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ABSTRACT 
 

 “Stable multi-day recordings from chronically implanted microelectrodes within 

the dorsolateral prefrontal cortex of two monkeys performing three Go/NoGo visual 

discrimination tasks (one requiring well-learned responses, two requiring learning) 

demonstrated that the majority of prefrontal neurons were ‘functionally stable’.  Action 

potentials of 94 neurons were stable over 2-9 days; 66/94 (70%) of these cells responded 

each day, 22/94 (23%) never responded significantly, and 6/94 (6%) responded one day 

but not the next.  Of 66 responsive neurons, 55 were selective for either Go or NoGo 

trials, individual stimuli, or eye movements.” (Greenberg and Wilson, 2004)  Selectivity 

was maintained, for 46/55 neurons across all recording days. Response strength (baseline 

vs. post-stimulation firing rates) and event-related response timing also displayed 

stability.  Stability generalized across neuronal response type suggesting that functional 

stability is a general property.  Long-term recordings from other studies supported similar 

conclusions suggesting that neurons throughout the brain are functionally stable.  Single-

day recordings from different neurons within the same cortical regions demonstrated 

neuronal response flexibility while monkeys learned associations among visual cues, and 

Go/NoGo behavioral responses.  Of 116 neurons, 57 (49%) displayed significant change 

points in firing rates during novel learning (n=18), reversal learning (n=12), or both tasks 

(n=27).  Six of 57(10.5%) neurons had firing rates changes prior to learning and might 

have been causally related to the monkeys’ behavioral changes.  However, only 18/152 

(12%) of the total number of firing rate changes occurred prior to the monkeys’ learning 

meaning that most appeared to be the consequences of learning rather than the causes. 
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INTRODUCTION 

 The central nervous system is responsible for integrating sensation and behavior 

in the service of purposeful behavior.  It also develops throughout an organisms’ life 

span, responds to the environment, stores information gained by experience and repairs 

itself.  These processes imply a balance between active mechanisms of change and active 

mechanisms of maintenance that sustain optimal levels of biological performance.  The 

experiments described in this dissertation were meant to investigate the response stability 

and flexibility of prefrontal neurons. 

 The first set of experiments were designed to track the activity of single prefrontal 

neurons across days.  Neurons in the prefrontal cortices of two rhesus macaques were 

recorded for multiple days while the monkeys performed a standardized visual 

discrimination task each day.  Analysis of extracellularly recorded action potentials 

identified data sets in which the same neurons had been recorded for multiple days.  

Subsequent analyses quantified each neuron’s functional properties and compared those 

measurements across days in order to determine if, and to what degree, neurons were 

‘functionally stable’.  For example, a neuron could be said to be functionally if it were to 

emit 5 spikes following a visual cue each time that cue was presented. 

 The second set of complementary experiments and analyses were meant to 

determine if prefrontal neurons showed neuronal correlates of learning, a flexible 

capacity, while monkeys performed visual discrimination tasks requiring them to learn 

correct responses to novel images by trial and error.  Monkeys subsequently performed 

reversal trials in which the relations between previously learned cues and responses were 
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reversed.  Combined with analyses of neuronal response stability, these experiments were 

designed to allow comparisons and contrasts of prefrontal neuronal responses during 

conditions engaging well-learned behaviors followed by conditions requiring learning.  

Notably, the monkeys were not “learning to learn” in the sense of developing a learning 

set (strategy) during the recordings.  Having performed the ‘learning’ tasks time and 

again, most of the recordings took place as the monkeys integrated novel stimuli into a 

highly familiar stimulus-response choice framework explained in Methods.  The 

following sections provide background information about the prefrontal cortex as well as 

the more general topics of stability and flexibility within nervous systems. 

