) Those with eye position end points 

falling within 4° from the fixation point, indicating that the monkey did not perform a 

saccade at all. 2) Those falling within 6° of the edge of the cue, suggesting a saccade in 

the correct direction, or a correct saccade that was not followed by a 0.2 fixation of the 

target. 3) Those falling within 6° of a distractor. 4) A saccade in any other direction. 

Error trials in the Match/Nonmatch Task were of only a single type, indicating that the 

monkey saccaded towards the blue target after the appearance of a match stimulus or the 

green target after the appearance of a nonmatch. Errors due to breaks in fixation were 

also omitted from analysis.  

 

Neuron Data Analysis  

Multi-unit records were extracted from each electrode of the chronic implant, 

using a fixed threshold of 3 standard deviations from the signal baseline. Firing rate of 
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multi-units was then determined for each of the task epochs, in each trial. Analysis of 

single-electrode recordings was performed as described previously (Qi et al., 2010). 

Briefly, action-potential waveforms were sorted into separate units using an automated 

cluster analysis method based on the KlustaKwik algorithm (Harris et al., 2000). 

We identified multiunit records selective to the task, evidenced by significant 

increase in firing rate during a stimulus presentation (paired t-test, p<0.05). We further 

selected units with robust delay period activity by averaging responses from all multiunit 

records with visual responses recorded from each electrode (with no respect of whether 

they were collected during a control or scopolamine sessions), rank ordering sites with 

respect to mean firing rate in the delay period following the best cue location, and 

selecting the top quartile of sites. Analysis was only performed for electrode sites where 

task-selective recordings were obtained from both the control and scopolamine sessions. 

Since unequal numbers of recordings were obtained from the scopolamine (n=26) and 

control conditions (n=46) we used all possible pairs, always matching recordings from 

the same electrode (n=114). All analyses and comparisons of responses were performed 

for spike counts from multi-unit records paired in this fashion. Peri-Stimulus Time 

Histograms were obtained by averaging responses, after converting each spike train to a 

spike-density function by convolving with a Gaussian kernel of 80 ms standard deviation. 

A cumulative spike count measure was calculated by integrating PSTH rates across the 

time course of the trial, after subtracting the average response rate computed in the 

fixation period.  

Firing rate of single units obtained with movable electrodes was computed in each 

task epoch and was compared with the baseline firing rate recording during the fixation 
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interval. Neurons responding to the stimuli were selected for further analysis, evidenced 

by a significant increase in firing rate above the fixation period (paired t-test, p<0.05). 

Population PSTHs and cumulative spike counts were constructed as described above. 

Neural data from trials resulting in correct behavioral responses are only presented in the 

paper. 

 

RESULTS 

We administered scopolamine systemically to two monkeys trained to perform a 

spatial working memory task (Fig. 1a-c) and collected neural data with a chronic implant. 

Each monkey was tested with two doses, determined in a series of experiments prior to 

implantation. The task was a variant of the Delayed Response Task (Funahashi et al., 

1989),  requiring the animals to remember the spatial location of a stimulus presented on 

the screen and after a delay period, to perform a saccade towards the remembered 

location. Zero, 1, or 2 distracting stimuli appeared after the cue, in trials that were 

randomly interleaved. The total duration was the same for all types of trials.  

 

Behavioral effects 

Scopolamine degraded behavioral performance in the Delayed Response task. We 

collected data from 56 sessions of scopolamine administration while recording neural 

data; 12 and 19 sessions were obtained under a low dose, and 13 and 12 with a high dose 

for the two monkeys respectively. These were compared with 69 and 56 control sessions. 

We evaluated performance in the control and scopolamine sessions by determining the 

percentage of correct trials, eliminating trials in which the animal broke fixation before 
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the end of the last delay period. Scopolamine decreased performance in a dose-dependent 

manner (Fig. 2). The effect was highly significant in each monkey (2-way ANOVA, main 

effect of dose, p<10
-5

). There was no significant interaction between number of 

distractors and dose (2-way ANOVA, p>0.4 for each of the monkeys), suggesting that 

scopolamine caused an equal decrement of performance for each task type.  

 Scopolamine can cause a number of peripheral side effects, most importantly 

mydriasis (pupil dilation) caused by the blockade of muscarinic receptors in the 

peripheral nervous system. To minimize its effects on visual stimulation, all experiments 

were conducted in darkness with only the monitor providing ambient illumination. 

Furthermore, to ensure that errors in the task under scopolamine administration were not 

caused by inaccuracies in visual perception, motor response, or other non-specific effects, 

we trained the same animals to perform a visually guided saccade task, involving 

identical stimulus presentations. We obtained 7 and 12 sets of trials at a low dose and 8 

and 9 sets of trials at a high dose of scopolamine for the two monkeys respectively. These 

were compared with 22 and 31 control sets. Performance under scopolamine for any 

monkey and dose was within 3% of control performance (Fig. 2). A 2-way ANOVA 

comparing performance in the 1-stimulus Delayed Response Task and Visually Guided 

Saccade Task (which involved identical stimulus presentation) showed a significant 

interaction between scopolamine dose and task (p<0.001 for both animals), indicating 

that scopolamine disproportionally impacted the working memory task. 

To gain insights on the nature of effects caused by scopolamine administration we 

analyzed a number of eye movement metrics in correct trials of the Delayed Response 

Task, and compared control and scopolamine sessions. We observed subtle but 
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statistically significant changes in mean response latency, which increased from 272 to 

277 ms during scopolamine administration and saccadic error (standard deviation of 

saccade endpoint)  which also increased from 1.66° to 1.82° (t-test, p<0.005 for both 

measures). On the other hand, peak saccadic velocity was not significantly different 

between control and scopolamine sessions (t-test, p>0.1) 

We also distinguished between four error types in the Delayed Response Task, 

depending on the end point of eye movements following the offset of the fixation point 

(see Methods). These were: 1) small eye deviations from the fixation point, suggesting no 

behavioral choice, 2) eye movements in the direction of the cue, suggesting correct recall 

of the cue location but inaccurate saccade 3) eye movements in the direction of a 

distractor, suggesting susceptibility to the interfering effect of the distractor and 4) 

random eye movements. During control trials, the monkeys made approximately equal 

numbers of the four types. Unexpectedly, during scopolamine administration error rates 

increased for all the categories except for type 3, suggesting that the monkeys were no 

more distracted by the appearance of additional stimuli after the cue (Fig. 3). The number 

of errors expected in each type, assuming that control and scopolamine conditions were 

drawn from the same underlying distribution was significantly different than the number 

of errors we observed (χ
2
 test, p<10

-5
).  

