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ABSTRACT 

 

Mitchell Riley 

THE EFFECTS OF WORKING MEMORY TRAINING ON THE FUNCTIONAL 

SPECIALIZATION OF THE PREFRONTAL CORTEX 

 

Dissertation under the direction of 

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

 

The dorsolateral prefrontal cortex (PFC) has long been associated with the 

performance of working memory tasks; however the functional specialization of this area 

has been debated. Several studies have identified differences in stimulus property 

selectivity along the dorsal-ventral axis. Additionally, a proposed anterior-posterior axis 

of selectivity where anterior regions are more selective to task rules and posterior areas 

are more selective to stimulus properties has been proposed in recent years. To test the 

presence and properties of these axes, we recorded neural activity from monkeys prior to 

training. Our results showed a clear shift in stimulus property selectivity moving 

posterior-to-anterior. Posterior PFC regions were more selective to the stimulus 

properties than anterior PFC regions were. Additionally, we observed no difference 

between the posterior regions when testing their selectivity to stimuli features, but the 

posterior-dorsal region was much more selective to stimulus location than any other 

region. While ventral regions were more selective to stimulus features than dorsal regions, 

there was a posterior-anterior gradient of selectivity for stimulus location. These results 

show clear axes of selectivity both dorsal-ventrally and anteriorly-posteriorly. Working 
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memory training has been shown to affect the response properties of the PFC in many 

tasks, thus in order to examine if the properties along these axes were altered following 

training in a working memory task, we recorded from four of the same monkeys after 

they had acquired a match/nonmatch task rule. We then observed that there was an 

increase in selectivity primarily in the anterior regions of the dorsal PFC and that the 

dorsal regions still carried more spatial information than ventral regions. Furthermore, 

there was a gradient of decoding selectivity for the task rule during the sample and 

sample delay periods in the dorsal PFC where the anterior-dorsal region had the highest 

decoding accuracies right before the decision was made. Our results provide much 

needed clarification on the functional specialization of the PFC and alterations from 

working memory training. 
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CHAPTER I 

 

 

Introduction: The architecture of the prefrontal cortex and its role in working 

memory and working memory training 

 

 

 

Mitchell Riley 

 

 

 

 

 

 

The following chapter is based on a paper published in Frontiers in Systems 

Neuroscience, volume 9, article 10, 2016 with editorial additions to customize it for 

introducing this dissertation, including the two final sections newly written for the 

dissertation that did not appear in the published paper. Stylistic variations are due to the 

requirements of the journal. M. Riley prepared the chapter. C. Constantinidis acted in an 

advisory and editorial capacity. 
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Introduction 

Working memory is the ability to maintain and manipulate information in mind, over a 

time span of seconds (Baddeley, 2012). The memory system storing information for a 

few seconds was termed “short-term memory” in the classical, three-store model of 

memory (Atkinson and Shiffrin, 1968). The modern definition of working memory 

emphasizes its dynamic nature of representing and manipulating information originating 

from the environment or retrieved from long-term memory, rather than being a passive 

conduit of information into the long-term memory store (Baddeley, 2003;Smith and 

Kosslyn, 2007). In recent years, some authors have reserved the term “working memory” 

to refer specifically to complex information that needs to be manipulated, whereas the 

term "visual short term memory" has been used to denote memory of simple stimuli (e.g. 

colored squares) that needs to be maintained without any further transformation (Todd 

and Marois, 2004). Although important in its own right, working memory is a core 

component of a number of other cognitive functions, including language, problem 

solving, reasoning, and abstract thought (Baddeley, 1992).  Its central role in cognitive 

function explains the intense research interest that spans several decades.  

Studies of lesions in humans and non-human primates first implicated the cortical 

surface of the frontal lobe as the site of working memory function (Jacobsen, 

1936;Milner, 1963).  Lesions of the prefrontal cortex (PFC – Fig. 1) rendered subjects 

unable to perform even simple tasks requiring working memory. A wide range of 

impairments in tasks requiring manipulation of information in memory has been 
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confirmed in recent lesion studies (Rossi et al., 2007;Buckley et al., 2009). Subsequently, 

neurophysiological experiments identified neurons that not only respond to sensory 

stimuli, but remain active during a period after a stimulus was no longer present; this 

“persistent activity” therefore provided a neural correlate of working memory (Fuster and 

Alexander, 1971; Kojima and Goldman-Rakic, 1982;Funahashi et al., 1989). Visuo-

spatial working memory has been a particularly fruitful model since spatial location can 

be varied parametrically and the activity of neurons representing each location can be 

studied systematically. Persistent activity in the prefrontal cortex has been shown to 

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

(Qi et al., 2015b).  

The role of prefrontal cortex in working memory has been re-evaluated over the 

past few years (Sreenivasan et al., 2014a;D'Esposito and Postle, 2015) as several sources 

of experimental evidence have challenged the traditional views on prefrontal persistent 

activity. First, neurophysiological studies have demonstrated that persistent discharges 

are not limited to the prefrontal cortex, but are widespread in a network of cortical and 

subcortical areas, thus raising questions on the role of persistent firing in the prefrontal 

cortex (Constantinidis and Procyk, 2004;Pasternak and Greenlee, 2005). Secondly, 

phenomena such as repetition suppression illustrate that the activity of neurons may be 

modulated by prior stimuli in the absence of persistent activity (Grill-Spector et al., 2006). 

Third, human fMRI studies have been successful in decoding information held in 

memory from visual cortex (Harrison and Tong, 2009) and have identified correlates of 

working memory capacity in the posterior parietal cortex (Todd and Marois, 

2004;2005;Xu and Chun, 2006). Fourth, patients with hippocampal lesions or damage 



4 
 

have shown complications performing working memory tasks that involved associative 

binding (Ryan and Cohen, 2004;Olson et al., 2006a;Olson et al., 2006b) while a study 

using a rodent model showed activation of prefrontal/hippocampal connections only 

during stimulus encoding and not during information retrieval periods (Spellman et al., 

2015). Therefore, these alternative models ascribe control processes to PFC while 

reserving the representation of working memory for the sensory cortices (Curtis and 

D'Esposito, 2003;D'Esposito and Postle, 2015).  

Here, we examine the role of prefrontal cortex in working memory and working 

memory training. We take a position largely in favor of the classical model of working 

memory being represented in the persistent activity of prefrontal neurons based on 

evidence from neurophysiological experiments in non-human primates and critical 

evaluation of human imaging studies. We begin by examining the anatomical basis of 

working memory and the specializations of the prefrontal cortical circuit. We then review 

the range of phenomena accounted for by persistent activity in visuo-spatial working 

memory, illustrating the enduring appeal of the model. Activation during spatial working 

memory may be viewed as equivocal about the role of the prefrontal cortex because 

persistent activity might be explained by top-down control processes as well as by 

working memory itself. We therefore discuss the evidence of prefrontal persistent activity 

for other content types of working memory. Finally, we focus on experiments involving 

working memory training and how training alters the prefrontal cortex, before concluding 

that the ultimate source of working memory activation is the prefrontal cortex.  

 



5 
 

Anatomical organization of working memory circuits 

To understand why prefrontal cortex may represent robustly remembered information, it 

is instructive to review the anatomical basis of persistent activity. The primary source of 

sustained excitation is thought to be reverberating activity through layer II/III horizontal 

excitatory connections between prefrontal neurons with similar stimulus tuning 

(Constantinidis and Wang, 2004). PFC neurons receive horizontal connections from 

clusters of cells (Fig. 2), arranged in stripe-like fashion, 0.2 – 0.8 mm wide (Goldman-

Rakic, 1984; Levitt et al., 1993; Lund and Lewis, 1993; Kritzer and Goldman-Rakic, 

1995; Pucak et al., 1996). Persistent firing between layer II/III neurons also depends on 

glutamate stimulating NMDA receptors (Wang et al., 2013). The relatively slow time 

constant of NMDA receptors allows the post-synaptic neuron to remain at a relatively 

depolarized state  for a longer interval, compared to neurons containing AMPA receptors 

alone  (Wang, 2001). Without NMDA receptors, an unrealistically high level of firing 

rate would be required to sustain persistent activity (Wang, 2001). Additionally, sharper 

tuning for spatial location arises from GABAergic interneurons, which are essential in 

tuning the activity to represent specific spatial information (Rao et al., 

1999;2000;Constantinidis and Goldman-Rakic, 2002).  

Numerous anatomical specializations endow the prefrontal cortex with unique 

properties in maintaining persistent activity. Prefrontal pyramidal neurons exhibit the 

most extensive dendritic trees and highest number of spines of any cortical neurons, some 

23 times higher than the number of spines of layer III pyramidal cells in V1 (Elston, 

2000;2003). As a consequence, the spatial spread of functional interactions between 

neurons within the prefrontal cortex is more extensive than of neurons within the 
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posterior parietal cortex (Katsuki et al., 2014). Additionally, dopaminergic innervation 

terminates predominantly in the frontal lobe and can improve the signal-to-noise ratio of 

persistent activity, mainly via enhancement of the NMDA conductance (Yang and 

Seamans, 1996;Durstewitz et al., 2000;Seamans et al., 2001;Chen et al., 2004). 

Specialized GABAergic neuron types have also been implicated in stabilizing persistent 

activity in the face of distraction, and physiological signatures of these neurons have been 

specifically identified in the prefrontal cortex (Wang et al., 2004;Zhou et al., 2012). All 

of these specializations suggest that the prefrontal cortex is better suited to generate and 

sustain persistent activity than its afferent areas (Qi et al., 2015b).  

One theory of the functional anatomy of prefrontal organization posits that the 

prefrontal cortex is divided into dorsal and ventral portions that process spatial and 

feature stimuli respectively (Adcock et al., 2000;Leung et al., 2002;Sala and Courtney, 

2007;Wilson et al., 2010). This is based on anatomical connections from areas like the 

posterior parietal cortex connecting to areas 8A and 9/46 in the non-human primate, 

where both areas process spatial location. Similar connections are seen from the inferior 

temporal cortex to area 45, where both of these areas focus on stimuli identity (Petrides 

and Pandya, 1984;Selemon and Goldman-Rakic, 1988;Cavada and Goldman-Rakic, 

1989;Wilson et al., 1993b;Ó Scalaidhe et al., 1997;Romanski et al., 1999). In contrast, 

other theories focus on an organization that is based on task-related operations rather than 

a type of stimulus information (Owen et al., 1996a;Owen et al., 1998;Stern et al., 2000). 

At this time, no agreement on organization along this axis has been agreed upon. 

There has been a similar hypothesis proposed for the specialization of the prefrontal 

cortex along the anterior-posterior axis (Badre and D'Esposito, 2009). Imaging suggest 
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that posterior areas of the prefrontal cortex represent properties of stimuli while anterior 

areas specialize in more abstract functions (Strange et al., 2001;Koechlin et al., 

2003;Ramnani and Owen, 2004b;Baird et al., 2013;Cole et al., 2015). However, there 

have been very few studies that have compared anterior and posterior prefrontal regions 

regarding any specialization of roles in working memory leading to no overall consensus 

on this hypothesis (Wallis et al., 2001;Katsuki and Constantinidis, 2012;Donahue and 

Lee, 2015;Markowitz et al., 2015). 

Persistent activity in visuo-spatial working memory 

The most extensively used  task to study visuo-spatial working memory is the oculomotor 

delayed response (ODR) task (Fig. 3A), which presents subjects with a brief stimulus and, 

after a delay period, requires an eye movement to its remembered location (Funahashi et 

al., 1989;Rao et al., 1999;Constantinidis et al., 2001a). Another common task, the 

delayed alternation task, similarly requires a (hand or eye) movement to one of two 

locations, alternating in successive trials, therefore requiring memory for the location of 

the preceding choice (Kubota and Niki, 1971;Niki, 1974). Persistent activity selective for 

the spatial location of the remembered stimulus is present in a population of prefrontal 

neurons, comprising approximately a third of the total prefrontal neurons (Qi and 

Constantinidis, 2013). The location of the preceding stimulus in such tasks is sometimes 

confounded with the preparation for the motor response; however, more complex tasks 

reveal that the majority of prefrontal neurons represent the former rather than the latter. 

For example, when a task requires monkeys to make an eye movement towards a location 

other than the location of the visual stimulus, the majority of prefrontal neurons represent 

the location of the preceding stimulus rather than the location of the impeding saccade. 
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This is the case in the delayed anti-saccade task (Funahashi et al., 1993) and the 

rotational ODR task (Takeda and Funahashi, 2002).  

 A recent study revives the idea that persistent activity generated during ODR 

tasks represents motor preparation, rather than memory for the stimulus (Markowitz et al., 

2015). The study used two versions of the ODR task, one in which the stimulus appeared 

transiently (as in Fig. 3A) and one in which it remained visible for the entire interval until 

the motor response. However, the conclusion that persistent activity represents motor 

preparation is predicated entirely on the assumption that memory storage is only 

mediated by neurons that exhibit persistent activity after the stimulus has been turned off, 

but do not continue to respond to the stimulus when it remains visible. Neurons 

exhibiting continuous activation by visual stimuli were considered “preparation” neurons, 

by default. Neither direct evidence nor network models are available that would suggest 

that memory storage neurons are not activated continuously by a prolonged stimulus. In 

turn, this assumption leads to the conclusion that the activity of “storage units”, thus 

defined, has no influence on recall performance or other aspects of behavior in a memory 

task (Markowitz et al., 2015). This is an untenable position, in our view. 

Persistent activity tuned for the location of a stimulus appears in the prefrontal 

cortex even in tasks where the stimulus does not immediately allow planning of a 

movement. In the spatial delayed-match-to-sample task, subjects are required to release a 

lever or press a button when a stimulus appears at a previously cued location (Fig. 3B); in 

the match/nonmatch task, the monkeys have to saccade to a green or blue response target 

depending on whether two stimuli presented in sequence appeared at the same location or 

not (Fig. 3C). In such tasks, prefrontal neurons generate persistent activity following the 
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presentation of the original stimulus that is tuned for its spatial location, and not the 

preparation of a motor response, the direction of which is not known until later in the trial 

(Qi et al., 2010;Qi et al., 2011;Goodwin et al., 2012).  

 Persistent activity is not merely an epiphenomenon of spatial working memory, 

either. The most straightforward evidence in favor of this idea comes from analysis of 

error trials in the ODR task, which are characterized by lower levels of delay period 

activity (Funahashi et al., 1989;Zhou et al., 2013). Simply, trials in which persistent 

activity is diminished are more likely to result in errors. A near linear relationship 

between behavioral performance and persistent activity can be also revealed in tasks that 

modulate parametrically the discriminability of two remembered targets (Constantinidis 

et al., 2001b).  

Computational models provide a detailed picture of the relationship between 

behavioral outcomes related to working memory performance and persistent activity (Fig. 

4). Persistent activity can be sustained in such models by virtue of re-entrant connections 

between neurons with similar tuning for stimulus properties, so that activation after 

afferent input is maintained in the system (Fig. 4A). Drifts in neuronal activity across the 

network of prefrontal neurons (Fig. 4B) have been shown to predict precisely the 

relationship between several aspects of firing rate and the endpoint of the saccade (the 

spatial location being recalled by the monkey) in the ODR task (Wimmer et al., 2014). 

For example, persistent activity recorded from trials in which monkeys make eye 

movements deviating clockwise vs. counterclockwise relative to the true location of the 

stimulus yields slightly different tuning curves, as would be expected if the location 

recalled was determined by the peak of activity at the end  of the delay period (Fig. 4C). 
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Similarly, the variability of a neuron’s delay period activity (estimated by the Fano factor 

of spike counts, i.e. the variance divided by the mean) is maximal for inaccurate saccades 

to locations at the flanks of  the neuron’s tuning curve but lower for locations in the peak 

or tail (Fig. 4D). This counterintuitive finding is also explained if one appreciates that 

small deviations in saccadic endpoint correspond to the bump of activity shifting in one 

direction or another, and that activity of a single neuron changes most rapidly if the bump 

traverses the flank of its tuning curve rather than its peak or tail. Finally, spike-count 

correlations of two simultaneously recorded neurons are lowest and negative for 

inaccurate saccades when the cue appears between the peaks of their tuning curves (Fig. 

4E). This result is also consistent with the idea that working memory inaccuracies are 

caused by drifts of persistent activity in the delay period, and when the bump attractor 

randomly varies around a location between the peaks of two neurons, it inevitably causes 

an increase in firing rate for one neuron, but a decrease for the other. Importantly, these 

findings do not hold for neurons that do not exhibit persistent discharges, even though the 

latter are more numerous in the prefrontal cortex (Wimmer et al., 2014).  

 Persistent activity in the prefrontal cortex has also been shown to be subject to 

developmental changes, with lower levels of persistent activity present in older monkeys 

(Wang et al., 2011). This decline has been linked to alpha-adrenergic receptors. Drugs 

targeting these can ameliorate the effects of age-related cognitive deficits (Arnsten and 

Goldman-Rakic, 1985;Arnsten et al., 1988), as well as increase persistent discharges to 

levels seen in younger adults (Wang et al., 2011). An important concept to consider is 

that persistent activity is not the same as a generalized increase in neuronal excitability. 

For example, low doses of a nicotinic alpha-7 agonist enhance spatially tuned persistent 
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activity but high doses produce nonspecific excitation that erodes the representation of 

the remembered spatial location (Arnsten and Wang, 2016).  

Persistent activity in non-spatial working memory 

Prefrontal neurons generate discharges that represent other types of information, in 

addition to spatial location. Ventrolateral prefrontal cortex receives input from regions of 

the ventral visual pathway, most importantly the inferior temporal cortex and superior 

temporal gyrus (Petrides and Pandya, 1988;Webster et al., 1994). Generally, smaller 

populations of prefrontal neurons are tuned for object attributes such as geometric shape, 

color, or complex features (e.g. specific faces), than spatial location; a regional 

specialization is also present, with spatial information more prevalent in the dorsolateral 

prefrontal cortex than the ventrolateral prefrontal cortex (Meyer et al., 2011). Nonetheless, 

robust, stimulus-selective persistent activity has been described in working memory tasks 

requiring subjects to remember the identity and features of stimuli. Examples include 

stimuli defined by simple, geometric shapes differing in color or luminance (Quintana et 

al., 1988;Hoshi et al., 1998;Constantinidis et al., 2001b;Sakagami et al., 2001;Averbeck 

et al., 2003;Inoue and Mikami, 2006;Genovesio et al., 2009), complex images, such as 

real objects and faces, or abstract pictures (Wilson et al., 1993a;Miller et al., 1996;Ó 

Scalaidhe et al., 1997;Rao et al., 1997;Rainer et al., 1998;Ó Scalaidhe et al., 1999;Rainer 

and Miller, 2000;Freedman et al., 2001;Roy et al., 2014) and the direction of motion of a 

random-dot stimulus that is always presented at the same location (Zaksas and Pasternak, 

2006;Mendoza-Halliday et al., 2014).  



12 
 

 In recent years, it has been recognized that persistent activity in the prefrontal 

cortex also represents information beyond the characteristics of stimuli. Activity may 

represent the abstract rules of the cognitive task subjects are required to perform (White 

and Wise, 1999;Wallis et al., 2001), categories (Freedman et al., 2001;Shima et al., 2007), 

and numerical quantities (Nieder et al., 2002). It may be also related to perceptual 

decisions (Kim and Shadlen, 1999;Barraclough et al., 2004), reward expectation (Leon 

and Shadlen, 1999), and sequences of events or actions (Averbeck et al., 2002;Inoue and 

Mikami, 2006;Sigala et al., 2008;Berdyyeva and Olson, 2010). Persistent activity of 

single neurons may represent more information than stimulus features and task variables 

simultaneously (Rigotti et al., 2013b). For instance, persistent firing may represent 

different aspects of the task demands as they change over time, thus providing dynamic 

representations (Mante et al., 2013).  