 

A History of Prefrontal Research 

 A tongue in cheek way to describe the history of prefrontal research is to say that 

it was initially thought to do nothing, and now it is thought to do everything.  The history 

of prefrontal research follows that of neuroscience in general which in turn follows a 

general reductionist paradigm, with a few objections from Gestaltists.  In reductionist 

views, phenomena may be understood by identifying their elements and the interactions 

of those elements.  Though useful in many ways, reductionism has its limitations.  As 

Jonathan Swift wrote, “So naturalists observe a flea --- has smaller fleas that on him prey 

--- and these have smaller still to bite ‘em --- and so proceed ad infinitum”.  In the 

neurosciences, reductionism led to the identification of neurons as discrete functional 

units within larger networks and systems.     
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 Evolving views of the prefrontal cortex grew out of the first studies of ‘motor 

cortex’ in the frontal lobes.  In 1870, Edward Hitzig (who would later advance the idea 

that abstract thinking occurred in the frontal lobes) and Gustaf Fritsch significantly 

advanced the idea of cerebral localization by showing that it was not restricted to speech; 

that is, other functions had relatively discrete cortical loci.  In their experiment on the 

canine motor cortex (performed in Hitzig’s house in Berlin),  they used low levels of 

electrical stimulation and found that different areas of the motor cortex caused different 

parts of the dog to move.  Following this, lesions to the motor cortex were used to 

provide further evidence that there were separate cerebral locations of movement.  

However, in keeping with the history of uncertainty in the interpretation of lesion studies, 

people would lesion different areas to different extents in different animals and then 

argue endlessly over the discrepant results (Finger, 1994).   

 In spite of these advances, nothing specific was yet known about the PFC 

function, yet there was reason to think that dissociable functions would be associated 

with different prefrontal regions.  Evidence for such inference was based on the work of 

anatomist Korbinian Brodmann.  His cytoarchitectonic maps clearly distinguished 

different anatomic regions within the prefrontal cortex.  An important addition to these 

studies was the advent of cell theory (Schwann, 1839) and the consequent development 

of the neuron doctrine (1880s).  Without the idea that single cells were discrete entities, 

how could a function be localized?  In the early 1900s Paul Flechsig began to study 

‘association’ cortex, or the ‘silent’ cortex.  His studies were based on the progression of 
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myelination during brain development.  He advanced the notion that the areas latest to 

myelinate were the ones most associated with higher intellectual function (Finger, 1994).   

 The actual term, prefrontal cortex, was introduced in 1868 by Richard Owen, but 

it wasn’t until 1935 that Carlyle Jacobsen defined the PFC as the cortex anterior to the 

motor and premotor cortices.  Other contributions to theories of prefrontal function could 

be found in the mid to late 1800s from such observations as 1)  humans have larger 

frontal lobes than other animals and also have greater intellectual function, 2)  damage to 

the frontal lobes – Phineas Gage (1848)—caused changes in personality, 3)  Hitzig’s 

experiments on dog frontal lobes showed that lesions to the prefrontal areas did not cause 

paralysis, and electrical stimulation did not cause movement – he immediately and 

correctly inferred that they were responsible for higher functions, 4)  David Ferrier 

(1876), lesions of monkey anterior frontal lobes resulted in personality changes, apathy, 

attentional deficits yet showed preserved motor and sensory function, 5) Leonardo 

Bianchi (1888) also showed that lesions to monkeys’ frontal association cortices resulted 

in personality change  (Finger, 1994). 

 In the 1930s personality changes were reported for patients undergoing prefrontal 

lobe surgeries (Richard Brickner, 1932: in Finger, 1994).  In addition, studies of WW1 

brain injured patients (1923) began to flesh out the effects of frontal lobe damage.  At this 

point, discrete prefrontal function had gotten a public foothold in scientific circles.  