 

Chronic Recordings in Delayed Response Task 

While performing the task, neuronal recordings were collected from the two 

monkeys with a chronic electrode implant (Fig. 4). Multiunit activity was collected from 

each electrode. We identified 200 recordings that exhibited task-related effects during the 
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control condition and 106 during scopolamine administration from 47 cortical sites (black 

circles in Fig. 4). Of those, we identified 12 sites with robust delay period activity (filled 

circles in Fig. 4). We then compared activity in the same sites during the control 

experiments, when task-related responses were also recorded. A total of 46 recordings in 

the control condition were identified in this way, and were compared with 26 recordings 

under scopolamine. Of the scopolamine recordings, 17 were recorded with the low dose 

and 9 with the high dose, 15 and 11 from the two monkeys respectively. Differences in 

firing rate were not evident between recordings with low and high doses of scopolamine 

or between the two monkeys and data were pooled together to increase the power of 

statistical comparisons with the control condition.  

Scopolamine administration affected neuronal responses, mainly by decreasing 

delay period activity, an effect that was evident when we compared the averaged firing 

rate from the control and scopolamine sessions of the same cortical sites (Fig. 5a-b). 

Since baseline firing rate differed slightly between conditions we compared average 

firing rates, after subtracting baseline responses. Delay period activity following the best 

stimulus location was significantly lower in the scopolamine than the control condition (t-

test, p<0.001). This resulted in lower cumulative discharge under scopolamine (Fig. 5c).  

 

Match/Nonmatch task 

Similar effects of scopolamine were observed in the delay period of single unit 

responses tested with the Match/Nonmatch task. To ensure that these effects of 

scopolamine were not specific to the behavioral task used and neuron selection with the 

chronically implanted electrodes, we collected data from a third monkey trained on a 
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Spatial Match/Nonmatch task (Fig. 1d). Neuronal recordings were obtained using 

movable microelectrodes that were advanced in the cortex and removed at the end of 

each recording session. Single units were identified in these recordings. We compared 

responses of dorsolateral prefrontal neurons responding to the visual stimuli during 

scopolamine administration (N=51) and during control sessions (N=236), obtained at 

different cortical sites, which were sampled randomly. Averaged responses are shown in 

Fig. 5d-f. As was the case in the chronic experiment, we saw a significant decrease in 

firing rate during the delay period following the best cue location, after subtracting the 

baseline firing rate (t-test, p<0.01).  

In this experiment we also observed a second type of delay period activity: 

anticipatory activity, rising prior to appearance of the second stimulus (Fig. 6). This 

activity was typically highest after the cue had appeared out of the receptive field, prior to 

appearance of a match or nonmatch stimulus, whose location could not be predicted from 

trial to trial (Qi et al., 2010). Scopolamine administration produced a significant decrease 

of anticipatory activity as well. The mean firing rate observed prior to appearance of the 

second stimulus in the receptive field (Fig 6c, d), or out of the receptive field (not shown) 

after subtracting the baseline firing rate was significantly lower in the scopolamine 

condition (t-test, p<0.05). 

 Analysis of single neuron recordings also allowed us to determine the effects of 

scopolamine on directional selectivity of prefrontal responses. We computed a Selectivity 

Index defined as (Max-Min)/(Max+Min) comparing average firing rates to the best (Max) 

and worst (Min) location (Meyer et al., 2011). This index was computed separately in the 

cue period and delay period for each neuron and compared across conditions. We found 
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that scopolamine was associated with a significant decrease of the average Selectivity 

Index in the delay period (from 0.36 in the control to 0.29 in the delay period; t-test, 

p<0.05). In contrast, mean Selectivity Indexes computed in the cue period were not 

significantly different (0.50 vs. 0.45; t-test, p>0.2). The results indicated that scopolamine 

reduced stimulus selectivity specifically in the delay period. 

 

DISCUSSION  

Our study demonstrates that systemic application of scopolamine, a muscarinic 

acetylcholine antagonist, decreases delay period firing rate in the dorsolateral prefrontal 

cortex in concert with degrading behavioral performance in working memory tasks in 

primates. Neural correlates of a series of cognitive functions has been observed in the 

activity of prefrontal neurons (Goldman-Rakic, 1995; Constantinidis and Procyk, 2004) 

and diminished firing rate in lateral prefrontal cortex has been associated with lower 

levels of performance in working memory and decision making tasks (Kim and Shadlen, 

1999; Constantinidis et al., 2001a). Changes in the patterns of lateral prefrontal activity 

have also been suggested for schizophrenia and other mental illnesses (Rolls et al., 2008).  

Our finding demonstrates that effects on working memory and executive function by 

cholinergic modulation also have a neural correlate in the lateral prefrontal cortex.  

 

Behavioral Effects of Scopolamine 

Scopolamine administration increased the percentage of errors in the working 

memory tasks in a dose-dependent manner, as previously reported (Everitt and Robbins, 

1997; Buccafusco et al., 2007). Previous studies reveal a significant effect of muscarinic 
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antagonists on working memory accuracy for both auditory and visual tasks, and lack of 

an interaction with delay period length (Penetar and McDonough, 1983; Taffe et al., 

1999; Chudasama et al., 2004; Plakke et al., 2008; Yamamoto et al., 2011). If, however, 

accuracy at zero delay length trials is also compared to variable longer delays, an effect 

of delay length is found (Buccafusco et al., 2007). These findings suggest that the actions 

of scopolamine are specific to a working memory task, and that the deficit caused by 

scopolamine relevant to task performance is most likely in the conversion of the sensory 

information into a working memory trace. The effect we observed was indeed evident in 

all working memory tasks used, including Delayed Response trials with no distractors, 

with one distractor, and with two distractors, as well as in the Match/Nonmatch task. The 

effect of scopolamine on error rate was uniform regardless of the presence of distractors 

in the trials, resulting in a downward shift of performance curves with no significant 

interaction (Fig. 2). The pattern of errors could not be explained by a mere decline in 

visual acuity e.g. due to possible mydriasis caused by the blockade of muscarinic 

receptors in the peripheral nervous system, as inaccurate eye movements directed in the 

general direction of the cue were not impacted disproportionately (Fig. 3) and the 

monkey performed a visually guided saccade essentially error free (Fig. 2a-b). The 

increased errors we observed in the Delayed Response Task were not specifically 

directed to the distractor either.  