 The realization that prefrontal activity is modulated by task factors to such extent 

has led to a re-evaluation of the nature of information represented in persistent activity 

(D'Esposito and Postle, 2015). Taken to the extreme, this idea would suggest that all 

stimulus-selective information that appears to be represented in the prefrontal cortex is in 

fact related to task rules or categorical judgments between alternatives rather than 

representing the memoranda themselves. In an attempt to pinpoint the nature of 

information represented in the prefrontal cortex, some experiments have relied on 

working memory for stimuli defined solely by elemental properties, such as direction of 

motion or color, and found the ability of prefrontal cortex to represent such features 

wanting. In an experiment requiring subjects to remember the overall direction of motion 

of an initial random-dot display and decide if the direction of a following display was the 



13 
 

same or different, prefrontal neurons exhibited only transient representation of direction 

information in the delay period (Zaksas and Pasternak, 2006). Another experiment that 

required memory for the color of a stimulus revealed that very few prefrontal neurons 

exhibited pure color information, as opposed to information about its location (Lara and 

Wallis, 2014). 

Ruling out prefrontal cortex as the cortical area mediating the representation of 

object information in working memory based on such negative findings appears 

premature. More recent experiments have succeeded in revealing robust persistent 

activity representing direction of motion throughout the delay period of a working 

memory task in the prefrontal cortex (and area MST) but not in area MT of the visual 

cortex, although MT was robustly activated during the presentation of these stimuli 

(Mendoza-Halliday et al., 2014). In the case of color, too, activation of only a small 

proportion of prefrontal neurons, in the order of 5-15% (Lara and Wallis, 2014) may be 

sufficient for the representation of stimulus information. It is also possible that color-

selective neurons are concentrated in specific prefrontal “patches” (Lafer-Sousa and 

Conway, 2013) and persistent activity representing color information may be 

concentrated in such modules rather than be diffused across the entire prefrontal surface.  

 Persistent neuronal firing in prefrontal cortex has been observed even in the 

absence of performance of a task, or even learning of a task, while subjects view stimuli, 

passively. Prefrontal neurons have thus been shown to generate persistent discharges 

tuned for stimulus location and shape in monkeys never trained to perform a working 

memory (or other cognitive) task (Meyer et al., 2011;Meyers et al., 2012). The fact that 

prefrontal neurons generate persistent activity when not required to perform a working 
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memory task is not incompatible with our intuition of working memory, either. We are 

able to recall stimuli we encounter even when we are not prompted to maintain them in 

memory ahead of time (Qi et al., 2015b). Consistent with this finding, recordings during 

passive fixation reveal persistent discharges selective for faces in the ventrolateral 

prefrontal cortex (Ó Scalaidhe et al., 1999). Prefrontal neurons also represent stimulus 

features even when they are irrelevant for the task at hand (Constantinidis et al., 

2001b;Lauwereyns et al., 2001;Donahue and Lee, 2015). This evidence argues that 

persistent activity in the prefrontal cortex is sufficient to represent object-related 

information in working memory.  

Prefrontal cortex activation during working memory training 

Recently, there has been an increase in the amount of focus on working memory training 

due to training effects generalizing from some tasks to others (Klingberg, 2010). Such 

generalization would allow for improved reformative treatments in patients suffering 

from a variety of disorders that affect cognitive functions. Training in working memory 

has been shown to improve cognitive abilities in children with Attention-deficit 

Hyperactive Disorder (Klingberg et al., 2002;Klingberg et al., 2005;Gropper et al., 2014), 

patients who have suffered a stroke (Westerberg et al., 2007), normal aging and mild 

cognitive impairment (Vermeij et al., 2016a), and assisting in the treatment of post-

traumatic stress disorder (Saunders et al., 2015). Considering the numerous potential 

benefits of working memory training in improving the cognitive aspects of these 

disorders, identifying the neurophysiological changes that occur during to the training 

process has been of much importance. 
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 As a result, much research has been done to examine the effects of working 

memory training on the brain. Many studies have shown an increase in BOLD activation 

following training to perform a variety of tasks that involve maintaining items in memory 

during delay periods (Hempel et al., 2004;Olesen et al., 2004;Moore et al., 2006;Dahlin 

et al., 2008;Thompson et al., 2016). Contrastingly, other studies report a decrease in 

BOLD activation after training in other feature-based, visuospatial, and verbal working 

memory tasks (Garavan et al., 2000;Milham et al., 2003;Landau et al., 2004;Sayala et al., 

2006). One hypothesis to resolve this difference in data is that a reduction in neuronal 

activity is seen where working memory training allows for increased efficiency in 

performance strategies so that the subject is automating the task instead of using 

cognitive resources (Klingberg, 2010). Similarly, the increase of BOLD activation is seen 

in tasks that require an increase in either the duration that stimuli are being recalled or the 

capacity of such stimuli. However, this increase of activation has been shown to not be 

aided with random noise stimulation (Holmes et al., 2016).  

 Alongside the conflicting results from imaging studies, additional research into 

working memory training has been performed in non-human primates via single electrode 

recordings. As noted previously, prefrontal neurons have been shown to respond to 

stimuli while monkeys were either fixated (Suzuki and Azuma, 1983) or when the animal 

is anesthetized (Schmolesky et al., 1998). This property of prefrontal neurons allowed for 

responses to stimuli to be recorded while a monkey passively viewed stimuli in the setup 

of a working memory, but without having to perform a behavioral response to the task.  

When tested with stimuli presented in a visuospatial “match/nonmatch” task paradigm,  

prefrontal neurons responded not only to the stimuli, but 20% showed elevated activity 
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during a “delay” period following stimulus presentation where nothing was shown on the 

screen (Meyer et al., 2007;Meyer et al., 2011). However, while information about 

location was carried following initial presentation, it was offset by the second 

presentation.  Despite no training on the task and in contrast to theories necessitating 

active manipulation of information (Frith and Dolan, 1996;Funahashi, 2006), prefrontal 

responses show that working memory systems may be active during simple passive 

presentation.  Following training in learning the “match/nonmatch” working memory 

task, there were more prefrontal neurons that responded to the spatial locations of the task 

than during passive presentation. This was particularly evident during the delay period 

where the percentage that responded to the task jumped from 20% prior to training to 

approximately 35% of all prefrontal neurons sampled (Meyer et al., 2007;Meyer et al., 

2011). This was accompanied by increases in firing rate, again most significantly during 

the delay period of the task. However, there was a decrease in selectivity for stimuli 

following training compared to the passive presentation, despite that the animals were 

specifically trained to discriminate between these stimuli, even during the delay period. 

This evidence again agrees that the persistent activity through a delay period is part of the 

neurophysiological basis of working memory. 

 

Unresolved questions 

The role of prefrontal activity in working memory has been the focus of renewed 

attention in the past few years. This interest has been spurred by the realization that other 

brain areas are also active during working memory maintenance, that persistent activity 



17 
 

may be shaped by the demands of the task rather than merely be representing information, 

and that dynamic patterns of activity can represent information in working memory. 

These results have inspired alternative models of working memory maintenance in the 

brain.  

In this chapter, we have introduced the notion that persistent activity in the 

prefrontal cortex is both necessary and sufficient to account for information held in 

memory, across a variety of tasks and experimental conditions. Prefrontal persistent 

activity is also present in working memory tasks that do not rely on spatial stimuli and 

can encode attributes of stimuli (such as direction of motion and shape) or task variables 

and rules. Computational models based on persistent activity can account for levels of 

performance and patterns of errors depending on neuronal discharges to a greater extent 

than any alternative models.  

Additionally, the prefrontal cortex is an area that is altered through working 

memory training; thereby showing a direct association with working memory itself. In 

both human imaging experiments as well as neurophysiological recordings, the prefrontal 

cortex had increased delay period activity following training in working memory. 

Furthermore, an increase in the ability to decode task-related information such as the 

specialization of determining whether a second stimulus matched the first stimulus in a 

“match/nonmatch” task was also seen prior to training. However, previous studies did not 

explore the functional specialization of the prefrontal cortex. One major issue that 

remains to be investigated is if increases in activity and decoding accuracy are uniform 

across the entire prefrontal cortex or if areas more connected with lower stimuli-
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responsive cortical areas are changed differently than more anterior cortical areas that are 

not connected with these lower cortical areas.  

Objectives and Outline of Thesis 

Prior studies have examined the functional anatomy of the PFC and its connections to 

other cortical areas along the dorsal and ventral axis. While progress has been made to 

further understand neuronal properties in these two areas, there are still unresolved 

questions regarding that axis as well as a proposed anterior-posterior axis of selectivity. 

In the second chapter of this thesis, we specifically focused on the properties of neurons 

without training in any working memory task along these axes.  By investigating prior to 

any working memory task training, we will eliminate the possibility that these responses 

are a result of learning the task rules. It has been theorized that anterior PFC would be 

responsive to the rules of a task more than the stimulus properties and that posterior PFC 

would be responsive to the stimulus properties more than the rules of a task (Badre and 

D'Esposito, 2009). Indeed one previous imaging study has found that pattern of activation 

when testing humans on multiple working memory tasks (Bahlmann et al., 2015b), but no 

work has been done in order to test the time periods that these regions are activated 

during a task nor what the activation is prior to testing with a working memory task, 

therefore this activation is still in need of further investigation.  Similarly, there remains 

much debate over the response pattern of neurons in dorsal and ventral PFC to specific 

stimulus properties.  By expanding the number of tested areas along the anterior-posterior 

axis as well as the dorsal-ventral axis, clarification on the previous contrasting results of 

neuronal selectivity for different stimulus features will be obtained. To investigate if 

dorsal areas along the anterior-posterior axis respond more selectively to spatial location 
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and if ventral areas along that axis respond more selectively to stimulus features, we 

recorded while animals passively viewed a variety of stimulus sets prior to training in a 

working memory task. Resolving this issue will provide insight into how the PFC is 

functionally structured. 

 Many studies have investigated the process of working memory training and its 

effects on the PFC through both imaging and non-human primate studies, yet little is 

known about the effects that training induces in the PFC along the anterior-posterior 

border. Previous studies have revealed a heavy importance of delay period activation in 

the PFC as a potential neurophysiological correlate of working memory itself and have 

linked PFC delay period activity to behavioral measures. In the third chapter, we 

investigated the effects that training has in neurons from different PFC regions along the 

anterior-posterior axis as well as the dorsal-ventral axis by analyzing neuronal responses 

from five different areas before and following learning a spatial location match-nonmatch 

working memory task. Resolving this question will assist our understanding of the 

changes induced into different PFC regions in order to perform a working memory task. 

 The last chapter discusses the implications for these results and outlines 

unanswered questions from our studies. Results of other functional anatomy studies are 

also reviewed which also provide insight into the functional specialization of the PFC 

both before and following training in a working memory task. 
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Figure 1: Diagram of the monkey brain, with four cortical regions implicated in visual 

working memory labeled: prefrontal cortex (PFC), posterior parietal cortex (PPC), 

primary visual cortex (V1), and inferior temporal cortex (IT). 
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Figure 2: Schematic diagram of intrinsic connections between neurons within the 

prefrontal cortex. Neurons with similar tuning (memory field representing upper right 

location) are drawn in red color. Pyramidal neurons excite each other through reciprocal 

connections. Stripes of neurons with similar spatial tuning are repeated across the surface 

of the cortex. Interneurons inhibit other pyramidal neurons with different spatial tuning 

(memory field representing lower right location) drawn in blue color.  
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Figure 3: (A) Sequence of events in the Oculomotor Delayed Response (ODR) task. 

Successive frames represent the fixation period, stimulus presentation, delay period, and 

saccade towards the remembered stimulus location. (B) Delayed Match to Sample task. 

Monkeys first foveate the fixation point and pull a lever. They are then presented with a 

cue stimulus. This is followed by a random (0-2) number of nonmatch stimuli, separated 

by delay periods. When a match stimulus appears at the same location as the cue, the 

monkeys are required to release the lever. (C) Match/Nonmatch task. While monkeys 

fixate, two stimuli are presented in sequence, separated by delay periods. After another 
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delay period, two choice targets are shown and the monkey has to saccade to the green 

target if the second stimulus matched the cue, and the blue stimulus, otherwise. (D) 

Schematic diagram of prefrontal activity elicited by the stimulus that is sustained during 

the delay period in each of the previous tasks.  
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Figure 4: (A) Simulated, network activity in the ODR task, following presentation of a 

cue at the 180° location. Abscissa represents time during the trial; ordinate represents 

different neurons arranged based on their tuning.  (B) Network activity illustrating drifts 

in the peak of activation during the delay period. Axes have been rotated relative to A. 

Color represents firing rate. The black triangle represents the cue position at the 

beginning of the delay period (encoded population activity on the bottom graph). The red 

triangle represents the location decoded by the population activity at the end of the delay 

period. (C) Left, saccade endpoints in one behavioral session divided into trials that 

landed clockwise (red) or counterclockwise (blue) relative to the cue stimulus position. 

Right, delay-period responses of one neuron recorded during the same session. The 

triangles indicate the circular mean of the tuning curve obtained from trials that generated 
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clockwise, or counterclockwise saccadic deviations. (D) Left, schematic representation of 

four different delay period population activity profiles to the same 180° cue. Red lines 

represent trials with saccadic endpoints closer to the target (accurate trials) and green 

lines represent trials farther from the target (inaccurate trials). Right, difference between 

discharge variability in inaccurate and accurate trials depending on the location of the cue. 

Variability is maximal for cue appearing at the flanks of the neuron’s tuning curve, where 

small deviations cause large differences in firing rate. (E) Left, schematic representation 

of delay period activity of two neurons recorded simultaneously, whose tuning peaks lie 

at opposite sides of the activity bump. Right, trial-to-trial correlations are negative 

between these neurons as a bump in activity leads to an increase in firing rate of one 

neuron with a decrease in the other neuron. Panel A adapted with permission from 

Constantinidis and Wang (2004); panels B-E from Wimmer et al. (2014). 
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ABSTRACT 

Functional specialization of areas along the anterior-posterior axis of the lateral 

prefrontal cortex has been speculated but little evidence exists about distinct 

neurophysiological properties between prefrontal sub-regions. To address this issue we 

divided the lateral prefrontal cortex into a posterior-dorsal (including area 8A of Petrides 

and Pandya), a mid-dorsal (area 8B and area 9/46), an anterior-dorsal (area 9 and area 46), 

a posterior-ventral (area 45), and an anterior ventral (area 47/12) region.  Three stimulus 

sets were used to evaluate selectivity for spatial locations, shapes, and colors in monkeys 

never trained in working memory tasks, while they viewed the stimuli passively. 

Recordings from over two thousand neurons in six monkeys revealed systematic 

differences between anterior and posterior regions, particularly in the dorsal prefrontal 

cortex. Stimulus selectivity was highest for posterior regions and declined along the 

anterior-posterior axis. Posterior regions also exhibited the smallest receptive field sizes 

and highest firing rates during the presentation of the stimuli. Additionally, spatial 

information was more prominent in the dorsal and color in ventral regions. Our results 

provide neurophysiological evidence for a rostral-caudal gradient of stimulus selectivity 

through the prefrontal cortex, suggesting that posterior areas are selective for stimuli even 

when these are not relevant for execution of a task.  
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INTRODUCTION  

The primate prefrontal cortex (PFC) has long been associated with working 

memory, planning, decision making, and other properties of executive control (Miller and 

Cohen, 2001;Baddeley, 2003;Constantinidis and Procyk, 2004).  How stimulus 

information and cognitive functions are organized across the cortical surface of the 

prefrontal cortex has been a matter of debate. The pattern of anatomical connections 

(Petrides and Pandya, 1984;Selemon and Goldman-Rakic, 1988;Cavada and Goldman-

Rakic, 1989;Romanski et al., 1999) and some neurophysiological findings (Wilson et al., 

1993b;Ó Scalaidhe et al., 1997) suggest a “domain-specific” organization along the 

dorso-ventral axis of the PFC, with the dorsal aspect being specialized for spatial 

information, and the ventral PFC for object information in working memory. Other 

studies favor a competing, “integrative” model, positing that prefrontal neurons capable 

of integrating different types of information are distributed throughout the prefrontal 

cortex, and neuronal responses are shaped by cognitive demands imposed by the task that 

subjects are trained to perform rather than selectivity for stimulus information (Rao et al., 

1997;Rainer et al., 1998). Human imaging studies have also been unclear in resolving the 

issue of functional specialization. These studies provide results that are consistent with 

specialized processing in the dorsal and ventral subdivisions (Adcock et al., 2000;Leung 

et al., 2002;Sala and Courtney, 2007;Volle et al., 2008), or instead favor an organization 

in terms of cognitive operations rather than type of information (Owen et al., 

1996a;Owen et al., 1998;Stern et al., 2000). No consensus about a dorso-ventral 

organization has been reached in the current literature (as discussed in Qi and 

Constantinidis, 2013). 
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Prefrontal specialization along an anterior-posterior axis has also been proposed 

(Badre and D'Esposito, 2009). Human lesion and imaging studies suggest a hierarchy 

within the PFC in which posterior areas represent stimulus properties, whereas anterior 

areas are specialized for more abstract operations such as novelty detection, rule learning, 

temporal sequence, and metacognitive control (Strange et al., 2001;Koechlin et al., 

2003;Ramnani and Owen, 2004b;Baird et al., 2013;Cole et al., 2015). Consistent with 

these findings, lesions of anterior prefrontal cortex in monkeys result in impaired one-

trial learning, particularly of abstract rules (Boschin et al., 2015).  Nonetheless, 

neurophysiological evidence supporting an anterior-posterior specialization is lacking, 

with only sparse results in the literature about any type of specialization between anterior 

and posterior PFC regions, in the context of various tasks (Wallis et al., 2001;Katsuki and 

Constantinidis, 2012;Donahue and Lee, 2015;Markowitz et al., 2015).  

To investigate a possible gradient of specialization along the anterior-posterior 

axis, we examined the response properties of neurons located at different regions of the 

prefrontal cortex. We performed recordings in monkeys prior to training in any type of 

working memory task, while they viewed the stimuli passively. This strategy allowed us 

to determine the response properties of prefrontal neurons without the influence of 

working memory task rules. We hypothesized that if an anterior-posterior hierarchy exists 

in the PFC, selectivity and information for stimuli would be maximal in posterior 

portions of PFC but would decline progressively in more anterior areas.  
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MATERIALS AND METHODS 

Six male rhesus monkeys (Macaca mulatta) weighing 5-12 kg were used in these 

experiments. None of the animals had any prior experimentation experience. Neural 

recordings were carried out in areas 8, 9, 9/46, 45, 46, and 47/12 of the lateral prefrontal 

cortex. Data from four of these monkeys were examined previously in a series of studies 

comparing the stimulus selectivity of dorsal and ventral PFC (Meyer et al., 2007;Meyer 

et al., 2011;Qi et al., 2011). Newly acquired data from two additional monkeys are 

included in the analysis presented here. All experimental procedures followed guidelines 

by 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 and were reviewed and approved by the Wake Forest University Institutional 

Animal Care and Use Committee. 