 

Neurophysiological effects 

Our results are consistent with the neural effects of acetylcholine described in 

other cortical areas. The main source of acetylcholine projecting to the cerebral cortex 
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and thalamus is the Nucleus Basalis (NB) of Meynert (Everitt and Robbins, 1997). 

Increased activity of individual neurons in this region is associated with reinforcement 

and arousal (Richardson and DeLong, 1986, 1990, 1991). Cholinergic innervation is 

diffuse across the cerebral cortex, allowing the system to control the excitability of most 

cortical areas, however the modulation may be specific for particular areas and stimuli 

(Sarter and Parikh, 2005). The stimulation of Nucleus Basalis leads to cortical 

depolarization and a shift in membrane potential oscillations reflective of the EEG 

changes, shifting to a state with more low frequency energy, and less neuronal 

depolarization; these changes are also blocked by muscarinic antagonists (Metherate et 

al., 1992).  

Neural effects of scopolamine have been described recently in primate area V1, in 

the context of an attention paradigm. Firing rate of V1 neurons increases when attention 

is directed at the receptive field, an effect that is blocked by scopolamine (Herrero et al., 

2008). The effect suggests a top-down influence, possibly from the prefrontal cortex, and 

our results indeed suggest that prefrontal activity is diminished after scopolamine 

administration. On the other hand, the change in prefrontal activity that we observed 

cannot be explained as an effect of impaired visual processing on prefrontal activity 

itself. Monkeys were able to perform a visually guided saccade task at high levels of 

performance and error rates in the delay response task under scopolamine administration 

did not increase disproportionately for trials that involved 1 or 2 distractors. 

Beyond the primary visual cortex there has been little evidence of cholinergic 

modulation of association areas in primates. A previous study in the inferior temporal 

cortex reported decrease in performance in a working memory task but a seemingly 
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paradoxical increase in firing rate during the stimulus presentation under scopolamine 

administration (Miller and Desimone, 1993). Our present results revealed an effect that 

can account for the behavioral effects observed, namely a decrease in firing rate 

specifically during the delay period of the working memory task, while responses to the 

stimuli were relatively unaffected and neuronal selectivity for stimulus location remained 

unchanged. Our results illustrate the neural basis of cholinergic modulation of executive 

function. 
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Figure 1. Behavioral task. Successive frames represent sequence of stimulus presentation 

on the screen. (a) Delayed Response Task. The cue is followed by a delay period, after 

which the monkey needs to saccade to the location of the remembered cue. (b) One 

distractor stimulus appears after the cue. (c) Two distractor stimuli appear after the cue. 

(d) Spatial Match/NonMatch task. Two stimuli are presented in sequence and the monkey 

is required to saccade to a green Choice Target if they are the same and a blue Choice 

Target if they are different.  
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Figure 2. Behavioral Performance. Percentage of correct trials is plotted as a function of 

scopolamine dose for each stimulus type and monkey. Data are shown from trials during 

which neural recordings were obtained. Left and Middle, behavioral performance of the 

two monkeys tested in the Delayed Response Task with 0, 1, and 2 distractors, and in the 

Visually Guided Saccade (VGS) Task. Right, behavioral performance of one monkey in 

the Match/Nonmatch Task. 
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Figure 3. Error Analysis. Histogram represents the types of errors and corresponding 

error rates in the Delayed Response Task. Data are averaged from both monkeys and all 

doses shown in Fig. 2 (which involved unequal number of sessions). Panels represent end 

point of saccades for control and scopolamine condition in Delayed Response Trials with 

zero, one, and two distractors (gray square). Data from one monkey are shown, from 

trials collected during neural data acquisition. In all trials shown the cue (black square) 

appeared at the bottom of the screen. Only trials that resulted in errors are depicted. End 

points of saccades that landed near the cue location may still have resulted in errors if the 

monkey did not fixate on that location for at least 0.2 s after the saccade. A lower density 

of points in the scopolamine condition is the result of fewer sessions collected under drug 

administration. 
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Figure 4. Anatomical localization. (a) Lateral view of the monkey brain. Area sampled is 

indicated in gray. (b, c) Electrode grid and recording sites for the monkeys tested with the 

chronic implant. Black circles represent sites with stimulis responses; filled circles 

represent sites with delay period activity, used in analysis. Abbreviations: AS, arcuate 

sulcus; PS, principal sulcus.  
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Figure 5. Population responses following the best cue location. (a) Population PSTH 

from the control, and (b) scopolamine condition recorded from the chronic implant. Data 

are averaged from trials without any distractors. Labels indicate fixation period (FIX), 

cue presentation (CUE) and delay period (DELAY). Dotted line represents the baseline 

firing rate, during the 1 second of fixation period. Shaded area represents delay period 

activity exceeding the baseline. (d, e). Population PSTH from the Control and 

Scopolamine conditions recorded with single electrodes. (c, f) Cumulative discharges 

during the trial for the two tasks. Baseline firing rate has been subtracted from each 

curve. 
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Figure 6. Population responses for best and opposite location. Population PSTH from (a) 

the control and (b) the scopolamine condition recorded in the Match/Nonmatch task. 

Labels indicate fixation period (FIX), cue presentation (CUE) and delay period 

(DELAY). Yellow arc represents the receptive field (for illustration purposes; this varied 

for each neuron). Responses are shown following a cue in the best location followed by a 

nonmatch stimulus at the opposite location, similar to Figs. 5d,e (which averaged 

responses from all trials, regardless of where the nonmatch stimulus appeared). (c) 

Responses in the control condition with the cue appearing opposite to the best receptive 

field location, followed by a nonmatch at the best location. Strong anticipatory activity is 

evident prior to the appearance of the nonmatch stimulus (d) Responses from the 

scopolamine condition. Significantly lower levels of anticipatory activity were detected. 
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 ABSTRACT 

The dorsolateral prefrontal and posterior parietal cortex are two interconnected 

brain areas that are co-activated in tasks involving functions such as spatial attention and 

working memory. The response properties of neurons in the two areas are in many 

respects indistinguishable, yet only prefrontal neurons are able to resist interference by 

distracting stimuli when subjects are required to remember an initial stimulus. Several 

mechanisms have been proposed that could account for this functional difference, 

including the existence of specialized interneuron types, specific to the prefrontal cortex. 

Although such neurons with inverted tuning during the delay period of a working 

memory task have been described in the prefrontal cortex, no comparative data exist from 

other cortical areas that would establish a unique prefrontal role. To test this hypothesis, 

we analyzed a large database of recordings obtained in the dorsolateral prefrontal and 

posterior parietal cortex of the same monkeys, as they performed working memory tasks. 

We found that in the prefrontal cortex neurons with inverted tuning were more numerous 

and manifested unique properties. Our results give credence to the idea that a division of 

labor exists between separate neuron types in the prefrontal cortex and that this represents 

a functional specialization that is not present in its cortical afferents. 
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INTRODUCTION  

The primate dorsolateral prefrontal and posterior parietal cortex are two cortical 

areas involved in working memory and a wide range of cognitive functions 

(Constantinidis and Procyk, 2004; Bisley and Goldberg, 2010). Neurophysiological 

studies have identified in the prefrontal cortex neural correlates of working memory in 

the form of sustained discharges during the delay intervals of working memory tasks 

(Fuster and Alexander, 1971; Funahashi et al., 1989; Miller et al., 1996a; Constantinidis 

et al., 2001a). Very similar sustained activity has also been observed in the posterior 

parietal cortex (Constantinidis and Steinmetz, 1996b; Chafee and Goldman-Rakic, 1998, 

2000). Indeed, human imaging studies almost invariably report concurrent prefrontal and 

parietal activation in attention and working memory tasks (Jonides et al., 1993; Courtney 

et al., 1997; Owen et al., 1998; Ungerleider et al., 1998; Munk et al., 2002; Raye et al., 

2002). Despite this overall similarity, subtle but clear differences have also been 

described between the two areas in the context of working memory tasks. Prefrontal 

neurons are able to resist interference by distracting stimuli when subjects are required to 

remember the first of a sequence of stimuli, and continue to represent the original 

stimulus after the presentation of distractors (di Pellegrino and Wise, 1993a; Qi et al., 

2010). In contrast, posterior parietal neurons appear to represent the most recent stimulus, 

whether it is behaviorally relevant or not in the context of the task (Constantinidis and 

Steinmetz, 1996b; Powell and Goldberg, 2000).  

Several mechanisms have been proposed that could account for this 

specialization, such as the effects of dopamine, which preferentially innervates the 

prefrontal cortex over its cortical afferents (Levitt et al., 1984; Haber and Fudge, 1997). 
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Computational modeling indicates that networks that incorporate dopamine inputs 

achieve superior signal-to-noise ratio (Durstewitz et al., 1999; Durstewitz et al., 2000). 

This occurs through  dopamine’s action on NMDA (Yang and Seamans, 1996; Seamans 

et al., 2001; Wang, 2001; Chen et al., 2004) and GABA receptors (Yang et al., 1999). 

However, dopaminergic innervation is denser at the medial prefrontal cortex and least 

pronounced in the lateral prefrontal cortex (Lewis et al., 1988). Factors specific to the 

intrinsic neural circuits of the two areas may also play a role in their unique functional 

properties. The existence of specialized interneuron types specific to the prefrontal cortex 

has been proposed as such an intrinsic mechanism (Wang et al., 2004a). By some 

accounts, the prefrontal cortex contains an appreciable proportion of calbindin-containing 

interneurons, (Conde et al., 1994; Krimer et al., 2005; Zaitsev et al., 2005), while such 

neurons are scarcer in other cortical areas (Elston and Gonzalez-Albo, 2003). These 

neurons have been proposed to exhibit high tonic activity and to be suppressed by stimuli 

that activate neighboring pyramidal neurons (Wang et al., 2004a). They could therefore 

serve to stabilize working memory by virtue of disinhibiting pyramidal neurons that have 

already been activated by a stimulus held in memory, while continuing to inhibit neurons 

representing stimuli away from the remembered stimulus (Wang et al., 2004a). Although 

such neurons with “inverted tuning” during the delay period of a working memory task 

have been described in the prefrontal cortex, no comparative neurophysiological data 

exist from other cortical areas to support a unique prefrontal role. We were therefore 

motivated to compare the relative incidence and properties of physiologically identified 

neurons with inverted tuning in the dorsolateral prefrontal and posterior parietal cortex of 

the same monkeys, performing working memory tasks.   
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METHODS 

Three male, rhesus monkeys (Macaca mulatta) weighing 5-12 kg were used in 

this study. All surgical and animal use procedures in this study were reviewed and 

approved by the Wake Forest University Institutional Animal Care and Use Committee 

following National Institutes of Health guidelines.  