 

Experimental Setup. Monkeys sat with their head fixed in a primate chair while viewing 

a monitor positioned 68 cm away from their eyes with dim ambient illumination. Animals 

were required to fixate a 0.2° white square appearing in the center of the screen. During 

each trial, animals had to maintain fixation on the square while visual stimuli were 

presented either at a peripheral location or over the fovea in order to receive a liquid 

reward. Any break of fixation immediately terminated the trial and no reward was given. 

Eye position was monitored throughout the trial using a non-invasive, infra-red eye 

position scanning system (model RK-716; ISCAN, Burlington, MA). The system 

achieved a <0.3° resolution around the center of vision. Eye position was sampled at 240 
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Hz, digitized and recorded.  Visual stimuli display, monitoring of eye position, and the 

synchronization of stimuli with neurophysiological data were performed with in-house 

software (Meyer and Constantinidis, 2005) implemented on the MATLAB environment 

(Mathworks, Natick, MA), and utilizing the psychophysics toolbox (Brainard, 1997).  

 

Task and Stimuli. Monkeys were not trained to perform any working memory or other 

cognitive task. Instead, they received minimal training to maintain fixation while stimuli 

were displayed on the screen. Three different types of stimuli were used in these 

experiments: a spatial set, a shape set, and a color set (Fig 2B-D). In the spatial set, a 

white 2° square stimulus was presented in one of nine possible locations arranged in a 

3x3 grid of 10° distance between adjacent stimuli. The shape set consisted of eight white 

geometric shapes calibrated for size and luminance (within 1% difference in number of 

pixels and fitting in a 2° outline). Similarly, the color set consisted of eight colored 2° 

squares equated for luminance.  

The sequence of events during a trial was identical for all three sets. A fixation 

interval of 1s where only the fixation point was displayed was followed by 500 ms of 

stimulus presentation, followed by a 1.5s “delay” interval where, again, only the fixation 

point was displayed. A second stimulus was subsequently shown, either identical in 

location, shape, and color to the initial stimulus, or differing in one of these three 

dimensions.  This second stimulus display was followed by another “delay” period of 

1.5s. The location and identity of stimuli in these experiments was of no behavioral 

relevance to the monkeys. We refer to delay periods intervening between the stimulus 
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presentations in analogy to working memory tasks, though the animals were not required 

or ever trained to remember these stimuli. 

Animals were conditioned to view stimuli passively in the following manner. 

Initially, animals were rewarded for moving their eyes to and maintaining fixation of the 

fixation point, which disappeared after 0.5s. The duration of fixation period was 

progressively increased such that the monkeys were required fixate for longer periods in 

order to achieve a reward. Once the monkeys could fixate for up to 5s, the peripheral 

spatial stimuli were introduced. When first presented, the stimuli were of very low 

luminance and were barely perceptible. Over several weeks, the luminance was gradually 

increased while the monkey was rewarded for maintaining fixation and not saccading to 

the stimulus. The monkeys were exposed to the color and/or shape sets following 

exposure to the spatial sets at full luminance. During recordings, shape stimuli were 

positioned at one of the nine spatial locations used for the spatial grid. This was typically 

the spatial location that evoked the best response of the neurons being recorded or the 

location over the fixation point (at the fovea) if no clear response was observed for any 

location with the spatial set. Color stimuli were always presented over the fovea, where 

color sensitivity is greatest. In order to be analyzed, 12-20 repetitions of each stimulus 

were required for each neuron. 

 

Surgery and neurophysiology. A 20 mm diameter craniotomy was performed over the 

lateral prefrontal cortex and a recording cylinder was implanted over the site. The 

location of the cylinder was visualized with anatomical MRI imaging and stereotaxic 
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coordinates post-surgery. In monkey MA, the recording cylinder was moved after an 

initial round of recordings so that an additional surface of the prefrontal cortex could be 

sampled. Extracellular recordings were performed with multiple microelectrodes. These 

were either glass- or epoxylite-coated tungsten electrodes with a 250 µm diameter and 1-

4 MΩ impedance at 1 kHz (Alpha-Omega Engineering, Nazareth, Israel). Arrays of up to 

8-microelectrodes spaced 0.5-1 mm apart were advanced into the cortex with a 

Microdrive system (EPS drive, Alpha-Omega Engineering) through the dura into the 

prefrontal cortex. The signal from each electrode was amplified and band-pass filtered 

between 500 Hz and 8 kHz while being recorded with a modular data acquisition system 

(APM system, FHC, Bowdoin, ME). Waveforms that exceeded a user-defined threshold 

were sampled at 25 µs resolution, digitized, and stored for off-line analysis. Neurons 

were sampled in an unbiased fashion, with no regard to response properties of a neuron 

being isolated.  

 

Anatomical Segmentation. Each monkey underwent a magnetic resonance imaging scan 

prior to neurophysiological recordings. Electrode penetrations were mapped onto the 

cortical surface. We based our segmentation of the prefrontal cortex based on the Petrides 

and Pandya classification (Petrides and Pandya, 1984;Petrides and Pandya, 1994;Petrides 

and Pandya, 2002). This segmentation identified 6 lateral prefrontal regions: a posterior 

dorsal region, including area 8A, a mid-dorsal region including area 8B and area 9/46, an 

anterior dorsal region, including area 9 and area 46, a posterior-ventral region, including 

area 45, an anterior-ventral region including area 47/12, and a fronto-polar region 

including area 10 (Fig. 1). The borders between these regions were obtained in each 



52 
 

monkey in the following three steps: First, we determined the midpoint of the principal 

sulcus, along the anterior-posterior axis. A line vertical to the principal sulcus through 

this point defined the border between mid-dorsal and anterior-dorsal regions, as well 

between the posterior-ventral and anterior-ventral regions (Fig. 1). Second, borders 

between dorsal and ventral regions were set at 2 mm lateral to the center of the principal 

sulcus, so that the dorsal regions include both banks of the principal sulcus; the ventral 

regions extended along the entire length of the principal sulcus. Third, the dorsal 

prefrontal cortex was further segmented into a posterior-dorsal and a mid-dorsal region 

by a vertical line bisecting the distance between the genu of the arcuate and the midpoint 

of the principal sulcus; similarly the surface anterior to the midpoint was segmented into 

an anterior-dorsal and a fronto-polar region by a vertical line bisecting the surface 

between the frontal pole and the midpoint of the principal sulcus.   

 

Neural Data Analysis. All data analysis was implemented with the MATLAB 

computational environment (Mathworks, Natick, MA). Recorded spike waveforms were 

sorted into separate units using an automated cluster analysis relying on the KlustaKwik 

algorithm (Harris et al., 2000), which applied principal component analysis of the 

waveforms. Mean firing rate was then determined in each trial epoch. To ensure the 

stability of firing rate in the recordings analyzed, we identified recordings in which a 

significant effect of trial sequence was evident on the baseline firing rate (ANOVA, 

p<0.05), e.g. due to a neuron disappearing or appearing during a run, as we were 

collecting data from multiple electrodes. Data from these sessions were truncated so that 

analysis was only performed on a range of trials with stable firing rate.  
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The first analysis performed tested whether responses from each neuron were 

higher during the first stimulus presentation compared to the 1s fixation period preceding 

it.  A neuron that had significantly greater responses during the presentation was 

identified as a visually responsive neuron (paired t-test; p<0.05). Population discharge 

rates were evaluated by averaging activity from multiple neurons and constructing Peri-

Stimulus Time Histograms (PSTH). These were constructed using the best stimulus 

responses in each stimulus for each neuron. PSTHs averaged responses for each stimulus 

set and brain region. 

Response latency was determined for each neuron using the Qsum algorithm, 

which identifies a rapid change from the baseline firing rate (Rowland et al., 

2007;Katsuki and Constantinidis, 2012). Cumulative distributions of neuronal latencies 

were constructed, and the distribution of latencies of different regions were compared 

using the Kolmogorov-Smirnov test at the α = 0.05 level.  

An operational estimate of receptive field size was calculated for each neuron 

based on the responses to the nine stimuli of the spatial set, which covered an area of 

20x20 degrees of visual angle. For each neuron, we determined the number of locations 

that elicited a response greater than the midpoint between the maximum and minimum 

firing rate to the nine locations. Additionally, we expressed the mean discharge rate 

during the stimulus presentation at each location as a percentage of the maximum 

discharge rate and plotted this response ratio as a function of distance from the location 

that elicited the maximum response.  
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Neuronal selectivity for different stimuli was evaluated by using a selectivity 

index defined as (Max-Min)/(Max+Min), where Max is the maximum response (during 

the stimulus presentation period, averaged across trials) and Min is the minimum 

response for the stimuli of the set. Selectivity indexes were calculated for each stimulus 

set presented to the neuron. The selectivity index values of each set were then averaged 

across neurons of a region, and means were compared between regions.  

The discriminability between the best and worst stimulus of each set was 

determined by the use of a Receiver Operating Characteristic (ROC) analysis. The area 

under the ROC curve represents the probability that an ideal observer can discriminate 

between the best and worst stimulus based on their firing rate in each trial (Tolhurst et al., 

1983). The analysis was performed separately for each neuron, in a time-resolved fashion, 

in a 100 ms window, computed in 1 ms steps and then averaged together. We calculated a 

baseline level of discriminability by calculating the area under the ROC curve in bins 

spanning the final 100 ms of the fixation period (prior to the onset of the stimulus) and 

averaging the ROC values in these bins. We also determined a peak level of 

discriminability, as the highest bin during the stimulus display. We then calculated the 

midpoint between these two values and identified the time point at which the area under 

the ROC curve value surpassed this midpoint as the average point of discrimination for 

each region. 

An estimate of information represented in neuronal firing was obtained based on 

the bias-corrected, percentage of explained variance (PEV), also referred to as the ω
2
 

statistic (Olejnik and Algina, 2003). To obtain this, a 1-way ANOVA was performed for 

the firing rate of each neuron during the stimulus presentation period, separately for the 
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spatial, feature, and color stimulus set. PEV is then defined as: ω
2 

= (SSBetween Groups – df × 

MSE ) / (SSTotal + MSE), where SSBetween Groups is the between groups sum of squares, df 

the degree of freedoms (stimuli in the set – 1), MSE the mean squared error, and SSTotal  

the total sum of squares.   
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RESULTS 

Responses were recorded from 2054 prefrontal neurons in six monkeys, which 

were only required to view stimuli passively with no prior history of training in working 

memory tasks (monkey AD – 113 neurons, BE – 432, EL – 779, MA – 268, NI – 421, 

SCR – 41 neurons). To characterize the properties of prefrontal neurons along the 

anterior-posterior axis, we subdivided the lateral PFC into 6 regions prior to analysis (Fig. 

1): posterior-dorsal, mid-dorsal, anterior-dorsal, posterior-ventral, anterior-ventral, and 

fronto-polar. We analyzed neurophysiological recordings from five of these regions 

(posterior-dorsal: 182 neurons in 5 monkeys; mid-dorsal: 757 neurons in 6 monkeys; 

anterior-dorsal: 360 neurons in 5 monkeys; posterior-ventral 633 neurons in 5 monkeys; 

anterior-ventral 122 neurons in 3 monkeys). A complete list of neurons in each area of 

each monkey can be found in Supplementary Table 1. The fronto-polar region was not 

sampled sufficiently for this analysis and is depicted in Fig. 1 to illustrate the boundaries 

of the anterior-dorsal and anterior-ventral regions. In each region, we sampled neurons in 

an unbiased fashion, recording from all neurons encountered by our electrodes during 

each recording session, with no regard to their response properties. Stimuli of a spatial, a 

shape, and a color set were presented passively while the monkeys maintained fixation 

(Fig. 2). All stimulus sets were familiar to the animals prior to the onset of recordings, 

though they had no behavioral relevance.  
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Percentage of responsive neurons 

Our first order analysis was to examine if there were any differences between 

regions in terms of responsiveness, defined as the percentage of neurons with changes in 

firing rate during the presentation of stimuli or during the “delay” period following them, 

compared to the baseline fixation period. If anterior areas are specialized for abstract 

operations, one might expect that responsiveness for stimuli presented passively is 

highest for the most posterior areas. Contrary to this expectation, higher responsiveness 

did not prove to be a distinguishing property of more posterior areas. Overall, 717 (35%) 

of all PFC neurons exhibited significantly higher activity during the presentation of 

stimuli or during the delay period following the first stimulus presentation compared with 

baseline fixation (paired t-test; p<0.05). When we compared responsiveness between 

regions during the stimulus presentation period (Fig. 3), we found that there was no 

significant difference between the three dorsal regions (posterior – 44%, mid – 42%, 

anterior – 37%; χ
2
-test, p>0.5). On the other hand, responsiveness differed systematically 

between ventral regions; the percentage of neurons with elevated responses was much 

lower in the posterior-ventral region than the anterior-ventral region (posterior-ventral – 

20%, anterior-ventral – 48%; χ
2
-test, p<0.00001). The responsiveness of the posterior-

ventral region was also significantly lower compared to each of the dorsal regions (χ
2
-test, 

p<0.00001 in each comparison). 

We refined our analysis by examining responsiveness during the stimulus 

presentation period alone.  Again, we found no significant difference between the dorsal 

regions (posterior – 37%, mid – 35%, anterior – 34%; χ
2
-test, p>0.8). Responsiveness of 

the posterior-ventral region was again significantly lower than the anterior-ventral region 
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(posterior-ventral – 11%, anterior-ventral – 43%; χ
2
-test, p<10

-14
). Similarly, the 

responsiveness of the posterior-ventral region was also lower than each of the three 

dorsal regions (χ
2
-test, p<10

-13
 for each comparison). 

Although the fixation task did not require the monkeys to remember and recall the 

stimuli, a proportion of neurons continued to be active during the delay period of the task, 

as reported previously (Meyer et al., 2007). We thus compared responsiveness between 

regions during the delay period following the presentation of the first stimulus. In this 

case, significantly fewer neurons in the anterior-dorsal PFC exhibited persistent 

discharges, compared to the posterior-dorsal and mid-dorsal regions (posterior-dorsal – 

19%, mid-dorsal – 24%, anterior-dorsal – 10%; χ
2
-test, p<0.0001). The difference in the 

percentage of neurons active during the “delay” period between the posterior-ventral and 

the anterior-ventral regions did not reach statistical significance (posterior-ventral – 14%, 

anterior-ventral – 20%; χ
2
-test, p>0.1). 

The unexpected lower responsiveness of the posterior-ventral region compared to 

all the other regions was highly reliable. A large sample from the posterior-ventral region 

was available for analysis (total 633 neurons) and the data were consistent within 

monkeys. Neurons recorded from both the posterior-ventral and posterior-dorsal regions 

were available in four monkeys. In each case, responsiveness of the posterior-ventral 

region was lower by at least 10% of the total number of neurons compared to the 

posterior-dorsal region (AD – 33% vs. 56%; BE – 19% vs. 29%; EL – 16% vs. 41%; MA 

– 38% vs. 68%).  Also, data from both the posterior-ventral and anterior-ventral regions 

were available in two monkeys. In this case, too, the posterior-ventral region was 
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systematically less responsive than the anterior-ventral region (MA – 38% vs. 49%; NI – 

40% vs. 48%).  

Overall, our results indicate that the percentage of responsive neurons to the 

stimuli was not a reliable indicator of specialization or an indicator of an anterior-

posterior hierarchy. No significant differences were present between the dorsal regions, 

and a higher percentage was observed in the anterior-ventral than the posterior ventral 

regions.  

 

Discharge rate 

A difference between posterior and anterior regions may still be present in terms 

of the discharge rate elicited by the stimuli.  To determine if there were inter-regional 

differences in the firing rate of the populations, we examined the firing rate of the 

neurons in the spatial version of the task, in those neurons that responded significantly to 

the stimuli (Fig. 4). Among dorsal regions, we first observed that there were no 

differences in the firing rate during the fixation period (posterior – 7.1 spikes/s, mid – 5.1 

spikes/s, anterior – 6.7 spikes/s; 1-way ANOVA, F2,421=1.84, p>0.1). Most importantly, 

we observed a higher firing rate during the stimulus presentation for the posterior region, 

and lower firing rate for the mid-dorsal and anterior-dorsal regions. This analysis was 

based on the stimulus location that elicited the best response for each neuron. A 

difference was evident whether we compared the evoked firing rate during the stimulus 

presentation period after subtracting the baseline fixation rates (posterior 7.3 spikes/s, 

mid 4.5 spikes/s, anterior 2.9 spikes/s; ANOVA, F2,421=9.47, p<0.0001; Fig. 4A), or the 
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absolute firing rate of each region (posterior 14.4 spikes/s, mid 9.7 spikes/s, anterior 9.6 

spikes/s; ANOVA, F2,421=3.63, p<0.05). No significant differences in the firing rate 

between regions were present during the “delay” period following the stimulus 

presentation (absolute values: posterior 7.3 spikes/s, mid 5.9 spikes/s, anterior 5.9 

spikes/s; ANOVA, F2,421=0.62, p>0.5).  

As can be seen in Fig. 4 the response during the second stimulus presentation was 

lower than that of the first. This occurred because trials have been selected in Fig. 4 so 

that stimulus at the best location of each neuron appeared during the first presentation. 

That was followed by either a matching stimulus or a nonmatching (involving 

presentation of the stimulus opposite to the best location in receptive field), which have 

been averaged together. Additionally, a matching stimulus at the best location elicited a 

weaker response in its second presentation for some neurons, akin to repetition 

suppression, as we have documented previously even for untrained animals (Qi et al., 

2012).  

No systematic difference in firing rate was evident for the ventral regions (Fig. 

4B). There were no significant differences in firing rate during the fixation period 

(posterior – 7.0 spikes/s, anterior – 9.0 spikes/s; ANOVA, F1,98=0.55, p>0.4). There were 

also no differences in the stimulus rate, whether the baseline was subtracted (posterior 3.6 

spikes/s, anterior 2.5 spikes/s; ANOVA, F1,98=1.1, p>0.2), or not (posterior – 10.6 

spikes/s, anterior – 11.5 spikes/s; ANOVA, F1,98=0.09, p>0.7). No difference during the 

“delay” period was present, either (posterior – 7.5 spikes/s, anterior – 8.0 spikes/s; 

ANOVA, F1,98=0.05, p>0.8). 
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 Differences in firing rate between regions were less pronounced when neurons 

were tested with the shape and color stimuli. There were no significant differences in 

evoked firing rate between dorsal regions in the stimulus period for either the shape 

stimuli (ANOVA, F2,310=0.2, p>0.8) or the color stimuli (F2,133=0.32, p>0.7). Similarly, 

no significant differences in evoked firing rate were observed for the ventral regions 

(ANOVA, F1,73=1.13, p>0.3 for shape stimuli, F1,57=0.71, p>0.4 for color stimuli). No 

comparisons in the delay period reached significance, either (ANOVA, F2,310=0.56, p>0.5 

for dorsal regions with shape stimuli;  F2,133=0.11, p>0.9 for dorsal regions with color 

stimuli; F1,73=1.73, p>0.19 for ventral regions with shape stimuli; F1,57=1.4, p>0.2 for 

ventral regions with color stimuli).  