 

Surgery and neurophysiology 

Experiments were performed as described previously in detail (Meyer et al., 2011; 

Qi et al., 2011b). Briefly, 20-mm diameter recording cylinders were implanted over the 

prefrontal and the parietal cortex in each animal (Fig. 1A). Penetrations analyzed here 

sampled areas 46 and 8a of the prefrontal cortex and areas 7a and LIP of the posterior 

parietal cortex, determined based on structural MR imaging. Area LIP was determined 

anatomically, based on the depth of electrode penetration (>3 mm) from the surface of 

the cortex. Recordings were collected with either glass-coated Tungsten electrodes of 250 

μm diameter and an impedance of 1 MΩ measured at 1 kHz (Alpha-Omega Engineering, 

Nazareth, Israel), or epoxylite-coated Tungsten electrodes with a diameter of 125 μm and 

an impedance of 4 MΩ at 1 KHz (FHC Bowdoin, ME). Epoxylite-coated electrodes were 

advanced into the brain by traversing the dura, glass-coated through a dura-piercing 

guide-tube. Electrical signals recorded from the brain were amplified, band-pass filtered 

between 500 Hz and 8 kHz, and stored via a modular data acquisition system at a 

temporal resolution of 25 μs (APM system, FHC, Bowdoin, ME).  
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Behavioral Tasks 

The monkeys performed tasks which required them to remember visual stimuli 

presented on a screen while maintaining fixation, monitored with an infrared eye position 

tracking system (model RK-716; ISCAN, Burlington, MA) and sampled at 240 Hz. One 

monkey was trained to perform a Match-Nonmatch task (Fig. 2A), and two monkeys 

were trained to perform a Delayed Match-to-Sample task (Fig. 2B). In the Match-

Nonmatch task (Fig. 2A) a white square of 2° size appeared for 0.5 seconds at one of nine 

possible locations arranged on a 3x3 grid with a 10º separation between adjacent stimuli. 

This cue was followed by a 1.5 s delay period. A second stimulus presentation and delay 

period followed, after which two choice targets were presented. The monkey was 

required to saccade to a green target if the two successive stimuli matched, and to a blue 

target if they did not (Meyer et al., 2011). In the Delayed Match-to-Sample task (Fig. 2B) 

monkeys were trained to remember the location of the first stimulus and to release a lever 

when a subsequent stimulus appeared at the same location, ignoring nonmatching stimuli 

appearing at different locations. The stimuli analyzed here were 1.5° green or red squares 

and were displayed at one of nine locations along a 3x3 grid of either 10° or 15° 

separation between adjacent stimuli. Fixation was controlled for the entire duration of all 

tasks and a trial was aborted if an eye deviation of more than 2° from the fixation target 

occurred at any point (including blinks). All monkeys were trained to perform additional 

types of trials, which are not analyzed here. The visual stimulus presentations were 

controlled by in-house software (Meyer and Constantinidis, 2005), operated through 

MATLAB (Mathworks, Natick, MA).   
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Data Analysis 

Recorded spike waveforms were sorted into separate units using an automated 

cluster analysis method based on the KlustaKwik algorithm (Harris et al., 2000). A 

neuron's spike width was determined by calculating the distance between the 2 troughs of 

the average waveform, as described previously (Qi et al., 2011b). Based on that 

classification, units were classified as Fast Spiking (FS – putative interneurons) if their 

spike width was ≤ 550 μs and Regular Spiking (RS – putative pyramidal neurons) if they 

exhibited spike widths > 550 μs.  

Firing rate of units was determined by averaging spikes in each task epoch. We 

identified neurons that had significantly increased delay period activity by comparing the 

discharge rates with the baseline fixation interval. We refer to these neurons as excited in 

the delay period. We similarly identified neurons that exhibited significantly decreased 

activity in the delay period. For this analysis we compared the last 0.5 s of the delay 

period activity following presentation of the stimulus at each location to the baseline 

fixation activity recorded from the same trials, using a paired t-test. Neurons with 

significant decrease (p<0.05) in firing rate in the delay period for at least one spatial 

location, and no significantly elevated responses in the delay period for any other location 

were identified. This comparison in practice required a minimum firing rate of 2 spikes/s 

in the fixation period, below which decreases could be detected. Additionally, we 

identified a subgroup of neurons inhibited in the delay period that also exhibited spatial 

selectivity for the delay period following stimuli at the nine different spatial locations 

(ANOVA; p<0.05). This latter subgroup constitutes the “inverted-tuning” neurons. To 

estimate the experiment-wise error rate of inverted tuning neuron identification, we 
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performed a bootstrap test. Trials were first randomized with respect to the location of the 

stimulus; then the selection criteria were applied, as above. The randomization procedure 

was repeated 10 times for each neuron in our sample (1909 neurons in total, across all 

areas), yielding a total of 19090 tests over which the false positive rate was estimated. 

To evaluate the spatial tuning of stimulus selectivity in the delay period we 

rotated firing rates of each neuron for the eight peripheral stimuli so that its peak 

response rate would always be at the same location. We then averaged responses for each 

location relative to the peak location across all neurons, separately by cortical area and 

excited or inverted-tuning neuron type. All data were expressed in units of stimulus 

separation from each other (which was either 10 or 15 degrees of visual angle). The 

averaged data were then fitted to a Gaussian curve of the form: 

          
  

      

    

Here r represents average population firing rate at each location x, B the baseline, A the 

amplitude, μ the peak, and σ the standard deviation of the Gaussian. We fitted Gaussians 

separately to the inverted tuning neurons from the prefrontal and parietal cortex, and also 

to all neurons pooled from both areas. To obtain an estimate of fit, we calculated the 

absolute value of the residuals from the Gaussian, on a neuron by neuron basis. We then 

compared the residuals from the single- and pooled-population models, using a paired t-

test. 
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RESULTS 

 

Database 

Our analysis involved two brain regions in the frontal and parietal lobe (Fig. 1) 

that are directly interconnected (Cavada and Goldman-Rakic, 1989) and share very 

similar functional properties (Chafee and Goldman-Rakic, 1998). A total of 1227 neurons 

were analyzed in the posterior parietal cortex of three monkeys (monkey DA: 571, CA: 

367, and EL: 289, respectively). Most of these neurons were collected in area 7a 

(N=1165); a small sample was collected from area LIP (N=62). A total of 682 neurons 

were analyzed from the dorsolateral prefrontal cortex (DA: 230, CA: 2, and EL: 450, 

respectively). Most of these neurons were recorded in area 46 (N=647); a smaller sample 

was recorded posterior to the principal sulcus and anterior to the arcuate, corresponding 

to area 8a (N=35). Comparable quality of signals was obtained in the prefrontal and 

parietal cortex; there was no significant difference (t-test, p>0.7) in the signal-to-noise 

ratio of average spike waveforms collected from the two areas (mean and standard error 

for PFC: 7.62±0.10, PPC: 7.67±0.13). The monkeys were trained to perform spatial 

working memory tasks; one of the monkeys (EL) performed the Match-Nonmatch task 

(Fig. 2A) and two of the monkeys (DA and CA) performed a delayed match-to-sample 

task (Fig. 2B). A total of 558 posterior parietal neurons responded to the task, evidenced 

by significantly elevated firing rate during any of the stimulus presentations and delay 

periods in the task. Similarly, 437 prefrontal neurons exhibited significantly elevated 

firing rate in one or more task periods.  
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Incidence of Neurons with Inverted Tuning 