 Overall, responsiveness to spatial stimuli was revealing of differences between 

dorsal regions, and consistent with stronger responses to stimuli by posterior regions. In 

contrast, this was not evident in ventral regions. Stimulus sets that were less effective in 

driving neurons (shape and color stimuli in the dorsal regions) were also not 

differentiating between regions.  

 

Response Latency 

A hierarchical organization of the prefrontal cortex implies that the output of each 

region is transmitted to the next along the hierarchy. Response latency would thus be 

expected to increase for more anterior regions. We determined neuronal visual response 

latencies and compared them between regions. Only neurons with significant responses to 
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visual stimuli were included in this analysis. Latency estimation was based on the best 

stimulus response of each neuron (across all stimulus sets).  

Our results indeed revealed a significant difference in the distribution of latencies 

between dorsal regions. The anterior-dorsal region had longer latencies overall, with a 

distribution that differed significantly from that of the posterior-dorsal and the mid-dorsal 

regions (Kolmogorov-Smirnov test, p<0.05 in each case; median latencies: posterior-

dorsal, 87 ms; mid-dorsal, 87 ms; anterior-dorsal, 113 ms).  

No significant difference was present between ventral regions (Kolmogorov-

Smirnov test, p>0.05). Comparing the two ventral regions revealed that the posterior-

ventral region was characterized by the shortest overall latencies, though this difference 

reversed so that neurons with the longest latencies were also present in the posterior-

ventral compared to the anterior-ventral region (Fig. 5). To ensure that our failure to 

detect a difference between the posterior and anterior ventral regions was not solely the 

result of incorrectly setting the border between the two, we refined our analysis, and 

further divided the posterior-ventral areas into two subdivisions. In this case too, there 

was no significant difference between the subdivisions (Kolmogorov-Smirnov test, 

p>0.05), or even a trend towards shorter latencies in more posterior areas, with the 

posterior-most subdivision exhibiting a median latency of 133 ms, and the mid-position 

subdivision a median of 92 ms.  
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Receptive field size 

A hallmark of the functional organization of early visual cortical areas is the 

increase in the size of receptive fields along the visual hierarchy (Felleman and Van 

Essen, 1991). We sought to determine whether a similar increase was present for 

prefrontal areas as well. Although we did not map receptive fields exhaustively, we 

obtained two operational estimates of receptive field size based on the number of stimuli 

neurons responded to in the context of the spatial set, and the percentage of the peak 

response as a function of distance. When determining the number of locations that 

elicited significant responses we indeed discovered a significant difference between 

regions. The posterior-dorsal exhibited the smallest receptive field size, whereas the 

anterior, the largest (posterior – 2.6 grid locations, mid – 2.9, anterior – 3.5; ANOVA, 

F2,421=9.27, p<0.0005). We reached similar conclusions when we determined the mean 

percentage of peak response at different distances from the location that elicited the best 

response (Fig. 6). The posterior-dorsal region exhibited the sharpest decline of firing rate 

as a function of distance from the best location, as would be expected by the area with the 

smallest receptive fields. An intermediate slope was present in the mid-dorsal region and 

the least decline was observed in the anterior-dorsal region. These results were consistent 

with a hierarchical organization, with smaller receptive fields present at more posterior 

regions.  

In the ventral PFC, neurons in the posterior-ventral region responded to more 

locations than the anterior-ventral region (posterior – 3.5 grid locations, anterior – 2.5; 

ANOVA, F1,98=7.83, p<0.01).  This difference between areas was mostly driven by 

neurons with large receptive fields, though. At short distances from the best location, 
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posterior-ventral neurons exhibited more abrupt decrease in responses, suggesting that 

more neurons with small receptive fields were present in this area (Fig. 6B). This 

relationship reversed at larger distances from the best location.  

 

Stimulus selectivity 

We next considered the stimulus selectivity of neurons along the anterior-

posterior axis of the prefrontal cortex. If posterior regions are more specialized for 

stimulus representation and anterior ones for more abstract operations that do not depend 

on the stimuli themselves, then higher levels of selectivity might be expected in the 

former. Our results largely confirmed this expectation. We evaluated stimulus selectivity 

for those neurons that exhibited significant responses to stimuli (33% of the total number 

of neurons), relying on a spatial, a shape, and a color stimulus set, and compared 

selectivity for different types of stimuli across regions. A total of 523 neurons with 

significant responsiveness during the stimulus period were tested with the spatial set in 6 

monkeys. This set comprised identical white square stimuli that could appear at 9 

locations in a 3x3 grid, with adjacent locations spaced 10° apart (Fig. 2B). We quantified 

the selectivity of each neuron with a selectivity index defined as (Max-Min)/ (Max+Min). 

Mean values of the selectivity index were then compared across regions (Fig. 7).  
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Spatial Selectivity 

The three dorsal regions differed significantly in terms of spatial selectivity in this 

comparison (ANOVA, F2,421=28.74, p<10
-11

). Spatial selectivity was highest in the 

posterior-dorsal region and declined for more anterior regions; the posterior-dorsal region 

exhibited a significantly higher selectivity index compared to either the mid- and 

anterior-dorsal regions of the PFC and the mid-dorsal region exhibited a significantly 

higher selectivity index to the anterior-dorsal region of the PFC (Tukey post-hoc test, 

p<0.05). The posterior-ventral region had a significantly higher selectivity index 

compared to the anterior-ventral region (ANOVA, F1,98=6.74, p<0.05). We also evaluated 

the relative gradient of spatial selectivity across the areas by performing a 2-way 

ANOVA with factors dorsal/ventral and anterior/posterior position (grouping the mid-

dorsal and anterior-dorsal areas together). This test revealed a significant main effect of 

anterior/posterior position (F1,518=22.7, p<10
-5

), as well as a mean effect of dorsal/ventral 

position (F1,518=16.75, p<10
-4

), but no interaction between the two factors (F1,518=0.16, 

p>0.6).The result suggests that spatial selectivity declines for neurons located more 

anterior in both the dorsal and ventral PFC, and at approximately the same rate.  

The differences in spatial selectivity were also consistent within subjects. Two 

monkeys had sufficient recordings for a comparison between areas. Monkeys EL and MA 

showed significant differences in the spatial indexes across dorsal regions (ANOVA, 

F2,188=3.54, p<0.05 for monkey EL and F2,61=5.43, p<0.01 for monkey MA), with the 

lower selectivity value observed in the anterior-dorsal region. Monkey NI showed 

significantly lower selectivity indexes for the anterior-ventral compared to the posterior-

ventral regions (ANOVA, spatial F1,38=6.98, p<0.05). 
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Comparing spatial selectivity between ventral and dorsal regions revealed that the 

posterior-dorsal region exhibited higher selectivity than either of the ventral regions 

(Tukey post-hoc test, p<0.05). There was no differences between the mid-dorsal and 

posterior-ventral region as well as no difference between the anterior-dorsal and anterior-

ventral regions (Tukey post-hoc test, p>0.05 for either case). 

 

Shape Selectivity 

We evaluated selectivity for shapes in a similar manner. A total of 384 neurons 

with significant responsiveness during the stimulus period were tested with the shape set 

in 5 monkeys. This set comprised 8 white geometric shapes of equal size (Fig. 2C). 

Similar to the results seen with the spatial selectivity index, we saw a significant 

difference between dorsal regions (ANOVA, F2,310=11.06, p<0.0001). We again saw 

highest shape selectivity in the posterior-dorsal region and significantly lower values for 

the mid-dorsal and anterior dorsal regions, with the mid-dorsal having higher values than 

the anterior-dorsal region (Tukey post-hoc test, p<0.05). Shape data from all dorsal 

regions were available in one monkey. Monkey EL showed a significant difference in the 

shape selectivity index along the dorsal regions (ANOVA; F2,191=4.42, p<0.05) with 

lowest selectivity values in the anterior-dorsal region. 

Unlike the neurons tested with the spatial set, the difference between the 

posterior-ventral and anterior-ventral regions did not reach statistical significance in 

terms of the shape selectivity index (ANOVA, F1,73=2.02, p>0.15).  Comparing dorsal 

and ventral regions revealed higher values for the posterior-ventral region compared to 
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both mid- and anterior-dorsal regions (Tukey post-hoc test, p<0.05). There were no 

differences between posterior-dorsal and both ventral regions (Tukey post-hoc test, 

p>0.05).  

 

Color Selectivity 

Color selectivity was tested in 192 neurons with significant responsiveness during 

the stimulus period, recorded in 2 monkeys. The color set comprised 8 different 

equiluminant colored squares (Fig 2D).  This set also revealed significant differences in 

stimulus selectivity between dorsal regions (ANOVA, F2,133=4.81, p<0.01). Again, we 

observed that the posterior-dorsal region had a higher selectivity index value than the 

anterior-dorsal region (Tukey range test, p<0.05). The result was consistent within one 

monkey (MA) that had sufficient recordings for a comparison between regions, and a 

significant difference in color selectivity index was present between dorsal regions 

(ANOVA, F2,54=6.85, p<0.005).  

A significant difference in color selectivity was also present between ventral 

regions. The posterior-ventral region exhibited higher selectivity index values than the 

anterior-ventral region (ANOVA, F1,57=5.76, p<0.05). The result was consistent within 

one monkey (NI) that had sufficient recordings for a comparison between regions 

(ANOVA, F1,38=7.22, p<0.05). Comparing color selectivity between dorsal and ventral 

regions, we observed higher posterior-ventral color SI values compared to the anterior-

dorsal region (Tukey post-hoc, p<0.05). Other comparisons did not reveal significant 

differences.  
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Joint stimulus selectivity 

We considered next the selectivity of individual neurons for different types of 

stimuli. We thus plotted the shape selectivity index of each neuron as a function of its 

spatial selectivity index (Fig. 8). A predictive relationship was present between the two 

variables, for all regions examined (regression analysis, p<0.0005 for the posterior-dorsal, 

p<10
-7

 for the mid-dorsal, p<0.05 for the anterior-dorsal p<0.00005 for the posterior 

ventral and p<0.0005 for the anterior ventral, respectively). Less data were available for 

the analysis of joint selectivity for spatial locations and color, nevertheless a significant 

relationship between the two variables was again present in the mid-dorsal, anterior-

dorsal, and anterior-ventral regions (regression analysis, p<0.00005, p<0.005, and 

p<0.005 respectively). We evaluated the joint selectivity of individual neurons for spatial 

locations and shapes by computing the geometric mean of their spatial and feature 

selectivity index (the square root of their product). A comparison of geometric means 

revealed a significant difference in joint selectivity across the dorsal regions (ANOVA, 

F2,282=14.9, p<10
-6

), with the posterior-dorsal regions being significantly more selective 

than either the mid-dorsal or anterior-dorsal (Tukey post-hoc test, p<0.05). No significant 

difference was seen in the geometric means for the ventral regions (ANOVA, F1,53=0.01, 

p>0.9). 

 

Time course of discrimination 

To obtain a measure on whether stimuli were more discriminable in posterior 

regions and whether this discrimination emerged earlier in time, we performed an ROC 
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analysis, which does not only depend on the difference between firing rate but also on the 

reliability of firing distributions (Fig. 9). We did this in a time resolved fashion and 

compared the time course of ROC by determining the time point at which a region 

reached the mid-point between its baseline and peak ROC value (Katsuki and 

Constantinidis, 2012). Tested with the spatial stimuli, the half point of the peak ROC 

value was reached at earlier time points in the posterior-dorsal region (50 ms). The time 

course of ROC values followed an intermediate pattern for the mid-dorsal region (51 ms). 

Finally, the anterior-dorsal region reached the mid-point of ROC values at the latest time 

point (85 ms). We also determined the peak ROC value for each neuron for each stimulus 

presentation and saw that the posterior-dorsal and mid-dorsal had higher maximum ROC 

values than the anterior-dorsal region for spatial stimuli (posterior – 0.80, mid – 0.80, 

anterior – 0.75; ANOVA, F2,421=7.31, p<0.01). This analysis also confirmed that 

maximum levels of discriminability between the spatial stimuli were achieved by neurons 

in the posterior-dorsal region (peaks in the curves of Fig. 9A), intermediate 

discriminability in the mid-dorsal region, and lowest discriminability by the anterior-

dorsal region.  

This pattern of earlier ROC values was not uniform across all stimulus sets, 

however (Fig. 9B). The mid-dorsal region and anterior-dorsal region exhibited faster 

discrimination of shapes than the posterior-dorsal region (F2,310=6.1, p<0.01). The results 

suggest that although visual latencies were shorter overall and discrimination was higher 

for the posterior regions, not all types of information were first discriminated there.   

 In the ventral prefrontal cortex, we saw little difference between regions in the 

timing of discrimination when tested with the shape-based stimuli (Fig 9D), but saw an 
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earlier discrimination of spatial location (Fig 9C) in the posterior-ventral region (50 ms) 

compared to anterior-ventral (103 ms). There were no differences in the maximum ROC 

value between regions for either stimulus set (spatial: posterior – 0.74, anterior -0.73, 

ANOVA, F1,98=0.78, p>0.35; shape: posterior – 0.73, anterior – 0.77, ANOVA, F1,73=3.0, 

p>0.08). 

 

Stimulus Information 

The selectivity index measures and ROC analysis presented above compare 

responses to only the best and worst location or feature. To more precisely quantify the 

ability of prefrontal neurons in different regions to represent the entirety of the stimulus 

sets, we estimated the amount of information that was carried in the signal for the stimuli 

features by calculating the percentage of explained variance (PEV) in the firing rates 

during the stimulus presentation period that was explained by the different stimuli in each 

set (Fig. 10).  

 A significant difference in mean spatial information was present between dorsal 

regions (ANOVA,F2,421=23.03, p<10
-9

). The spatial information represented in the 

posterior-dorsal region was significantly higher than that of both the mid-dorsal and 

anterior-dorsal region (Tukey post-hoc text, p<0.05). The result was consistent within one 

monkey (EL) with sufficient results for a comparison between dorsal regions; highest 

values of PEV were observed for the posterior-dorsal region and lowest for the anterior-

dorsal, a difference that was significant (ANOVA, F2,188=13.01, p<0.0001). The same 

pattern of PEV values across regions was also present in a second monkey (MA), though 
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for this animal the difference between regions narrowly failed to reach statistical 

significance (ANOVA, F2,61=2.73, p=0.07). Spatial information did not differ 

significantly between ventral regions (ANOVA,F1,98=0.84, p>0.3).  For the shape set, we 

also observed no differences in PEV for the dorsal regions (ANOVA, F2,310=1.21, p>0.3). 

A significant difference was present between ventral regions in this case (ANOVA, 

F1,72=7.32, p<0.02). Finally, using the color set, we observed no differences between the 

dorsal regions or between the ventral regions (ANOVA, F2,133=1.12, p>0.3 for dorsal 

regions and F1,57=0.89, p>0.3 for ventral regions). 

 Comparing the dorsal and ventral regions revealed differences in spatial and color 

information. Dorsal regions (pooled together) exhibited much greater spatial information 

than ventral regions (t-test, t174=5.29, p<10
-6

). Ventral regions on the other hand were 

characterized by higher color information compared to dorsal regions, pooled together (t-

test, t190=-2.02, p<0.05).   

 Overall, the analysis of information revealed a clear gradient of spatial 

information in dorsal regions, declining for more anterior areas. The analysis failed to 

reveal a systematic pattern of information represented in the ventral areas. Finally, it 

confirmed the greater representation of spatial information in the dorsal compared to 

ventral areas and color for ventral than dorsal areas.  
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DISCUSSION 

The goal of these experiments was to determine if gradients of functional 

specialization exist along the anterior-posterior axis of the prefrontal cortex prior to any 

training in working memory tasks. We segmented the prefrontal cortex in three 

dorsolateral regions, the posterior-, mid-, and anterior-dorsal regions and two 

ventrolateral regions, the posterior- and anterior-ventral regions. Our results revealed a 

gradient of specialization along the anterior-posterior axis of the prefrontal cortex, with 

posterior areas were more selective for stimulus properties. In the dorsal PFC this 

specialization manifested itself as an increase in receptive field sizes, resulting in less 

selectivity for stimuli appearing at different locations, and less information about the 

location of the stimulus decoded from neuronal firing in more anterior areas. Results in 

the ventral prefrontal cortex were consistent with high selectivity for object identity of 

stimuli in the posterior regions, which would also explain that highly selective neurons 

would not respond at all to the limited set of stimuli we used. Our results also confirmed 

a functional specialization between dorsal and ventral regions in terms of the amount of 

spatial information represented in neural activity, which was greater overall for dorsal 

regions, and color information, which was greater overall for the ventral regions. The 

combined effect of these two gradients meant that the relative difference in stimulus 

representation between dorsolateral and ventrolateral neurons depended on their position 

along the anterior-posterior axis, which may help explain conflicting results from prior 

studies about dorsal and ventral specialization (Wilson et al., 1993b;Rao et al., 1997). 

Our findings have a number of caveats. Anatomical segmentation was based on 

well-defined landmarks and easily replicable methods rather than cyto-architectonic 
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borders, which are not entirely agreed upon for these areas (Preuss and Goldman-Rakic, 

1991;Petrides and Pandya, 1994). Multiple cortical areas were included in each region 

that we identified, for example areas 9 and 46 in the anterior-dorsal region. This 

segmentation process was also necessitated by the fact that regular and dense sampling 

was not available from all six subjects, which made it impossible to consistently delineate 

precise borders between areas or abrupt transitions in properties along the cortical surface, 

which some studies have succeeded in identifying (Kaping et al., 2011). However, we did 

identify systematic differences and any errors in identifying the borders between regions 

may only dilute the inter-areal differences we report here. Additionally, differences in 

properties between areas were consistent within individual monkeys.  

A further caveat was that recordings were obtained from animals trained only to 

fixate, while stimuli were presented passively. This approach allowed us to reveal 

differences in response properties of neurons along a posterior-anterior axis absent the 

influence of task rules, which may alter the responsiveness of neurons, confounding 

stimulus with task effects. The choice of task has proven critical in human studies, with 

contrasting results depending on the task subjects have been required to do (Koechlin et 

al., 2003;Ramnani and Owen, 2004b;Baird et al., 2013;Crittenden and Duncan, 2014). It 

is entirely possible, and indeed likely, that execution of different tasks will reveal 

additional differences between areas; representation of stimulus features is enhanced if 

they are relevant for the task (Rainer et al., 1998;Everling et al., 2002;Lennert and 

Martinez-Trujillo, 2011;Lennert and Martinez-Trujillo, 2013). Our stimulus sets were 

also limited. Responses between areas may also be differentiated along other stimulus 

dimensions or based on more complex stimuli.  
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Response properties along the anterior-posterior axis 

Our results in the dorsolateral prefrontal cortex were consistent with a hierarchical 

organization along the anterior-posterior axis. The anterior-dorsal region was generally 

characterized by the lowest firing rates, longest response latencies, largest receptive fields, 

and lowest stimulus selectivity, discriminability and information, at least for spatial 

stimuli. Somewhat unexpectedly, we found no significant differences in the percentages 

of neurons that responded to stimuli in the posterior-, mid-, and anterior-dorsal regions 

(Fig. 3). The result suggests that even simple stimuli presented entirely passively are 

capable of recruiting similar proportions of neurons across the length of the dorsal 

prefrontal cortex. On the other hand, we found that peak responses to stimuli in our sets 

were much weaker in anterior rather than posterior areas, even though there were no 

differences in baseline firing rates (Fig. 4). Stimulus selectivity decreased systematically 

from posterior to anterior areas. This gradient of selectivity was not the result of a pocket 

of particularly strong visual responses in posterior-dorsal PFC to spatial stimuli. Shape 

and color stimuli also activated these neurons, and shape and color selectivity differed 

significantly between dorsal areas (Fig. 7), as did the joint selectivity for location and 

shape (Fig. 8). Posterior-dorsal neurons were most selective to the attributes of visual 

stimuli, in agreement with prior studies that showed robust stimulus selectivity in area 8a 

(Blatt et al., 1990;Bichot et al., 1996;Chafee and Goldman-Rakic, 1998;Rainer et al., 

1999). The population response latency and size of receptive field were also consistent 

with a functional differentiation between areas, with the longest latencies and largest 

receptive fields found in the anterior-dorsal region.  
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Systematic differences in receptive field size have also been reported within the 

dorsal prefrontal cortex, in a medial-to-lateral gradient (Suzuki and Azuma, 1983). Larger 

peripheral receptive fields are found at more medial aspects and smaller, peri-foveal 

receptive fields closer to the principal sulcus. Our study did not address this second 

gradient, and we did not map receptive fields exhaustively. However, the overall size of 

receptive fields was larger in more anterior regions.  