We identified neurons with “inverted tuning” during the delay period of the 

working memory tasks as those that exhibited three criteria as defined previously (Wang 

et al., 2004a): average firing rates significantly lower in the (first) delay period than the 

baseline fixation for at least one spatial stimulus, no excitatory responses during the delay 

period following another stimulus, and significant selectivity for the location of the 

preceding cue. Identical analysis methods were used for all areas and animals. We were 

thus able to compare the percentage of neurons with inverted tuning in the two areas. If 

inverted tuning is a characteristic of a special type of neurons (calbindin interneurons), as 

previously speculated (Wang et al., 2004a), then a higher incidence of them would be 

expected in the prefrontal cortex.  

We encountered neurons with inverted tuning during the delay period in both the 

posterior parietal and dorsolateral prefrontal cortex (including areas LIP and 8a). An 

example neuron recorded from the dorsolateral prefrontal cortex is shown in Fig. 3; an 

example from the posterior parietal cortex in Fig. 4. Across our entire sample, a total of 

24/682 (3.5%) neurons exhibited inverted tuning in the prefrontal cortex and 20/1227 

(1.6%) in the parietal cortex. The respective proportion of inverted tuning neurons was 

significantly higher in the prefrontal than the parietal cortex (χ
2
-test, p<0.05). No 

significant difference (χ
2
-test, p>0.4) was observed in the percentage of inverted tuning 

neurons obtained from sessions in which epoxylite-coated and glass-coated electrodes 

were used (2.6% and 2.1% respectively; 8/126 in prefrontal cortex and 16/813 in the 

parietal, compared to 16/556 in prefrontal and 4/414 in parietal), and the majority of 

prefrontal recordings were obtained with glass-coated electrodes (which yielded the 
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overall lower percentage) whereas most parietal recordings were obtained with epoxylite-

coated electrodes. Since the total percentage of neurons with inverted tuning was fairly 

small, we sought to estimate the expected error rate of inverted-tuning neuron incidence 

by performing a bootstrap test, applying the selection criteria to neuronal responses after 

first randomizing trials with respect to stimulus location. The experiment-wise false 

positive rate was 0.6%. Essentially identical expected error rates were obtained for the 

sample of prefrontal (0.7%) and posterior parietal neurons (0.6%). The observed rate of 

inverted-tuning neurons was significantly higher than the respective expected error rates 

(χ
2
-test, p<10

-4
 for the prefrontal cortex, p<0.01 for the posterior parietal cortex). 

Expressed as a percentage of the total number of neurons modulated by the task (sum of 

the neurons with excitatory responses and those with inverted-tuning, as in Wang et al., 

2004), inverted tuning neurons represented 5.2% of the prefrontal neurons, and 3.5% of 

the parietal ones. Using a more stringent significance criterion of α=0.005 for the 

decrease in firing rate between the delay and fixation period resulted in an even greater 

disparity between areas, yielding 4.5% of prefrontal neurons and 1.4% of parietal neurons 

with inverted tuning. For comparison, 23.5% of dorsolateral prefrontal and 28.6% of 

posterior parietal neurons exhibited tuned, excited responses during the delay period. 

 

Properties of Neurons with Inverted Tuning 

We proceeded to examine whether the population of prefrontal neurons with 

inverted tuning displayed functionally unique properties than those identified in the 

parietal cortex. Neurons with inverted tuning previously identified in the prefrontal cortex 

were found to have average spike widths intermediate between neurons that were 
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characterized as Fast Spiking and Regular Spiking (Wang et al., 2004a). Spike width 

measured extracellularly is not a precise indicator of neuron type (Vigneswaran et al., 

2011) however it is notable that when we examined the spike widths of neurons identified 

as manifesting inverted tuning (Fig. 5), we observed a significant difference in average 

spike width between the prefrontal (692 μs) and parietal (820 μs) populations (Wilcoxon 

signed-rank test, p<0.001). No such difference was present for the neurons with increased 

delay period activity (Wilcoxon signed-rank test, p>0.1). Had we wished to classify the 

inverted tuning neurons into FS and RS categories based on spike width, 12.5% of 

prefrontal neurons and 5% of parietal neurons would have been classified as FS. Within 

the group of neurons with increased delay period activity, similar percentages of neurons 

were classified as FS and RS (11% and 89% in prefrontal; 8% and 92% in parietal cortex, 

respectively); these percentages represented no significant difference between areas (χ
2
-

test, p>0.4). The results indicated that prefrontal neurons with inverted tuning curve had 

unique biophysical properties, consistent with the idea that they corresponded to 

calbindin interneurons. 

For neurons with inverted tuning to play a role in disinhibiting excitatory neurons 

that have been activated by a remembered stimulus, the excited and inverted tuning 

populations must have comparable tuning widths. We therefore tested the tuning of 

neurons for the spatial stimuli and compared the posterior parietal and prefrontal 

populations. Overall, the population of prefrontal neurons displayed narrower tuning. The 

standard deviation of the Gaussian curve that provided the best fit was 0.73 for the 

prefrontal population of inverted tuning neurons vs. 1.84 for the parietal population (in 

units of stimulus separation), more than twice as wide (Fig. 6, bottom). To test whether a 
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single Gaussian curve fit the data equally well, we determined the optimal fit for the 

entire pool of neurons (σ = 1.04) and then compared the neuron-by-neuron residuals of 

the single- and two-Guassian models. Fitting the data to two curves resulted in a 

significant decrease of the fitting error (paired t-test, p<0.05). Importantly, the standard 

deviations that provided the best fits for the excitatory populations were 0.77 and 0.79 for 

the prefrontal and parietal cortex, respectively (Fig. 6, top). In this case too, only the 

prefrontal population of inverted tuning neurons exhibited similar tuning with the 

population of excited neurons, as hypothesized for calbindin interneurons.  

 

DISCUSSION  

Our results demonstrate that neurons with inverted tuning during the delay 

periods of working memory tasks are much more numerous in the dorsolateral prefrontal 

than the posterior parietal cortex of monkeys. Furthermore, prefrontal neurons with 

inverted tuning exhibit unique biophysical and response properties consistent with the 

idea that a specialized type of prefrontal interneurons plays a special role in the prefrontal 

network during working memory. Computational models predict considerable benefits in 

the stability of persistent activity with the addition of a small percentage of neurons with 

inverted tuning, in the same order (~5%) of the neurons we detected in the prefrontal 

cortex (Wang et al., 2004a). Therefore this population of neurons may be partly 

responsible for the ability of the prefrontal network to resist interference by distractors, 

although inverted tuning may not be the sole property that confers this functional 

specialization. Regardless of their ultimate functional implications, our current results 

add to a short list of subtle functional differences in the physiological properties of the 
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prefrontal and posterior parietal cortex, two areas implicated in different cognitive 

functions, but otherwise exhibiting very similar functional properties (Constantinidis and 

Procyk, 2004). 

 

Inverted tuning neurons 

Our study relied on the analysis methods of an earlier report of inverted tuning 

neurons in the prefrontal cortex (Wang et al., 2004a) using monkeys trained in different 

spatial working memory tasks. Our present results in the prefrontal cortex essentially 

replicated the earlier findings. We find that a small but consistent population of prefrontal 

neurons (5.2% in the present study, compared to 4.5% in the earlier study) exhibited 

delay period activity that was significantly below the fixation baseline rate, and was 

tuned for the spatial location of the stimuli (the definition of inverted tuning). Calbindin 

interneurons are reported to make up approximately 5% of neurons in the prefrontal 

cortex (Gabbott and Bacon, 1996). Spike width measured extracellularly is not a precise 

indicator of neuron type, as large pyramidal motor neurons have been shown to exhibit 

narrow spikes (Vigneswaran et al., 2011). Nonetheless, we observed systematic 

differences between the two areas, although recordings were performed in the same 

monkeys, executing the same task, and with the same recording techniques. The average 

spike width of prefrontal neurons with inverted tuning in our study (692 μs) fell between 

the means of the FS and RS distributions of the data set where the current data were 

derived from (418 and 775 μs respectively in Qi et al. 2011), also consistent with the 

biophysical properties of calbindin interneurons identified anatomically (Kawaguchi and 

Kubota, 1993; Zaitsev et al., 2005). The prefrontal inverted turning neurons finally 
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exhibited average tuning width very similar to the tuning width of neurons with elevated 

delay period activity. This would be a critical property for inverted tuning neurons if they 

were to play a role in disinhibiting excited neurons with similar tuning (Wang et al., 

2004a).  

 In contrast, a significantly smaller population of posterior parietal neurons 

exhibited inverted tuning during the delay periods of the tasks. Even those neurons that 

fit the statistical criterion, exhibited average spike width (820 μs) more consistent with 

RS neurons, which differed significantly from of that of prefrontal neurons. Furthermore, 

parietal neurons with inverted tuning were much more broadly tuned than parietal 

neurons with excited delay period activity. For these reasons, they seem unsuitable to 

play a role in disinhibiting persistent delay period activity in a manner that would 

decrease distractibility during the working memory task.  

 

Neurophysiological specialization of the prefrontal cortex 

The dorsolateral prefrontal and posterior parietal cortex share multiple functional 

properties; similar percentages of neurons are active during equivalent epochs of 

behavioral tasks and exhibit levels of activity and temporal envelopes of responses that 

are virtually indistinguishable (Chafee and Goldman-Rakic, 1998, 2000). The result is not 

particularly surprising, considering that the two areas are directly connected with each 

other (Cavada and Goldman-Rakic, 1989). In our study too, similar percentages of 

dorsolateral prefrontal and posterior parietal neurons were observed with tuned, 

excitatory activity in the delay period of the tasks.  



248 

 

Subtle differences in the properties of the dorsolateral prefrontal and posterior 

parietal cortex have been identified in tasks requiring monkeys to remember the spatial 

location of a sample stimulus and ignore intervening stimuli (Rawley and Constantinidis, 

2008). Initial studies comparing activity in the ventral prefrontal cortex and the inferior 

temporal cortex in object working memory tasks revealed that whereas IT neurons track 

the most recent stimulus of a sequence (Miller et al., 1993), prefrontal neurons are able to 

represent the stimulus actively retained in memory (Miller et al., 1996a). Subsequently, 

an equivalent resistance to interfering stimuli was documented in spatial working 

memory tasks. In such tasks, neurons in posterior parietal areas 7a and LIP represent the 

location of the most recent stimulus, whether it is the remembered sample or the 

behaviorally irrelevant distractor (Constantinidis and Steinmetz, 1996b; Powell and 

Goldberg, 2000). In contrast, prefrontal neurons can maintain the representation of the 

actively remembered sample (di Pellegrino and Wise, 1993a; Qi et al., 2010). The 

prefrontal representation of behaviorally relevant stimuli has been further documented in 

human imaging experiments (Cornette et al., 2002; Sakai et al., 2002) and it appears to 

represent a fundamental difference in cortical processing between the prefrontal cortex 

and its afferent inputs.  

 

Intrinsic circuit differences between prefrontal and parietal cortex 

Computational models have been successful in replicating the properties of delay 

period activity in the prefrontal cortex (Compte et al., 2000) and have been insightful in 

determining how resistance to interference may arise. The higher relative density of 

NMDA receptors compared to AMPA receptors and the role of dopamine have been 
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identified as critical in this respect (Yang and Seamans, 1996; Durstewitz et al., 2000; 

Seamans et al., 2001; Wang, 2001; Chen et al., 2004; Wang et al., 2008). Other, more 

elemental differences between the prefrontal and parietal intrinsic network organization 

have also been suggested. It is notable for example, that prefrontal neurons exhibit the 

most extensive dendritic trees and highest number of spines of any cortical neurons 

(Elston, 2000, 2003), although the physiological implications of such anatomical 

specialization are yet unknown.  