The parcellation of the dorsal prefrontal cortex in cyto-architectonic areas is not 

entirely agreed upon. Some studies (Petrides and Pandya, 1984;Petrides and Pandya, 

1994;Petrides and Pandya, 2002) divide the length of the principal sulcus into two sets of 

areas (area 9/46 and area 46, each with a medial and a lateral aspect, lining the two banks 

of the principal sulcus and rim cortex around them), which correspond roughly to the 

mid-dorsal and anterior-dorsal regions in our study. Others suggest a medial and a lateral 

area 46 running the entire length of the  principal sulcus (Preuss and Goldman-Rakic, 

1991). In our analysis we find clear functional differences between the mid- and anterior-

dorsal areas, supporting a functional specialization consistent with the first scheme. 

Anterior-dorsal neurons differed significantly from mid-dorsal neurons in terms of their 

response latency (Fig. 5), receptive field size (Fig. 6), selectivity for spatial and shape 

stimuli (Fig. 7), and amount of information that could be decoded from their activity (Fig. 

10). Overall, dorsolateral PFC findings are consistent with a hierarchical organization 

with posterior regions more faithfully representing information about stimulus properties, 

which propagates into anterior prefrontal areas performing more abstract operations, as 

hypothesized based on human imaging studies  (Koechlin et al., 2003;Badre and 

D'Esposito, 2009). 



76 
 

 Specialization of ventral regions was most evident in terms of the percentage of 

neurons that responded to any of the stimuli, which was much lower in posterior areas 

(Fig. 3). An important point for interpreting this finding is that the stimulus sets we used 

were very limited, and we did not exhaustively probe neurons for their preferred stimulus 

object. Prior studies have revealed exquisite specialization of posterior ventral neurons 

for complex stimuli, such as faces or other objects (Wilson et al., 1993b;Ó Scalaidhe et 

al., 1997;Scalaidhe et al., 1999). A decrease in object specialization in more anterior 

areas would make it more likely that anterior-ventral neurons are activated by one of our 

stimuli, resulting in this profound difference in responsiveness. Among neurons that did 

respond significantly to one of our stimuli, we also observed higher spatial selectivity in 

posterior- then the anterior-ventral region, mirroring the gradient of selectivity in the 

dorsal regions. On the other hand, mean firing rate and response latency did not differ 

between ventral regions, and higher shape-stimulus information was present in the 

anterior- than the posterior-ventral region. These results raise the possibility of some 

heterogeneity in ventral areas. The posterior-ventral region as defined here comprises 

area 45A, 45B and part of area 12, as defined by Preuss and Goldman-Rakic (1991). One 

possibility is that setting the border between our posterior and anterior-ventral regions 

based on the midpoint of the principal sulcus rather than determining the precise cyto-

architectonic areas resulted in a region with a mixture of areas of different properties. 

However, it seems unlikely that the failure to detect a strictly serial organization of the 

ventral regions was due to such mixture of areas. In the case of response latency, further 

breaking down the posterior-ventral region in finer subdivisions did not indicate 

localization of the shortest latencies at the posterior-most aspect of the ventral prefrontal 
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cortex. Instead, it seems likely that different ventral areas receive distinct inputs and are 

specialized for different functions.  

 

Dorsal vs. ventral prefrontal specialization 

The functional specialization between dorsal and ventral subdivisions of the 

prefrontal cortex has been another matter of debate. Early neurophysiological 

investigations attributed spatial information predominantly to the dorsal prefrontal cortex 

and shape information in the ventral prefrontal cortex (Wilson et al., 1993b;Ó Scalaidhe 

et al., 1997;Ó Scalaidhe et al., 1999;Qi et al., 2011), two regions that receive major 

anatomic input from the posterior parietal and inferior temporal cortex, respectively 

(Petrides and Pandya, 1984;Selemon and Goldman-Rakic, 1988;Cavada and Goldman-

Rakic, 1989;Romanski et al., 1999). A number of other studies, while not specifically 

addressing areal specialization, have also documented at least a relative segregation of 

spatial and non-spatial properties between the dorsal and ventral regions (Hoshi et al., 

1998;Ninokura et al., 2004). Other studies, however, have demonstrated that dorsal 

prefrontal neurons can exhibit significant shape and color selectivity and ventral neurons 

spatial selectivity, at least after monkeys have been trained in tasks that require these 

stimulus dimensions to be remembered (Rao et al., 1997;Rainer et al., 1998;Tsujimoto et 

al., 2012;Mante et al., 2013;Rigotti et al., 2013a;Kadohisa et al., 2015). Our present 

findings, revealing specialization within the dorsal prefrontal cortex, can potentially 

reconcile some of these disparate findings.  
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 Our results demonstrate that posterior-dorsal and posterior-ventral prefrontal 

cortexes are functionally discriminable in terms of responsiveness to stimuli presented 

passively. Over 40% of neurons in the posterior-dorsal region responded during or after 

the presentation of visual stimuli whereas only ~20% of posterior-ventral neurons did so 

(Fig. 3, middle). As discussed above, this difference is consistent with higher 

specialization for complex objects in the ventral than the dorsal PFC (or specific stimuli 

of other modalities). Previous studies have shown that this difference is reduced after 

training in a working memory task, when a greater proportion of ventral prefrontal 

neurons becomes responsive to the same stimuli, once they are incorporated in a 

cognitive task (Qi et al., 2011). Recent studies also suggest an important role for 

posterior-ventral cortex in feature attention (Bichot et al., 2015) and the absence of task 

execution may have been critical for the activation of this region in our experiment. 

Spatial selectivity and information was considerably higher for the dorsal than the 

ventral regions with the spatial stimulus set we used, which involved presenting stimuli in 

a grid with stimulus eccentricity ranging from 0° (for the central stimulus of the grid, 

over the fovea) to 14°, for the diagonal stimuli. In contrast, shape selectivity and 

information failed to differentiate between dorsal and ventral areas altogether, and color 

difference was modest. In the case of shape stimuli, we should note that we used simple 

geometric shapes and did not exhaustively search for each neuron’s preferred stimulus. 

Selectivity for highly complex stimuli, such as faces, has been shown to differentiate 

between dorsal and ventral prefrontal areas (Ó Scalaidhe et al., 1997;Ó Scalaidhe et al., 

1999). Prior studies which have reported lack of functional specialization between dorsal 

and ventral areas have relied on an approach similar to ours, testing each neuron with a 
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limited set of random stimuli (Rao et al., 1997). Thus a key difference between prior 

studies may have been the degree to which they emphasized shape/color processing 

relative to spatial processing – with spatial studies finding strong evidence for dorsal-

ventral functional segregation, and shape/color studies finding weak or no evidence for 

dorsal-ventral functional segregation. We should additionally point out that even spatial 

selectivity was sensitive to the position along the anterior-posterior axis, with difference 

between dorsal and ventral areas declining as electrode penetrations moved more 

anteriorly.  

 An additional important factor for the interpretation of our results is that we relied 

entirely on visual stimuli. Prior studies have illustrated anatomical specialization of 

prefrontal areas in terms of processing stimuli of other sensory modalities, including 

auditory (Romanski and Goldman-Rakic, 2002;Sugihara et al., 2006) and somatosensory 

stimuli (Romo et al., 1999;Brody et al., 2003). The results of dorsal and ventral 

specialization we present are therefore not exhaustive.  

 

Implications for cognitive specialization 

The data we report here were recorded exclusively from monkeys that had not 

been trained to perform cognitive tasks, so the functional role of prefrontal areas along 

the anterior-posterior axis in cognitive functions may only be inferred indirectly. 

Hierarchical theories of PFC organization are based in part on the idea that most abstract 

cognitive operations are performed in anterior regions (Badre and D'Esposito, 2009). The 
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current data still support an important component of these theories, as they confirm that 

the fidelity of sensory representation falls off more anteriorly in PFC.   

It is also important to point out that prefrontal neurons in naïve monkeys exhibit 

many properties that are commonly assumed to be present only during overt execution of 

cognitive operations. These include persistent activity in the delay period after the 

stimulus presentation (Scalaidhe et al., 1999;Meyer et al., 2007), which is often equated 

with willful maintenance of working memory (Frith and Dolan, 1996;Postle, 2006), and 

selectivity of individual neurons for more than one stimulus property (Meyer et al., 2011), 

which has been presumed to arise only after training in a task that requires integration of 

multiple stimulus features (Rao et al., 1997;Rainer et al., 1998).  

Previous studies of the effects of training offer insights about the expected 

changes in functional properties of these neurons during the execution of cognitive tasks. 

Training in a working memory task has been shown to increase the firing rate of PFC 

neurons in non-human primates, particularly throughout the period of delay period of the 

task (Meyer et al., 2011;Qi et al., 2011). Importantly, average neuronal selectivity for 

stimulus properties did not increase even after extensive training so that decoding of 

stimulus information was not improved in trained animals (Qi et al., 2011;Meyers et al., 

2012). This was so because the stimuli used in these experiments were highly 

discriminable from each other and the training did not involve learning to identify these 

any better, but rather incorporating them in a cognitive task. Considering the present 

results, it appears likely that anterior prefrontal neurons remain non-selective for the 

properties of simple stimuli such as those in the spatial set used here, even when the latter 

have been incorporated in a cognitive task (though this has not been tested explicitly). 
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Activation of anterior areas may more likely be tied to task operations, regardless of the 

operant stimuli used. It is upon future studies to address directly the relative malleability 

of posterior and anterior areas and activation by abstract tasks and rules.  
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Figure 1. Diagram of the PFC regions mapped over one monkey’s brain. The PFC was 

divided into posterior-dorsal, mid-dorsal, anterior-dorsal, posterior-ventral, anterior-

ventral, and fronto-polar regions.  
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Figure 2. (A) The sequence of events during the passive viewing paradigm, using the 

spatial stimulus set. Monkeys were initially required to fixate for a period of 1s after 

which a stimulus was shown for 0.5s. After a delay period of 1.5s, a second stimulus was 

shown for 0.5s either matching the first in location/shape/color or of a different 

location/shape/color. Another delay period of 1.5s followed after which the monkeys 

were rewarded for maintaining fixation throughout the entire trial. A break of fixation at 

any time aborted the current trial with no reward. (B) The spatial set involved 

presentation of a stimulus at one of the nine spatial locations arranged on a 3 x 3 grid of 

10° dimensions. (C) Stimuli of the shape set. (D) Stimuli used in the color set. 
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Figure 3. Bar graphs represent the overall percentage of neurons that exhibited 

significant responses over the baseline period in either the cue or the delay period (left), 

in the cue period alone (middle) and in the delay period alone (right). Error bars represent 

standard error of the mean for percentages calculated separately in each monkey. Data are 

shown separately for each prefrontal region (N=182 total neurons for posterior-dorsal, 

N=757 for mid-dorsal, N=360 for anterior-dorsal, N=633 neurons for posterior-ventral, 

and N=122 for anterior-ventral region). All line diagrams plotted represent significant 

differences between the corresponding bars, evaluated with a chi-square test (p<0.05).  
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Figure 4. Population PSTH for neurons with significant responses to the spatial stimuli 

(top: N= 65 neurons in posterior-dorsal, N=253 in mid-dorsal, N=104 in anterior-dorsal 

region; bottom: N=66 in posterior-ventral, and N=33 in anterior-ventral). Gray bars 

represent time of stimulus presentation. The best stimulus of the spatial set for each 

neuron was presented during the first stimulus interval. This was followed by either the 

same stimulus (match) or a stimulus at the diametric location (nonmatch) which has been 

averaged together in this PSTH.  

Figure modified from (Riley et al., 2016) to add color. 
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Figure 5. Cumulative distribution of neuron latencies for the dorsal (top) and ventral 

(bottom) regions. Latencies were calculated using neurons that responded to any stimulus, 

tested with each neuron’s preferred stimulus, across all stimulus sets tested (N=67 

posterior-dorsal, N=264 mid-dorsal, N=123 anterior-dorsal, N=70 posterior-ventral, and 

N=52 anterior-ventral). The dotted line represents the point at which half of the 

population of neurons has responded to the stimulus.  

Figure altered from (Riley et al., 2016) to add color. 



98 
 

 

 

Figure 6. Mean ratio of discharge rate for a stimulus at varying distances from the 

location that elicited the best response. A) Dorsal regions. N= 65 neurons in posterior-

dorsal, N=253 in mid-dorsal, N=104 in anterior-dorsal region. B) Ventral regions; N=66 

in posterior-ventral, and N=33 in anterior-ventral. The ratio was calculated separately for 

each neuron, and averaged across neurons. Error bars represent the standard error of the 

mean calculated across neurons. 

Figure altered from (Riley et al., 2016) to add color. 
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Figure 7. Average selectivity index for each of the stimulus sets, among neurons with 

significant responses to stimuli (N=67 posterior-dorsal, N=264 mid-dorsal, N=123 

anterior-dorsal, N=70 posterior-ventral, and N=52 anterior-ventral). Error bars represent 

standard error of the mean computed across all neurons. All line diagrams plotted 

represent significant differences between the corresponding bars, evaluated with a 1-way 

ANOVA and Tukey post-hoc test (p<0.05). 
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Figure 8. Shape selectivity index is plotted as a function of spatial selectivity index in 

each prefrontal region. Each point represents a single neuron with significant responses to 

visual stimuli, tested with the spatial as well as the shape stimulus test (N=49 posterior-

dorsal, N=201 mid-dorsal, N=33 anterior-dorsal, N=49 posterior-ventral, N=5 anterior-

ventral). Solid line represents regression line through the data. Cross indicates the mean 

in the shape selectivity and spatial selectivity dimensions in each region. 
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Figure 9. Area under the ROC curve calculated in 100ms time intervals stepped every 

1ms to determine the mid-point of discrimination between each neuron’s best stimulus 

and worst stimulus for each stimulus set. A) Dorsal regions. N=67 posterior-dorsal, 

N=264 mid-dorsal, N=123 anterior-dorsal. B) Ventral regions. N=70 posterior-ventral, 

and N=52 anterior-ventral. The mean point of discrimination was calculated by 

determining the midpoint between the baseline and peak ROC values during the stimulus 

presentation and determining the time-point where the population ROC trace crossed that 

point. Neuron populations are the same as figure 7. 

Figure altered from (Riley et al., 2016) to add color. 
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Figure 10. Percentage of explained variance (PEV) for the stimuli sets during stimulus 

presentation (N=67 posterior-dorsal, N=264 mid-dorsal, N=123 anterior-dorsal, N=70 

posterior-ventral, and N=52 anterior-ventral). Error bars represent standard error of the 

mean PEV computed across all neurons. All line diagrams plotted represent significant 

differences between the corresponding bars, evaluated with a 1-way ANOVA and Tukey 

post-hoc test (p<0.05). 
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Supplementary Figure 1: Electrode penetration maps for each individual monkey. Black 

lines represent the arcuate and principal sulcus. Points represent electrode tracks, from 

which more than one neuron may have been recorded. Dashed gray lines represent the 

boundaries for each region. 
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Supplementary Figure 2: Rasters and Peri-Stimulus-Time-Histograms (PSTHs) from 

three neurons, recorded in the three dorsal regions of monkey EL, tested with stimuli of 

the spatial set. Histograms are arranged so as to indicate the location of the stimulus on 

the grid (left to the fixation point, upper left, etc.). A: A sample neuron from the 

posterior-dorsal region. B: A sample neuron from the mid-dorsal region. C: A sample 

neuron from the anterior-dorsal region.  
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Supplementary Figure 3: Rasters and PSTHs from two neurons recorded from the 

ventral prefrontal regions, tested with the shape stimuli (indicated to the right of the 

PSTH). A: A sample neuron from monkey ADR in the posterior-ventral region. B: A 

sample neuron from monkey MAN in the anterior-ventral region. 
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Supplementary Figure 4: PSTHs from example neurons in all regions during the 

stimulus presentation period, illustrating differences in latencies between regions. A: 

Three sample neurons from the dorsal regions. B: Two sample neurons from the ventral 

regions. Each response was to the neuron’s most preferred stimulus, pooled across all 

stimulus set the neuron was tested with. 

Figure altered from (Riley et al., 2016) to add color. 
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A

D 

P

V 

A

V 

P

D 

M

D 

A

D 

P

V 

A

V 

P

D 

M

D 

A

D 

P

V 

A

V 

# 

Neurons                

 

Total 36 24 5 48 0 42 

15

6 12 

22

2 0 59 

34

6 55 

31

5 4 

 

Responsi

ve  20 5 2 16 0 12 60 4 42 0 24 

18

7 14 49 1 

Tested 

w/ 

Spatial 

set 16 2 0 12 0 7 44 4 19 0 22 

15

6 11 19 1 

Spatially 

Selective 13 2 0 9 0 3 18 2 1 0 18 

12

3 10 3 0 

Tested 

w/ Shape 

set 16 2 0 12 0 6 44 4 19 0 21 

15

7 14 22 1 

Shape 

Selective 2 0 0 6 0 2 10 2 1 0 4 71 2 6 1 

Tested 

w/ Color 

set 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Color 

Selective 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

 

 

Monkey SC MA NI 

 

Region 

P

D 

M

D 

A

D 

P

V 

A

V 

P

D 

M

D 

A

D 

P

V 

A

V 

P

D 

M

D 

A

D 

P

V 

A

V 

# 

Neurons                

 

Total 26 15 0 0 0 19 76 

11

7 13 43 0 

14

0 

17

1 35 75 

 

Responsi

ve  11 3 0 0 0 13 33 46 5 21 0 33 66 14 36 

Tested 

w/ 

Spatial 

set 10 1 0 0 0 10 27 25 4 5 0 23 64 12 27 

Spatially 

Selective 4 0 0 0 0 8 9 10 1 2 0 3 17 2 4 

Tested 7 1 0 0 0 0 5 34 0 19 0 0 0 0 0 
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Area Legend: 

PD: Posterior Dorsal 

MD: Mid-Dorsal 

AD: Anterior Dorsal 

PV: Posterior Ventral 

AV: Anterior Ventral 

 

Supplementary Table Number of neurons in each cortical region, of each monkey. 

Consecutive rows report total number of neurons; neurons with significant responses to 

any of the stimuli (responsive); responsive neurons tested with the spatial set; tested 

neurons that are significantly selective for spatial location (1-way ANOVA, p<0.05); 

responsive neurons tested with the shape test; tested neurons selective for shape (1-way 

ANOVA, p<0.05); responsive neurons tested with the color test; and tested neurons 

selective for color (1-way ANOVA, p<0.05). 

Table edited from (Riley et al., 2016) for thesis formatting purposes. 

  

w/ Shape 

set 

Shape 

Selective 2 0 0 0 0 0 1 14 0 8 0 0 0 0 0 

Tested 

w/ Color 

set 0 0 0 0 0 9 23 23 4 15 0 15 64 9 30 

Color 

Selective 0 0 0 0 0 3 5 4 0 5 0 1 11 5 7 
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Changes in functional specialization of the primate prefrontal cortex following 

working memory training 
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ABSTRACT 

Many studies have shown that the prefrontal cortex (PFC) is a region that is 

altered by the effects of working memory training, yet there remain disputes over the 

functional specialization. Two axes of specialization have been proposed: a dorsal-ventral 

axis of stimulus selectivity for different features of stimuli, and an anterior-posterior axis 

of selectivity for stimulus features or task rules. To address this issue, we divided the 

lateral prefrontal cortex into sub-regions and analyzed changes in responses following 

training in a working memory. Recordings from over two thousand neurons in Posterior-

dorsal, mid-dorsal, anterior-dorsal, Posterior-ventral, and anterior-ventral regions were 

obtained from passive presentations prior to training on a working memory task and 

additional thousand neurons were obtained from four of the same monkeys following 

training on a spatial working memory task. While there was a clear posterior-anterior axis 

of stimulus selectivity prior to training, training induced an increase in stimulus 

selectivity for the anterior regions. Additionally, the anterior-dorsal region showed the 

highest accuracy in decoding rule information following training. Our results provide 

neurophysiological evidence that while training induces changes in the PFC on a 

neuronal level, the population responses still remain selective to task rules/task stimuli 

according to an anterior-posterior axis. 
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INTRODUCTION  

The prefrontal cortex (PFC) has been one of the cortical areas associated with 

working memory and other cognitive functions such as decision making, planning, and 

executive control (Miller and Cohen, 2001;Baddeley, 2003;Constantinidis and Procyk, 

2004;Riley and Constantinidis, 2016).  Though there is little debate regarding the 

involvement of the PFC in these cognitive functions, there remains much debate over the 

organization of how stimulus information and the cognitive task-related information has 

been organized across the PFC. One proposed anatomical structure states that there is a 

“domain-specific” organization along the dorsal-ventral axis of the PFC with dorsal PFC 

specializing in spatial information and ventral PFC specializing in stimuli feature 

information due to anatomical connections between those areas and cortices responsive to 

similar stimulus properties (Petrides and Pandya, 1984;Selemon and Goldman-Rakic, 

1988;Cavada and Goldman-Rakic, 1989;Romanski et al., 1999) and some 

neurophysiological findings (Wilson et al., 1993b;Ó Scalaidhe et al., 1997;Meyer et al., 

2011). In contrast, results from other studies led to an alternative “integrative” model, 

which hypothesizes that prefrontal neurons capable of integrating different types of 

information are evenly distributed throughout the prefrontal cortex. Instead of having 

neurons specialized to respond to aspects of stimuli or task rules, neuronal responses 

would be shaped by cognitive demands imposed by the task that subjects are trained to 

perform, leading to neurons responsive to multiple aspects of stimuli (Rao et al., 

1997;Rainer et al., 1998). Currently, no consensus about a dorso-ventral organization has 

been reached in the current literature (Qi and Constantinidis, 2013). 
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Recently, other researchers have proposed an additional specialization along an 

anterior-posterior axis of the PFC where anterior regions of PFC would be responsive to 

task rules or metacognitive aspects of a task while posterior regions would be responsive 

to the properties of the stimuli used in the task (Badre and D'Esposito, 2009). This 

theoretical specialization was the result of studies using lesions and/or imaging studies in 

human subjects where the anterior frontal cortex was more responsive to more abstract 

operations such as novelty detection, rule learning, temporal sequence, and metacognitive 

control (Koechlin et al., 1999;Strange et al., 2001;Koechlin et al., 2003;Ramnani and 

Owen, 2004b;Baird et al., 2013;Cole et al., 2015).  Regardless, only sparse results in the 

literature exists about any type of specialization between anterior and posterior PFC 

regions (Wallis et al., 2001;Katsuki and Constantinidis, 2012;Donahue and Lee, 

2015;Markowitz et al., 2015).  

Furthermore, there has been a wealth of research examining the effects of training 

in working memory tasks in the prefrontal cortex. Some studies have shown an increase 

in BOLD activation following training to perform a variety of tasks that involve 

maintaining items in memory during delay periods (Hempel et al., 2004;Olesen et al., 

2004;Moore et al., 2006;Dahlin et al., 2008;Thompson et al., 2016), while other studies 

report a decrease in BOLD activation after training in other feature-based, visuospatial, 

and verbal working memory tasks (Garavan et al., 2000;Milham et al., 2003;Landau et al., 

2004;Sayala et al., 2006). 

Previously, we reported a study examining the response properties of neurons 

along the anterior-posterior axis of the prefrontal cortex prior to any training in a working 

memory task (Riley et al., 2016). Posterior prefrontal areas were more selective to stimuli 
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than anterior areas prior to training and dorsal regions more selective than ventral regions 

for spatial information. However, these responses were recorded prior to training in a 

working memory task. Learning the task may induce changes in the response properties 

of these neurons similar to processes described in the integrative model. Therefore, we 

recorded from the same areas in the same animals following training in a spatial working 

memory task in order to observe any changes in stimuli selectivity or introduction of task 

rule information. We hypothesize that training in the task would induce changes 

differentially across the prefrontal cortex, but that the gradient of selectivity for stimuli 

would remain predominantly in posterior PFC and that dorsal PFC would show more 

selectivity to the spatial location than ventral PFC.  
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MATERIALS AND METHODS 

Six male rhesus monkeys (Macaca mulatta) weighing 5-12 kg were used in these 

experiments. None of the animals had any prior experimentation experience. Neural 

recordings were carried out in areas 8, 9, 9/46, 45, 46, and 47/12 of the lateral prefrontal 

cortex prior to training and following training in a spatial working memory task. Data 

from these monkeys were examined previously in a series of studies comparing the 

stimulus selectivity of dorsal and ventral PFC (Meyer et al., 2007;Meyer et al., 2011;Qi et 

al., 2011;Riley et al., 2016). Newly acquired data from one additional monkey is included 

in the analysis presented here. All experimental procedures followed guidelines by 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 and 

were reviewed and approved by the Wake Forest University Institutional Animal Care 

and Use Committee. 

 

Experimental Setup. Monkeys sat with their head fixed in a primate chair while viewing 

a monitor positioned 68 cm away from their eyes with dim ambient illumination. Animals 

were required to fixate on a 0.2° white square appearing in the center of the screen. 

During each trial, animals maintained fixation on the square while visual stimuli were 

presented either at a peripheral location or over the fovea in order to receive a liquid 

reward. Any break of fixation immediately terminated the trial and no reward was given. 

Eye position was monitored throughout the trial using a non-invasive, infra-red eye 

position scanning system (model RK-716; ISCAN, Burlington, MA). The system 
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achieved a <0.3° resolution around the center of vision. Eye position was sampled at 240 

Hz, digitized and recorded.  Visual stimuli display, monitoring of eye position, and the 

synchronization of stimuli with neurophysiological data were performed with in-house 

software (Meyer and Constantinidis, 2005) implemented on the MATLAB environment 

(Mathworks, Natick, MA), and utilizing the psychophysics toolbox (Brainard, 1997).  

 

Pre-Training Presentation. Methods for this phase of the experiment have been 

described previously (Riley et al., 2016). In brief, monkeys were simply asked to fixate 

on a center position while stimuli were shown in their periphery. They were rewarded for 

maintaining fixation during the trial with a liquid reward.  The stimuli shown were white 

2° square stimulus presented in one of nine possible locations arranged in a 3x3 grid of 

10° distance between adjacent stimuli. The same stimuli were shown following training 

in a working memory tasking during the “post-training” phase. 

A fixation interval of 1s where only the fixation point was displayed was followed 

by 500 ms of stimulus presentation, followed by a 1.5s “delay” interval where, again, 

only the fixation point was displayed. A second stimulus was subsequently shown, either 

identical in location to the initial stimulus, or diametrically opposite the first stimulus.  

This second stimulus display was followed by another “delay” period of 1.5 s. The 

location and identity of stimuli in these experiments was of no behavioral relevance to the 

monkeys during the “pre-training” phase.  
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Working Memory Task. Four of the six monkeys were trained to complete a spatial 

working memory task (Figure 2). The task required the monkeys to remember the spatial 

location of the first stimulus shown, observe a second stimulus, and report whether the 

second stimulus was shown in the same location as the first stimulus or if it was in the 

diametrically opposite location via saccade to one of two target stimuli. For two of the 

monkeys, a match would mean a saccade to the green square stimulus while a nonmatch 

would mean a saccade to a blue square stimulus. Targets for the remaining monkey were 

an “H” and a diamond shape for match condition/nonmatch condition respectively. Each 

target stimulus appeared at locations orthogonal to the cue/sample stimuli while the target 

feature locations were varied randomly from trial to trial. One of the four monkeys was 

trained in a different spatial task: a variant of the delayed response task (Funahashi et al., 

1989). Its structure was identical to the first five epochs of the match/nonmatch task 

except that the second stimulus always appeared in the same location as the first stimulus. 

After the end of the second delay period, the animal was required to saccade to the 

location where the stimulus was located. 

 

Surgery and neurophysiology. A 20 mm diameter craniotomy was performed over the 

lateral prefrontal cortex and a recording cylinder was implanted over the site. The 

location of the cylinder was visualized with anatomical MRI imaging and stereotaxic 

coordinates post-surgery. For monkeys MA and EL, the recording cylinder was moved 

after an initial round of recordings so that an additional surface of the prefrontal cortex 

could be sampled. Extracellular recordings were performed with multiple microelectrodes. 

These were either glass- or epoxylite-coated tungsten electrodes with a 250 µm diameter 
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and 1-4 MΩ impedance at 1 kHz (Alpha-Omega Engineering, Nazareth, Israel). Arrays of 

up to 8-microelectrodes spaced 0.5-1 mm apart were advanced into the cortex with a 

Microdrive system (EPS drive, Alpha-Omega Engineering) through the dura into the 

prefrontal cortex. The signal from each electrode was amplified and band-pass filtered 

between 500 Hz and 8 kHz while being recorded with a modular data acquisition system 

(APM system, FHC, Bowdoin, ME). Waveforms that exceeded a user-defined threshold 

were sampled at 25 µs resolution, digitized, and stored for off-line analysis. Neurons 

were sampled in an unbiased fashion, with no regard to response properties of a neuron 

being isolated.  

 

Anatomical Segmentation. Each monkey underwent a magnetic resonance imaging scan 

prior to neurophysiological recordings. Electrode penetrations were mapped onto the 

cortical surface. Detailed specifics of the segmentation were reported previously (Riley et 

al 2016B). Briefly, we identified 6 lateral prefrontal regions: a posterior dorsal region 

including area 8A, a mid-dorsal region including area 8B and area 9/46, an anterior dorsal 

region including area 9 and area 46, a posterior-ventral region including area 45, an 

anterior-ventral region including area 47/12, and a fronto-polar region including area 10 

(Figure 1).  

 

Neural Data Analysis. All data analysis was implemented with the MATLAB 

computational environment (Mathworks, Natick, MA). Recorded spike waveforms were 

sorted into separate units using an automated cluster analysis relying on the KlustaKwik 
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algorithm (Harris et al., 2000), which applied principal component analysis of the 

waveforms. The mean firing rate was then determined in each trial epoch. To ensure the 

stability of firing rate in the recordings analyzed, we identified recordings in which a 

significant effect of trial sequence was evident on the baseline firing rate (ANOVA, 

p<0.05), e.g. due to a neuron disappearing or appearing during a run, as we were 

collecting data from multiple electrodes. Data from these sessions were truncated so that 

analysis was only performed on a range of trials with stable firing rate.  

First, we tested whether responses from each neuron were higher during the first 

stimulus presentation or the delay period following it compared to the 1s fixation period 

preceding it.  Any neuron that had significantly greater responses during the presentation 

was identified as a visually responsive neuron (Student’s t-test; p<0.05).  

To determine if neurons were selective for the match/nonmatch stimulus aspects, 

a 2-way ANOVA measuring the stimulus location and whether the second stimulus 

location was a match or nonmatch to the first stimulus location was calculated for all 

neurons that responded significantly during at least one task epoch. Neurons with p<0.05 

for either match/nonmatch or the interaction between sample location and 

match/nonmatch were deemed selective for match/nonmatch.  

Neuronal selectivity for the stimuli locations was evaluated by using a selectivity 

index defined as (Max-Min)/ (Max+Min), where Max is the maximum response (during 

the stimulus presentation period, averaged across trials) and Min is the response to the 

diametrically opposite stimulus. The selectivity index values were then averaged across 

neurons of a region, and means were compared between regions.  
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In order to further examine stimulus selectivity, we calculated an  estimate of 

information represented in neuronal firing based on the percentage of explained variance 

(PEV), also referred to as the ω
2
 statistic (Olejnik and Algina, 2003). To obtain this, a 1-

way ANOVA was performed for the firing rate of each neuron during the stimulus 

presentation period. PEV is then defined as: ω
2 

= (SSBetween Groups) / (SSTotal), where 

SSBetween Groups is the between groups sum of squares and SSTotal  the total sum of squares.  

Finally, we used the Neural Decoding Toolbox (Meyers, 2013) in order to test the 

ability of the neuronal population to encode/decode the stimulus identity or whether the 

second stimulus matched or did not match the first stimulus. As we had differing amounts 

of neurons between regions, we randomly sampled from either 80 neurons (for stimulus 

identity) or 60 neurons (for match/nonmatch condition) to train and test the classifier 

using 500ms bins sampled every 150ms. We only used neurons with at least 12 trials of 

each stimulus location or 56 trials of match/nonmatch identity. For the stimulus identity 

condition, we trained the classifier on 11 trials of each location and tested it on the 

remaining 1 trial for each location. When decoding match/nonmatch conditions, we 

trained the classifier on 52 match/nonmatch trials and tested it with 4 trials in each 

condition.  
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RESULTS 

Prior to training, responses were recorded from 2052 prefrontal neurons in six 

monkeys during a passive fixation task (monkey AD – 113 neurons, BE – 432, EL – 779, 

MA – 268, NI – 419, SCR – 41 neurons). These six monkeys had no prior history of 

training in working memory tasks and were only required to view stimuli passively. 

Following training in a spatial working memory task, responses were recorded from 1856 

neurons from four of these monkeys (monkey AD – 275 neurons, BE – 487 neurons, EL 

– 806 neurons, NI – 288 neurons). As in our previous report, we subdivided the lateral 

PFC into 6 regions prior to analysis (Figure 1): posterior-dorsal, mid-dorsal, anterior-

dorsal, posterior-ventral, anterior-ventral, and fronto-polar (Riley et al., 2016). We 

analyzed neurophysiological recordings from five of these regions (posterior-dorsal: 182 

neurons pre-training/211 neurons post-training; mid-dorsal: 756 neurons pre-training/690 

neurons post-training; anterior-dorsal: 359 neurons pre-training/222 neurons post-

training; posterior-ventral 633 neurons pre-training/612 neurons post-training; anterior-

ventral 122 neurons  pre-training/121 neurons post-training). The fronto-polar region was 

not sampled sufficiently for our analysis during either training phase and is depicted in 

Figure 1 simply to illustrate the boundaries of our anterior-dorsal and anterior-ventral 

regions. During recordings for each region, we sampled neurons in an unbiased fashion; 

we recorded from all neurons encountered by our electrodes during each recording 

session with no regard to their response properties. For the pre-training recordings, the 

spatial stimuli were presented passively while the monkeys maintained fixation while the 

post-training recordings were completed as the monkeys were performing a spatial 

working memory task (Figure 2)  
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Percentage of responsive neurons 

Typically, prefrontal neurons that are responsive to a working memory task 

respond briefly to the appearance of a visual stimulus and sustain their increased 

discharge rate even after the stimulus is extinguished. (Funahashi et al., 1989;Riley and 

Constantinidis, 2016). To measure any changes in responsivity to the stimulus or during 

the period following it, we counted the percentage of neurons that responded during these 

two periods before and following training (Student’s t-test, P<0.05).  These results are 

shown in Figure 3.   

Though we observed that the percentage of neurons with responses was higher in 

the posterior regions and lowest in the anterior region, this difference did not reach 

significance prior to training (χ
2
-test, p>0.3). A similar trend was seen following training, 

but now the difference reached statistical significance (χ
2
-test, p<0.01).  There were no 

differences in the percentage of responsive neurons between the ventral regions. When 

we grouped neurons together into “dorsal” and “ventral” regions, we observed that there 

was a significant increase in the number of significant neurons in both regions (dorsal: χ
2
-

test, p<0.01; ventral: χ
2
-test, p<0.00001). 

We refined our analysis by examining responsiveness during the stimulus 

presentation period alone (figure 3, middle).  After training, we found a significant lower 

percentage of neurons that responded to the stimulus presentation in the anterior-dorsal 

region compared to posterior regions (χ
 2

-test, p<0.05) and no significant differences in 

the percentage of significant neurons in the ventral regions. More specifically, there was 

no significant difference in the percentage of neurons that responded to the stimulus in 
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the dorsal regions before and after training, but there was a significant increase in the 

ventral regions when combined (χ
2
-test, p<0.01). 

As the prefrontal activation during delay periods is thought to be the 

neurophysiological correlate of working memory, we examined the percentage of 

neurons responsive during the delay period following training (figure 3, bottom). We 

observed lower responsivity of anterior regions compared to the posterior regions (dorsal: 

χ
2
-test, p<0.05; ventral:  χ

2
-test, p<0.001). We also observed massive increases in the 

percentage that respond during this period for both “dorsal” and “ventral” neurons 

(Dorsal: χ
2
-test, p<10

-10
; Ventral: χ

2
-test, p<10

-6
).  

When comparing changes in each individual region before and after training, we 

observed that only the mid-dorsal region and posterior-ventral region saw significant 

increases in the percentage of responsive neurons following training in either of these two 

periods (χ
2
-test, p<0.05). Interestingly, we observed that only the posterior-ventral region 

showed an increase in the responsivity during the stimulus period following training (χ
2
-

test, p<0.0001). For the delay period, we observed that each region except for anterior-

ventral showed an increase in the percentage of neurons that responded during that period 

compared to pre-training (posterior dorsal: χ
2
-test, p<0.0001; mid-dorsal: χ

2
-test, 

p<0.0001; anterior-dorsal: χ
2
-test, p<0.0001;posterior-ventral: χ

2
-test, p<0.0000001). The 

anterior-ventral region had a decrease in the percentage that responded during this period 

(χ
2
-test, p<0.05), though this was the region with the smallest sample of neurons. 

Overall, our results show that the anterior regions have a much smaller percentage 

of neurons that respond to the stimuli following working memory task training in contrast 
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to the posterior regions, especially during the important delay period for working 

memory tasks. Additionally, we observed most of the increases in terms of neurons 

responding to the stimuli relative to pre-training were located in the mid-dorsal and 

posterior-ventral regions. In contrast, during the delay period, each region except for the 

anterior-ventral saw increases in responsivity. 