Differences in interneuron types in the prefrontal cortex provide another 

mechanistic explanation that could contribute to the unique properties of the prefrontal 

cortex. Most interneurons in the cortex are parvalbumin-containing neurons (Fig. 7A), 

which physiologically make up the Fast Spiking category of interneurons, and inhibit 

neurons with stimulus selectivity different than their own (Krimer et al., 2005; Zaitsev et 

al., 2005). In the prefrontal cortex, calbindin-containing interneurons are more numerous 

than in other cortical areas (Elston and Gonzalez-Albo, 2003) – although a direct 

anatomical comparison with the parietal cortex is not available. Calbindin interneurons 

are inhibited by calretinin interneurons and in turn inhibit the dendrites of pyramidal 

neurons in close vicinity, spatially restricted in vertical columns (Conde et al., 1994; 

Gabbott and Bacon, 1996; Krimer et al., 2005; Zaitsev et al., 2005). The functional 

consequence of such a circuit in spatial working memory proposed by Wang et al. (2004) 

is illustrated in Figure 7. After a stimulus has been presented and is maintained in 

memory, a population of pyramidal cells exhibits persistent activity. These neurons 

activate local parvalbumin interneurons, which in turn inhibit pyramidal neurons with 

different stimulus preference. At the same time, the activated pyramidal neurons excite 
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calretinin interneurons, which in turn inhibit calbindin (inverted tuning) interneurons. The 

precisely localized axons of the calbindin interneurons then further dishinhibit the 

pyramidal neurons that are already activated (Fig. 7B, left). Non-activated pyramidal 

neurons (selective for other stimuli) continue to be tonically inhibited by the combined 

action of parvalbumin interneurons, and tonic inhibition of calbindin interneurons in their 

own microcolumns. As a result, once a stimulus is already held in memory in the circuit 

of Fig. 7B, a distracting stimulus appearing at a different location is less effective in 

suppressing the persistent activity of already activated pyramidal neurons that are both 

mutually excited and receiving less inhibition by calbindin interneurons (Wang et al., 

2004a). Apart from resistance to the interference of actual distracting stimuli, the tonic 

action of calbindin interneurons during working memory suppresses the baseline activity 

of neurons tuned for stimuli away from the remembered stimulus, further sharpening the 

representation of the remembered stimulus in the population and essentially reducing the 

noise in the circuit.  

 Calbindin interneurons may play other unique roles in the prefrontal cortex. 

Impairments in GABA neurotransmission among non-FS interneurons have been 

implicated in schizophrenia, a condition that compromises prefrontal function (Lewis et 

al., 2008). Anatomical studies also indicate that a considerable proportion of anterior 

cingulate projections terminate directly on calbindin interneurons, providing a means of 

controlling prefrontal excitability (Medalla and Barbas, 2009, 2010). Our current results 

provide a clear instance of a specialization in the functional neuron types of the prefrontal 

cortex compared to that of its afferent cortical areas that could account for its unique 

functional qualities.  
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Figure 1. Schematic diagram of the monkey brain. The shaded areas indicate the 

recording sites in the dorsolateral prefrontal (PFC) and posterior parietal cortex (PPC). 

Abbreviations: AS, Arcuate Sulcus; IPS, Intraparietal Sulcus; LIP, Lateral Intraparietal 

Area; PS, Principal Sulcus; STS, Superior Temporal Sulcus. 
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Figure 2. Behavioral tasks. Successive frames indicate the series of stimulus 

presentations. (A) Stimulus presentation in the Match/Nonmatch task. Monkeys were 

required to remember the location of the first stimulus and saccade to one of two color 

choice targets depending on whether the second stimulus appeared in the same location 

or not. (B) Stimulus presentations in the Delayed Match-to-Sample task. The monkey 

was required to remember the location of the first stimulus and release a lever when a 

subsequent stimulus appeared at the same location. Highlighted frame indicates the delay 

period analyzed for inverted tuning.  
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Figure 3. Rasters and Peri-Stimulus time histograms of a single inverted-tuning neuron 

in the dorsal prefrontal cortex. Rasters and histograms depict responses for the nine cue 

locations, arranged as to indicate the spatial location of the corresponding cue. Responses 

during the Fixation interval (F), Cue presentation (C), and Delay period (D) are shown. 

Horizontal bar represents interval of the delay period used to compute inverted tuning. 

The polar plot on the right denotes the average firing rate during the delay period for each 

location; the dotted circle represents the average firing rate during the baseline, fixation 

period. 
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Figure 4. Rasters and Peri-Stimulus time histograms of a single inverted tuning neuron in 

the posterior parietal cortex. Conventions are the same as in Figure 3.  
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Figure 5. Distribution of spike widths of neurons with excited delay period activity and 

inverted tuning in the dorsal prefrontal and posterior parietal cortex. Shaded area in 

excitatory neurons indicates the spike widths corresponding to FS neurons (putative 

interneurons); the unshaded area represents RS (putative pyramidal) neurons. Dotted 

lines represent mean spike widths of inverted tuning neurons in the two areas.  
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Figure 6. Population tuning curves for excited and inverted tuning neurons in the dorsal 

prefrontal cortex and posterior parietal cortex. The arrangement of spatial locations has 

been rotated so that the best response is at location 5 for every neuron; points 1 and 9 

represent the same location. Curve represents best Gaussian fit; dotted line the average 

firing rate in the baseline fixation period. Error bars represent standard errors across 

neurons. 
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Figure 7. Schematic diagram of the prototypical circuit network of A) Posterior Parietal 

Cortex and B) Dorsolateral Prefrontal Cortex. Different types of neurons are indicated as 

follows P: Pyramidal Neuron, PV: Parvalbumin Interneuron, CR: Calretinin Interneuron, 

CB: Calbindin Interneuron. Open triangles denote excitatory synapses; black circles 

inhibitory synapses. Insets on top are meant to illustrate that pyramidal neurons on left 

side of the figure are driven by a stimulus in the receptive field (shown as an arc), 

whereas the same stimulus falls out of the receptive field of the neuron on the right side 

of the figure.  
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