 

Discharge rate 

To further examine any changes in activity following training, we measured the 

firing rates of all neurons during the baseline fixation, stimulus presentation and initial 

delay periods (Figure 4). Before training, there was significantly higher firing rates in the 

posterior-dorsal region compared to the anterior regions only during the stimulus 

presentation period (ANOVA, F2,1207=3.35, p<0.05). After training, we observed that the 

anterior-dorsal region was more active overall. We observed a significant difference 

during the baseline fixation period (ANOVA, F2,1086=8.39, p<0.001), the stimulus 

presentation period (ANOVA, F2,1086=6.96, p<0.001), and through the first delay period 

as well (ANOVA, F2,1086=5.40, p<0.01). This was unexpected given that we observed a 

slightly lower percentage of neurons in anterior-dorsal that responded during the task. 

When we tested with only neurons that responded significantly during the stimulus 

presentation period, we again observed that there was a significantly higher firing rate in 

the anterior-dorsal region which more than made up for the smaller amount of responsive 

neurons (ANOVA, F2,395=5.96, p<0.01). The same was true with neurons that had a 

significant response during the delay period (ANOVA, F2,361=3.93, p<0.05).  
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Examining the ventral regions, we observed that before training, the anterior-

ventral region consistently had a higher firing rate than the posterior-ventral region 

during each task epoch (ANOVA, p<0.01 for all epochs). This was true following 

training with all ventral neurons in all periods (Fixation: ANOVA, F1,701=14.1, p<0.001; 

Stimulus presentation: ANOVA, F1,701=22.62, p<10
-5

; Delay: ANOVA, F1,701=10.62, 

p<0.01). Examining only neurons that significantly responded during the stimulus 

presentation period, we saw the anterior-ventral had a higher firing rate than the 

posterior-ventral as well (ANOVA, F1,156=8.27, p<0.01).  

When comparing pre- and post-training stages, there were no changes in the firing 

rates for the posterior-dorsal during any period of the task (Student’s t-test, t(391)>0.3093, 

p>0.23 for all tests). However, we did observe an increase in the firing rate for all of the 

anterior-dorsal neurons during the baseline fixation period (Student’s t-test, t(523)=-3.14, 

p<0.01), cue presentation period (Student’s t-test, t(523)=-4.1440, p<0.0001), and delay 

period (Student’s t-test, t(523)=-4.828, p<0.00001).  Additionally, there was a significant 

increase for the mid-dorsal neurons during the delay periods following training (Student’s 

t-test, t(1379)=-2.1412, p<0.05).  There was a significant increase in firing rate during the 

stimulus presentation period for the significant anterior-dorsal neurons (Student’s t-test, 

t(137)=5.1088, p<0.00001) and for the anterior-dorsal neurons that responded during the 

delay period (Student’s t-test, t(83)=-2.8021, p<0.01).  

When comparing the pre- and post-training stages for the ventral regions, we 

observed higher firing rates in the posterior-ventral region when testing all neurons 

during each of the fixation, cue presentation, and delay periods tested (Fixation: Student’s 
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t-test, t(1194)=-3.2393, p<0.01; Stimulus presentation: Student’s t-test, t(1194)=-4.0374, 

p<0.0001; Delay: Student’s t-test, t(1194)=-4.0643, p<0.0001). 

 Overall, training in a working memory task induced changes differentially in 

firing rates across regions. After training, the anterior-dorsal and anterior-ventral regions 

had higher firing rates during all portions of the task compared to the posterior-dorsal and 

posterior-ventral regions. Additionally, the anterior-dorsal and posterior-ventral region 

exhibited increased firing rates compared to pre-training. This shows that while the 

percentage of neurons that respond significantly to the stimuli may have decreased in 

anterior regions, the responsivity to each neuron’s best stimulus was increased following 

training compared to the posterior regions. 

 

Stimulus selectivity 

Next, we examined the stimulus selectivity of neurons along the anterior-posterior 

axis of the prefrontal cortex. We evaluated stimulus selectivity from neurons that 

significantly responded to the stimulus during either the stimulus presentation period or 

the delay period following it. Our analysis quantified the selectivity of each neuron with a 

selectivity index defined as (Max-Min)/ (Max+Min). Mean values of the selectivity index 

were then compared across regions (Figure 5, top).  

Before training, the posterior-dorsal region had a higher selectivity index value 

compared to the mid-dorsal and anterior-dorsal regions (ANOVA, F2,421=28.74, p<10
-11

) 

and the posterior-ventral region had higher selectivity compared to anterior-ventral 

(ANOVA, F1,98=6.74, p<0.05). Following training, there were no differences in the 
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selectivity index values between the dorsal regions because selectivity decreased in 

posterior-dorsal and increased in anterior-dorsal (ANOVA, F1,395=0.43, p>0.6). In 

contrast, the posterior-ventral region continued to have a significantly higher value than 

the anterior-ventral region though the selectivity index decreased following training for 

both regions (ANOVA, F1,156=6.59, p<0.05). 

These effects were mirrored in the delay period when we tested the selectivity 

index during the delay period for those neurons that were significantly responsive during 

that period (Figure 5, bottom). Prior to training, the posterior-dorsal had significantly 

higher selectivity compared to the mid-dorsal and anterior-dorsal regions (ANOVA, 

F2,238=17.6, p<10
-7

). After training, the mid-dorsal region had the highest SI value during 

the delay period  due to a decrease in selectivity index for the posterior-dorsal region and 

an increase in the anterior-dorsal selectivity index (ANOVA, F2,361=3.4, p<0.05). Among 

the ventral areas, the posterior-ventral had a higher selectivity index than the anterior-

ventral during the delay period after training (ANOVA, F1,182=4.12, p<0.05).  

Overall, the selectivity index revealed a major effect of training for the dorsal 

regions: to decrease selectivities in posterior-dorsal and increase selectivity in anterior-

dorsal following training in the task.  In contrast to the dorsal regions, the ventral regions 

remained more selective posteriorly during the cue period and became more selective 

posteriorly during the delay period.  
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Stimulus Information 

In order to more fully quantify the ability of prefrontal neurons in different 

regions to represent the entirety of the stimulus sets rather than compare only the best and 

worst stimulus responses, we estimated the amount of information that was carried in the 

signal for the stimuli features by calculating the percentage of explained variance (PEV) 

in the firing rates during the stimulus presentation and delay periods that was explained 

by the different stimuli in each set (Figure 6).  

Prior to training, we observed that the posterior-dorsal region was significantly 

higher than the other dorsal regions, in line with the posterior-anterior axis of selectivity 

hypothesized. As was the case with the selectivity index, we observed a decrease in 

posterior-dorsal and an increase in anterior-dorsal following training. During the stimulus 

presentation period, the anterior-dorsal region carried a significantly larger amount of 

information about the stimulus identity compared to the mid-dorsal and posterior-dorsal 

regions. (ANOVA,F2,395=3.79 p<0.05). Spatial information did not differ significantly 

between ventral regions during the stimulus presentation period.  Similar effects were 

observed during the delay period (figure 6, bottom). .  

Additionally, we looked at the combined PEV values for the dorsal and ventral 

regions. We observed that there was an increase in information following training during 

the stimulus presentation period (2-way ANOVA for training status, F1,1073=5.39, p<0.05) 

and that the dorsal regions were higher than the ventral regions (2-way ANOVA for 

region, F1,1073=36.45, p<0.0001). The results were similar for the delay period as well. 

There was an increase in the amount of information following training in the working 
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memory task (2-way ANOVA for training status, F1,885=6.95, p<0.01) and the dorsal 

regions carried more information than the ventral regions (2-way ANOVA for region, 

F1,885=50.34, p<0.0001). 

 Overall, the analysis of information revealed a change in the gradient of spatial 

information in dorsal regions. This gradient shifted from moving posteriorly-anteriorly 

prior to training during both periods, to the anterior-dorsal having the highest PEV during 

the stimulus presentation period and similar amounts of information among areas during 

the delay period. Finally, this analysis re-affirms the greater representation of spatial 

information in the dorsal compared to ventral areas regardless of training status. 

 

Match/Nonmatch Selectivity 

 Up until now, we focused on the response to the locations of the stimuli presented 

during the cue presentation and delay periods, but the hypothesis that posterior regions 

respond selectively to the stimuli properties and anterior regions respond to task rules 

require additional analysis into the task rule once the rule has been acquired. To do this, 

we examined rule preference for neurons responsive during any portion of the task: 

whether the response during the sample period or following delay period was selective to 

the match/nonmatch status of the stimulus or the interaction of match/nonmatch status 

and location of the sample stimulus (figure 7).  

As one would expect, we initially saw that there were no differences between the 

dorsal regions prior to training. There was also no significant difference in the percentage 

that responded to the match/nonmatch status in those regions following training. In 

contrast, when we test for neurons that were selective for an interaction with sample 
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location and the match/nonmatch status, we did observe that the mid-dorsal region was 

significantly higher than the other two regions both before and after training (Pre-

training: χ
2
-test, p<0.05

; 
post-training: χ

2
-test, p<10

-4
).  

We observed no differences between ventral areas for match/nonmatch selectivity 

or interaction with sample presentation location prior to training. There were significantly 

more neurons that were responsive to match/nonmatch status following training in 

anterior-ventral than posterior-ventral (χ
2
-test, p<0.05). 

 There was a general increase in the percentage of neurons that were selective to a 

match/nonmatch difference in the sample presentation or the following delay period after 

training. We observed increases in the percentage of neurons that were selective in the 

posterior-dorsal (χ
2
-test, p<0.05), mid-dorsal (χ

2
-test, p<10

-5
), posterior-ventral (χ

2
-test, 

p<0.05), and anterior-ventral regions (χ
2
-test, p<0.05). A similar increase following 

training in the percentage of neurons selective for the interaction of sample presentation 

location and match/nonmatch status was seen in the mid-dorsal (χ
2
-test, p<0.001) and 

posterior-ventral regions (χ
2
-test, p<0.05). 

 These results suggest that the mid-dorsal neurons become more selective for the 

match/nonmatch rule in conjunction with the location of the stimulus as a result of 

training in the match/nonmatch task. Prior to training, there were no differences in either 

the dorsal or ventral regions for the percentage of neurons selective for the rule or for the 

rule and location. Thus, once the rule was learned, the mid-dorsal region became more 

selective for that rule as well as the locations of the sample stimuli.  
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Multi-variate decoding of information 

 Each of the analyses thus far has examined the results of single neuron firing rates 

individually, but there may be a different response when the neuronal firing rates are 

combined together in order to decode information relating to the stimulus or to the rule of 

the task. To quantify this effect, we used a linear classifier decoder to decode the firing 

rates from trials during 150ms bins once the classifier was trained on the other trials for 

that stimulus/rule. 

 Figure 8 shows the results from the stimulus identity classifier (chance = 1/8 for 

the 8 non-foveal locations or 12.5%) for each of the regions using random equal 

numbered samples of neurons. Prior to training, the posterior-dorsal and mid-dorsal had a 

higher decoding accuracy for the stimulus (grey areas) than the anterior-dorsal (blue 

lines). After training, there was no difference in stimulus decoding for the posterior-

dorsal region. This appears to be the combined effect of an increase in the number of 

neurons recruited by the stimulus after training (figure 3) and the decrease in average 

selectivity for stimulus location (figure 5). Similarly, the mid-dorsal region showed no 

changes after training in the stimulus presentation period. In this case, there were no 

changes in either the percentage of neurons recruited by the stimulus or the average 

selectivity for the stimulus location. The anterior-dorsal region was the only region that 

showed an increase in stimulus decoding during the first stimulus presentation period (red 

lines). This change was more than would be predicted simply by the modest increase in 

average selectivity and is likely to reflect optimizing of the neural code across the 

population. Spatial information decoded from the ventral regions was minimal and there 

were no differences after training in the ventral regions. 
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Following training, the most salient changes in the delay period were in the mid-

dorsal and anterior-dorsal regions. The mid-dorsal and anterior-dorsal regions were the 

only regions to show an increase during the sample period and sample delay periods. The 

accuracies for the ventral regions continued to hover around chance following training 

during this period as well. 

 The decoding accuracies are shown for the match/nonmatch classifier (chance = 

½ for 2 conditions or 50%) in figure 9. Prior to training, minimal match/nonmatch 

information was present as the monkeys were not re quired to make a judgment in that 

respect. Following training, we saw increases in all three dorsal regions during the 

sample and sample delay periods. Additionally, we see a later, stronger peak of accurate 

decoding in anterior-dorsal consistent with a huge increase of individual neurons 

selective for match/nonmatch in this region (figure 7), and increasing peak accuracies 

moving anteriorly from posterior-dorsal to anterior-dorsal. In the ventral regions, we 

observed increases only in the posterior-ventral region following training.  

 Overall, these results show that training in the task only induces increases in 

stimulus identification decoding in the mid-dorsal and anterior-dorsal regions, but that it 

induces a general increase in match/nonmatch decoding accuracy for nearly all regions. 

As expected, we observed both changes in the mid-dorsal and anterior-dorsal regions, 

indicative that the anterior regions of PFC would be more selective to the task rule once 

learned. This also showed that while the anterior-dorsal region may not change in the 

amount of neurons significant or selective, the population itself is altered to become more 

accurate in decoding the task-relevant properties.  
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 DISCUSSION 

The results from these experiments provide the first in-depth examination into the 

effects that learning to perform a working memory task has on prefrontal neuronal 

responses and the functional specialization of the PFC. Much work has been done 

previously to examine the effects of training on the PFC in a variety of tasks and training 

paradigms (Sandrew et al., 1977;Kubota and Komatsu, 1985;Asaad et al., 1998;Rainer 

and Miller, 2000;Jolles et al., 2010;Jolles et al., 2011), but very few have looked at the 

functional structure of the anterior-posterior axis of the PFC, much less the effects of 

training in a working memory task on the response properties (Koechlin et al., 

2003;Badre and D'Esposito, 2007;2009;Bahlmann et al., 2015b).  

 

Stimulus Responsivity 

First, we observed that more neurons responded to the stimulus in the cue 

presentation period and delay period following training, but these increases were mostly 

in our posterior regions compared to anterior regions (Figure 3). This is a surprising 

expansion of our previous analysis, which saw increases in the percentage that responded 

when grouping together all dorsal regions and ventral regions (Qi et al., 2011). Indeed, 

when we grouped our neurons together by region, we observed that there were common 

increases overall in both dorsal and ventral regions, but these increases were only coming 

from the posterior regions of dorsal and ventral PFC. This would explain why some 

human imaging studies observed increases in prefrontal activation following training on 
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working memory tasks (Olesen et al., 2004;McNab et al., 2009) while others show a 

decrease in activation following training (Jansma et al., 2001;Sayala et al., 2006).  

In contrast to the smaller percentages of neurons seen in anterior PFC regions 

compared to posterior PFC regions after training, the firing rate for the neurons in the 

anterior PFC regions was much higher for each neuron’s preferred stimulus compared to 

the posterior PFC regions. This was true for both neurons that responded significantly 

during the task epochs and the entire population as a whole (Figure 4). As we specifically 

required the animals to maintain the stimulus location information during the delay 

period, it was expected that we would observe an increase in response to the best stimulus 

during the delay period for all of our regions since past studies have shown that increases 

in firing rate are consistent with known effects of attention (Rainer et al., 1998). Indeed, 

level of activation during tasks has been associated with errors in task recall (Funahashi 

et al., 1989;Zhou et al., 2013). Strangely, the posterior-dorsal region showed no such 

increase in firing rate. One potential reason for its lack of activation following rule 

acquisition could be a functional change in prefrontal network activity due to a 

decreasing need to focus on learning the task rules following training as seen elsewhere 

(Landau et al., 2004). It is unlikely that it is a result of repetition priming effects as these 

same stimuli were seen prior to training, so the effects would be similar for both time 

periods. 
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Stimulus Selectivity 

Our increase in activation under different methods was accompanied by a 

surprising decrease in selectivity to the stimulus & stimulus information for the posterior-

dorsal region and a corresponding increase in selectivity/information for the anterior 

dorsal regions (Figures 5 & 6). Many previous studies had shown that highly selective 

neurons and increased stimulus selectivity were the result of perceptual learning 

(Kobatake et al., 1998;Rainer and Miller, 2000;Yang and Maunsell, 2004;Jiang et al., 

2007;Gilbert et al., 2009), and this result shows where that increase of selectivity comes 

from. Instead of increasing the already selective posterior-dorsal region, training changes 

the less selective anterior-dorsal region to become selective for task-relevant stimuli. 

Similarly, there was a previous result that reported decreased selectivity for familiar 

compared to novel stimuli in a behavioral task (Kusunoki et al., 2009), and our decrease 

in selectivity index values and lower percentage of information conveyed in the posterior-

dorsal region agrees with the results from that experiment.  

In addition to the higher selectivity index values and information conveyed in the 

anterior-dorsal region in the cue and first delay periods compared to the posterior-dorsal 

and mid-dorsal regions, we observed that it and mid-dorsal were the only two regions that 

showed an increase in stimulus identity information decoding accuracy during the sample 

and sample delay periods and more than would be predicted simply by the modest 

increase in selectivity. However, the stimulus information decoding accuracy during the 

cue and delay periods was still higher in the posterior-dorsal and mid-dorsal regions than 

the anterior-dorsal region. Despite individual neurons becoming more selective in the 

anterior-dorsal region, the dorsal regions themselves continue to respond to the first 
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stimulus according to the posterior-anterior gradient of stimulus selectivity we reported 

prior to training (Riley et al., 2016). Only when we observe the second stimulus 

presentation and afterwards can we observe that the more anterior regions are more 

selective/accurate than the posterior-dorsal region, in agreeance with the posterior-

anterior gradient of task information proposed by (Badre and D'Esposito, 2009). 

Furthermore, this result only comes following acquiring the rule of the task to attach 

importance to the stimulus; there was no greater accuracy in the mid-dorsal and anterior-

dorsal regions compared to the posterior-dorsal region in these task epochs prior to 

training, emphasizing that training itself induces a shift from this posterior-anterior 

stimulus selectivity gradient. 

Similar to the dorsal regions, we also observed a posterior-anterior gradient of 

single neuron selectivity in the ventral regions, though there was little to no change in the 

decoding accuracy in these regions compared to pre-training accuracies. Previous studies 

have shown at least some separation in the response properties of spatial/non-spatial 

stimuli between dorsal/ventral regions (Hoshi et al., 1998;Ninokura et al., 2004), but 

other studies have shown ventral neurons to have some spatial selectivity following 

training in working memory tasks (Rao et al., 1997;Rigotti et al., 2013a;Kadohisa et al., 

2015). Our results show that while there may be some selectivity for spatial stimuli both 

before and following training in working memory tasks in these regions, there is little 

functional effect to the single neuron selectivity when measuring the combined firing 

rates in our classifier. Even after the animal has undergone training in the working 

memory task requiring the animal to recall the position of the first stimulus, the classifier 

performance in both ventral areas hovered around chance percentage for decoding the 
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stimulus location. The amount of information carried in dorsal regions was always 

significantly higher than the amount in ventral regions as well.  

One caveat to our study is that we only used spatial locations as our stimuli 

features and not differing shapes or colors. A recent study suggested that posterior ventral 

PFC may be important in feature attention (Bichot et al., 2015), which was not examined 

in this experiment. A similar anterior-posterior gradient for feature selectivity/decoding 

may exist following training in the ventral PFC, but remains to be tested. 

 

Rule acquisition 

It has been shown previously that PFC neurons can individually encode abstract 

rules (White and Wise, 1999;Wallis et al., 2001;Vallentin et al., 2012), but few studies 

have examined the functional anatomy of rule encoding neurons  inside the PFC. Our 

study divided the PFC into three dorsal regions and two ventral regions in order to locate 

the neurons that would be selective for the match/nonmatch rule. If neurons responded 

according to the hypothesized anterior-posterior axis of rule selectivity, we expected to 

see more rule selective neurons in the anterior-dorsal and anterior-ventral regions. Instead, 

we observed that the anterior regions showed more selectivity with respect to the rule, 

while the mid-dorsal region exhibited selectivity for rule and location. This confirmed a 

similar fMRI study which observed activation in middle frontal cortex for the current rule 

being tested, as compared to anterior frontal cortex which responded to selective rules 

(Bahlmann et al., 2015b). We observed lower numbers in the percentage of neurons that 

responded to the stimuli;  thus, we suggest that perhaps individual anterior neurons 
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become less responsive to task variables as suggested by (Rajah and D'Esposito, 2005) 

though their meta-study linked that effect due simply to age. 

In contrast to the lower percentage of individual neurons which were selective for 

the match/nonmatch rule, we observed that the anterior-dorsal region exhibited the 

highest classifier accuracy rates (match/nonmatch detection) of any region during the 

final period before response following training (figure 9) and that the mid-dorsal region 

had higher classifier accuracy rates than the posterior-dorsal region. Classification if the 

second stimulus was a match or non-match did proceed in an anterior-posterior gradient 

of accuracy during the sample and sample periods of the task.  This matched our 

expectations that rule selectivity existed on a gradient axis. A recent study showed that 

disruption of anterior-most frontal cortex in humans while they are performing cognitive 

tasks,  impaired performance on those tasks (Bahlmann et al., 2015a), in agreement with 

our results showing task-related information represented in anterior PFC . We observed 

that all regions except for anterior-ventral exhibited an increase in accuracy for decoding 

of match/nonmatch information following training. The anterior-ventral region (area 

47/12) is thought to be involved in the active retrieval of information from memory 

(Petrides, 1996) and, due to the type of (spatial) stimuli used in our task may not have 

required information retrieval; thus, anterior-ventral neurons remained unchanged until 

trained using differing types of feature stimuli. Additional studies and further exploration 

of PFC are required in order to resolve these and other questions raised by these results.  
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Figure 1. Diagram of the PFC regions mapped over one monkey’s brain. The PFC was 

divided into posterior-dorsal, mid-dorsal, anterior-dorsal, posterior-ventral, anterior-

ventral, and fronto-polar regions.  
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Figure 2. (A) The sequence of events during the passive viewing paradigm, using the 

spatial stimulus set. Monkeys were initially required to fixate for a period of 1s after 

which a stimulus was shown for 0.5s. After a delay period of 1.5s, a second stimulus was 

shown for 0.5s either matching the first in location/shape/color or of a different 

location/shape/color. Another delay period of 1.5s followed after which the monkeys 

were rewarded for maintaining fixation throughout the entire trial. A break of fixation at 

any time aborted the current trial with no reward. (B) The spatial match/nonmatch 

working memory task. Time periods are the same as the passive paradigm. Instead of 

being rewarded, two targets are displayed and the monkey has to saccade to the green 

square/H if the two stimuli matched or the blue square/diamond if the two stimuli did not 

match.  
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Figure 3. Bar graphs represent the overall percentage of neurons that exhibited 

significant responses over the baseline period in the cue period alone (top) and in the 

delay period alone (bottom). Error bars represent standard error of the mean for 

percentages calculated separately in each monkey. Data are shown separately for each 

prefrontal region (N=393 total neurons for posterior-dorsal, N=1384 for mid-dorsal, 

N=511 for anterior-dorsal, N=1155 neurons for posterior-ventral, and N=238 for anterior-

ventral region). All line diagrams plotted represent significant differences between the 

corresponding bars, evaluated with a chi-square test (p<0.05).  
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Figure 4. Average firing rate during the fixation (top), cue presentation (middle), and 

delay (bottom) periods of the task for all neurons. The best stimulus for each neuron was 

presented during all periods. Data are shown separately for each prefrontal region 

(N=390 total neurons for posterior-dorsal, N=1329 for mid-dorsal, N=466 for anterior-

dorsal, N=1116 neurons for posterior-ventral, and N=204 for anterior-ventral region). 

Error bars represent the standard error of the mean calculated across all neurons. All line 

diagrams plotted represent significant differences between the corresponding bars, 

evaluated with a Student’s t-test (p<0.05). 
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Figure 5. Selectivity index values during the Cue (top) and Delay (bottom) periods 

before and following training in a working memory task for neurons responding during 

these task epochs. The selectivity index was calculated by (Maximum response - 

Minimum response)/ (Maximum response + Minimum response). Neurons for the cue 

period are N = 145 neurons in posterior-dorsal, N = 512 in mid-dorsal, N = 163 in 

anterior-dorsal, N = 189 in posterior-dorsal, and N = 68 in anterior-ventral. Neurons for 

the delay period are N = 111 for posterior-dorsal, N = 409 for mid-dorsal, N = 85 for 

anterior-dorsal, N = 253 for posterior-ventral, N = 27 for anterior-ventral. Error bars 

represent the standard error of the mean calculated across all neurons. Line diagrams 

represent significant differences between bars, calculated using a 1-way ANOVA 

(p<0.05). 
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Figure 6. Percentage of Explained Variance for neurons responding significantly during 

the cue period. Neurons are the same as the ones in Figure 5 during the cue period. Error 

bars represent the standard error of the mean calculated across all neurons. Line diagrams 

represent significant differences between the two bars, tested with a 1-way ANOVA 

(p<0.05). 
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Figure 7. Percentage of neurons that were selective for the Match/Nonmatch rule before 

and following training. Error bars represent standard error of the mean for percentages 

calculated across each monkey. Data are plotted for each region (N = 248 posterior-dorsal 

neurons, N = 701 mid-dorsal neurons, N = 193 anterior-dorsal neurons, N = 439 

posterior-ventral neurons, N = 94 anterior-ventral neurons). All line diagrams represent 

significant differences between the corresponding bars, evaluated using a chi-square test 

(p<0.05). 
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Figure 8 Information in the PFC pre- and posttraining for each region for the stimulus 

location presented as the first stimulus. The gray shaded regions indicate the times when 

the first, second, and decision stimuli were shown. The black line indicates the level of 

decoding expected by chance (12.5%). Neurons are the same as Figure 4. 
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Figure 9 Information in the PFC pre- and posttraining for each region for the 

Match/Nonmatch rule. The gray shaded regions indicate the times when the first, second, 

and decision stimuli were shown. The black line indicates the level of decoding expected 

by chance (50%). Neurons are the same as Figure 8. 
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The concept of working memory originated from the distinction between short-

term memory and long-term memory among psychologists and  expanded into a four 

component model that interacts with long-term memory  (Peterson and Peterson, 

1959;Atkinson and Shiffrin, 1968;Baddeley, 1997;Hebb, 2002;Baddeley, 2003). These 

four components are a central executive that controls attention and processing, and three 

sensory storages called a phonological loop, a visuospatial sketchpad, and an episodic 

buffer.  From that point, many neuroscientists have worked to identify the 

neurophysiological correlates of working memory in order to further evaluate this 

construct. Early lesion studies first showed evidence that the cortical surface of the 

frontal lobes in non-human primates and humans were linked with working memory 

function (Jacobsen, 1936;Milner, 1963), with later neurophysiological studies identifying 

the primate prefrontal cortex as one central area in working memory (Fuster and 

Alexander, 1971;Funahashi et al., 1989). In contrast with strong evidence linking PFC to 

working memory, the functional layout of the PFC has constantly been in debate due to 

studies showing conflicting results in regards to selectivity for different types of stimuli 

and tasks through imaging and single electrode studies (Jansma et al., 2001;Olesen et al., 

2004;Badre and D'Esposito, 2009;Qi and Constantinidis, 2013). Therefore, identifying 

the functional anatomy of the PFC is crucial to resolving the question of the role of the 

PFC in working memory and what contributions it holds. 

In addition to studying the neurophysiological correlates of working memory, 

recent studies have examined the changes that training in a working memory task induces 

on the cortex itself and the status of any potential behavioral benefits. Working memory 

task training itself has been linked to improvement in cognitive abilities in children with 
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Attention-deficit Hyperactive Disorder (Klingberg et al., 2002), stroke patients 

(Westerberg et al., 2007), normal aging (Vermeij et al., 2016b), and assisting in treatment 

of post-traumatic stress disorder (Saunders et al., 2015). Contrastingly, imaging studies 

have shown both increases (Hempel et al., 2004) and decreases in prefrontal activation 

following training in working memory tasks (Sayala et al., 2006). Therefore, it is 

important to resolve these differences by the use of single electrode recordings 

throughout the different areas of PFC in order to examine the single neuron and 

population changes that training induces in PFC. Our experiments will allow future work 

to manipulate the PFC in order to try and reproduce these training-induced changes via 

neuronal stimulation either pharmacologically, or directly via electrical or optogenetic 

stimulation. In the present studies, we report both the specialization of PFC responses to 

stimulus properties prior to training and the effects that training in a working memory 

task have on said functional structure. 

 

 

Dorsal-Ventral divide 

One of the prevalent theories about the functional anatomy of the PFC includes a 

division of cortex into dorsal and ventral divisions which process spatial and feature 

information respectively (Adcock et al., 2000;Leung et al., 2002;Sala and Courtney, 

2007). This theory arose from a series of anatomical connections from spatially selective 

areas like the posterior parietal cortex to areas 8A and 9/46 in non-human primates, 

which also respond selectively to spatial location. Additionally, anatomical connections 



165 
 

are present from areas like the inferior temporal cortex to area 45 and both areas focus on 

stimulus identity (Petrides and Pandya, 1984;Selemon and Goldman-Rakic, 1988;Cavada 

and Goldman-Rakic, 1989). To contrast the results from experiments where these areas 

were seen to respond to specific stimulus features, other theories have suggested that 

these areas are modified based on task-related information presented rather than an innate 

type of stimulus response (Owen et al., 1996b;Stern et al., 2000).   

In the first part of our project, we focused on resolving this issue by examining 

the PFC prior to any changes that would be induced by a working memory task. The 

differences in responsivity and selectivity documented in Chapter II demonstrated a 

dorsal-ventral functional specialization divide in response to stimulus properties. Initially, 

we saw that responsiveness for our stimuli was lower in posterior-ventral than any other 

region examined. This was in sharp contrast with other studies that observed no 

differences in responsivity between dorsal and ventral regions when using complex 

stimuli during passive presentations (Ó Scalaidhe et al., 1997;Ó Scalaidhe et al., 

1999).Likely our stimuli sets were too simple for a response from many posterior-ventral 

neurons in training-naïve animals. In addition, we found that activity for the ventral 

region was more selective for the shape set and color set than in the mid-dorsal and 

anterior-dorsal regions, but was not different than in the posterior-dorsal region. This was 

complimented by a similar gradient for stimulus location selectivity in dorsal PFC. These 

results are congruent with post-training studies showing a segregation of spatial and non-

spatial properties (Hoshi et al., 1998;Ninokura et al., 2004). Lastly, we observed that 

selectivity for one type of stimulus was strongly correlated with selectivity for another 

type of stimulus prior to training in all prefrontal regions which agreed with the report 
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from (Rao et al., 1997) showing neurons with significant responses for both feature and 

spatial location. Our results demonstrate that there is a distinct gap between dorsal PFC 

and ventral PFC in their selectivity to stimuli presented passively prior to training in a 

working memory task (Chapter II, figure 7 & 10; Chapter III, figure 6).    

In addition to these results (Chapter II), we further examined the influence of 

training to induce changes in the prefrontal cortex along the dorsal/ventral axis (Chapter 

III). Following training in a location working memory task, we observed that the ventral 

region had fewer neurons that responded to the stimuli compared to dorsal areas, despite 

both areas showing increases in the percentages of neurons compared to pre-training 

conditions. While training increased the amount of information carried by both regions, 

the ventral PFC still conveyed less information than dorsal PFC for spatial stimuli. These 

results reveal that training itself does not alter the dorsal/ventral axis of stimuli selectivity 

or responsiveness (Chapter III figures 3 & 6).  Dorsal neurons still remain more selective 

than ventral neurons for spatial location, despite that being the property tested by the rule 

of the task. That is a major caveat for our results: we only tested/trained animals in a 

spatial location working memory task.  

Presence of an Anterior-Posterior axis of selectivity 

A recent hypothesis of PFC functional specialization proposes an  anterior-

posterior axis in which anterior areas would be more selective for rules and 

metacognitive portions of a task while posterior areas would be responsive to the features 

of the stimuli used in the task (Badre and D'Esposito, 2009). There has been little work 

done to examine such a division, but one study observed similar results to the hypothesis 
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by using multiple working memory tasks in humans accompanied by functional MRI 

assessment across tasks (Bahlmann et al., 2015b). In that study, anterior areas responded 

to different task rules, middle frontal cortex responded to the current rule tested, and 

posterior areas responded to the features of the stimuli presented. In order to further test 

the presence of such an axis in non-human primate PFC, we examined the responsivity 

and selectivity to our visual stimuli before and after training with dorsal vs. ventral and 

anterior vs. posterior regions defined along the principal sulcus. 

The results in Chapter II indicate a posterior-to-anterior gradient of selectivity to 

stimulus properties prior to any training. Prior to training, we observed no differences in 

responsivity along the dorsal regions, but there was a significantly lower amount of 

neurons that responded in the posterior-ventral region compared to the anterior-ventral 

region. However, we observed a combination of lower firing rates, less selectivity, less 

information carried, and bigger receptive fields in the anterior neurons compared to 

posterior neurons. This was true not only for spatial sets; but also for the shape and color 

sets which had lower values of selectivity in anterior regions compared to posterior 

regions. These attributes are in agreement with many prior studies that have shown 

remarkable stimulus selectivity in area 8a (Blatt et al., 1990;Bichot et al., 1996;Chafee 

and Goldman-Rakic, 1998;Rainer et al., 1999), which would confirm that the posterior 

portions of the PFC carry more information about stimulus features than anterior areas 

prior to training. As these results were obtained prior to any training on a working 

memory task, they cannot be influenced by any information on the task; they are purely 

responses to the stimulus features themselves. 
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The anterior-posterior gradient was defined so that neurons in the anterior dorsal 

region were much more selective to stimulus location following training as seen in our 

results from Chapter III. While we observed increases in responsivity among posterior 

areas, especially in the posterior-ventral region compared to pre-training, we observed 

either no changes following training in the percentage that responded or a decline in the 

percentage that responded in the anterior regions except for an increase in the percentage 

that responded during the delay for anterior-dorsal compared to pre-training. In contrast, 

these two regions had much higher firing rates compared to the posterior-regions 

following training during the cue presentation and throughout the first delay period. 

These two results showed how past studies could observe increases in prefrontal 

activation following training (Olesen et al., 2004;McNab et al., 2009) while others found 

decreases in activation (Jansma et al., 2001;Sayala et al., 2006); different aspects of 

activation (number of neurons responding or the actual response from the neuron) were 

changed as a result of training. Similarly, previous reports indicated a surprising decrease 

in average neuron selectivity following training (Qi et al., 2011), but in our studies, the 

decreases were located mostly in the posterior region; the anterior-dorsal region saw big 

increases in selectivity index values and the percentage of explained variance. Following 

training, the anterior-dorsal region held the most information about the stimulus during 

the cue and delay periods. However, we did not see these increases in the anterior-ventral 

region, which may be due to only testing with spatial locations. Additional work using 

stimulus features may reveal an increase in selectivity in anterior-ventral for those types 

of stimuli. 
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In the population as a whole (following training), we observed one main effect 

using our classifier: a gradient of accuracy times throughout the trial.  The mid and 

posterior-dorsal regions exhibited higher accuracy during the sample period, whereas the 

anterior-dorsal region exhibited the highest accuracy during the period immediately prior 

to decision response.  

Our results show that PFC exhibited an anterior-posterior gradient of selectivity 

prior to training with posterior areas more selective to the stimulus features.  Following 

training, anterior areas became more accurate in decoding the task rule. Both results 

confirm the hypothesis proposed by (Badre and D'Esposito, 2009) and are in agreement 

with the data from (Bahlmann et al., 2015b).  

 

Summary and future directions 

In the present studies, we have described the functional anatomy of PFC before 

and following training in a working memory task. Our findings indicate that there are two 

functional axes along which stimulus information selectivity is oriented: a dorsal-ventral 

division where dorsal neurons carry more stimulus location information and ventral 

neurons carry more stimulus identity information, and an anterior-posterior division 

where posterior neurons are more selective for stimulus feature information and anterior 

neurons encode more information about the task rule. It is therefore likely that the 

connections to the posterior regions from areas which include parietal cortex and inferior 

temporal cortex, impact the selectivity for stimuli properties prior to training. In addition, 

we report that training in a working memory task induces increased selectivity for 
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individual neurons in the anterior dorsal regions for spatial location. Our findings 

establish the groundwork for understanding the axes of anterior-posterior PFC responses 

and provide further evidence that the dorsal/ventral axes respond differentially to 

stimulus location/features. Given that we only recorded following the acquisition of 

learning in a location match/nonmatch task, further studies will be needed to provide 

additional information about the anterior-posterior axes.  In particular, we are interested 

in whether the anterior-ventral region replicated our results for feature match/nonmatch 

information in which the anterior-dorsal region exhibited the highest accuracy for spatial 

match/nonmatch classification during the epoch before decision. Anatomical studies have 

also shown numerous connections between PFC and auditory areas, which may explain 

the lack of functional responses from the anterior-ventral region observed after training 

(Barbas and Mesulam, 1981;1985). These areas may be primed for auditory responses in 

addition to cognitive responses. 

Additional questions regarding the training process and the exact timeframe of 

changes in the PFC as a result of training still remain. Our results capture two contexts: 

prior to training and after completion of training in a single task. Our experiments did not 

determine the rate at which these changes occur in the training process. The changes 

observed in firing rate, selectivity, and information may occur rapidly as the rule is 

acquired or may occur gradually throughout the training process. Future studies will be 

necessary in order to examine the daily changes that training induces on PFC activity 

using recordings from chronically implanted electrodes.  

Moreover, additional research is needed into the role of anterior-dorsal and 

anterior-ventral in task-related information.  This can be accomplished by recording from 
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neurons during two different tasks with the same stimuli. If anterior cortex truly responds 

to different tasks, as seen in (Bahlmann et al., 2015b), then neurons should become more 

selective to one set of task rules. Finally, our experiments did not sample the Frontopolar 

region, an area linked to self-generated decisions (Tsujimoto et al., 2010), learning new 

rules (Boschin et al., 2015), and prospective memory (Ramnani and Owen, 2004a). These 

neurons have been shown to not respond to simple task properties like rules, but are 

linked with one-trial learning. Investigations into these functional differences between 

anterior and posterior frontal neurons will be necessary for understanding how training 

affects the PFC as a whole. Once the neurophysiological basis of training has been 

understood, additional work can be done to optimize cognitive training in order to 

alleviate cognitive deficits.  
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