However public the ideas, there was still strong argumentation against differentiable 

localization of cognitive function within the PFC.  In fact in the 1950’s Donald Hebb was 

a proponent of the idea that large resections of the prefrontal cortex were largely without 
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effect.  He based this idea on the observations that you could do a lot of damage to the 

PFC and not see major changes in IQ.  In the 1870s one of Hitzig’s contemporaries 

(Jacques Loeb) advanced a similar idea that the frontal lobes didn’t do much and that 

removing them was harmless.  Hitzig replied by angrily calling Loeb “the Apostle of 

Lawlessness”.  Apparently nobody in the 1950s was going to say such things to Donald 

Hebb in spite of the fact that many people felt strongly that the frontal lobes were 

fantastically important.  Following this and toward the 1970s an explanation for the 

apparent lack of frontal damage symptoms was quietly advanced.  The claim was that the 

current measurement tools were not really suited to showing the deficits.  This was true.  

Also, the emphasis on IQ as a measure of frontal function completely overlooked the 

observational evidence of radical personality change after some types of frontal lobe 

injury (Finger, 1994). 

In the 1970s with the work of Joaquin Fuster and others, the study of prefrontal 

function made major advances.  Gone were the notions that nothing was happening in 

these ‘silent’ areas.  These researchers began to establish that prefrontal neurons were 

involved in working memory.  Neurons were found to fire during delay periods in which 

animals were required to remember the location or identity of objects.  These results 

immediately suggested that the prefrontal cortex of animals and humans mediated short 

term or working memory by holding a representation of various stimuli ‘on-line’ while 

the animal waits to perform an instructed response.  Later, more sophisticated versions of 

this task would be able to distinguish between neural activity related to the maintenance 

of sensory information and neural activity related to the preparation of a motor response.  
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Suffice to say that both types of activity were found in prefrontal cells.  This means that 

the PFC supports working memory, and prepares responses (Fuster, 1997). 

 Further studies on working memory elaborated on these findings and lead to the 

idea that the different regions of the PFC can preferentially process visuospatial 

information while others are devoted to non-spatial working memory.  Wilson et al. 

(1993) found that more cells in the ventrolateral PFC (inferior convexity) responded to 

object information than location information and that the opposite pattern of results was 

obtained from the dorsolateral PFC (principal sulcus and above).  Recent fMRI studies in 

humans and lesion studies in monkeys have contrastingly led to the proposal of a 

“process specific” model of prefrontal working memory.  In this conception, different 

areas of the PFC are active during the simple maintenance of information (ventrolateral 

PFC) and other areas (dorsolateral PFC) are preferentially involved only when the 

working memory tasks require manipulation or monitoring of that information 

(Schneider, 1993).  Current theories of prefrontal function will be discussed below. 

 

Prefrontal Conceptual Issues 

 Currently, a host of functions are ascribed to the PFC.  In summary, they are 

arbitrary visuomotor mapping (the ability to learn that nearly any stimulus can serve as an 

indicator or predictor of a consequence), attention, behavioral inhibition, categorization, 

decision making, planning (the temporal organization of behavior; Fuster, 1997), 

suppression of irrelevant information, working memory,  and volition.  Concerning the 

basal PFC or orbitofrontal cortex (OFC), functions ascribed are appetitive processing, 
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drive inhibition, emotional information processing, reinforcement processing, and control 

of visceral responses via reciprocal connections to the amygdala, hypothalamus, and 

dorsomedial thalamus.  The following sections will concentrate on dorsolateral and 

ventrolateral prefrontal functions.  Orbitofrontal functions will only be mentioned in 

passing. 

 

Attention 

 Attention has to do with regulating the flow of information within the central 

nervous system.  Studies of attention are typically designed to find out how attention is 

controlled, what it influences, and the specific mechanisms of how it operates.  Attention 

is thought to selectively enhance one type or piece of information over others, and to 

actively suppress unattended information.  Attention is described as either being 

voluntary or involuntary.  Voluntary control of attention occurs when current goals serve 

as the reason to attend to particular events.  Involuntary attention occurs when 

unexpected and powerful events trigger orienting reflexes or when background thoughts 

suddenly attain significance and apparently interrupt activities of less importance.  These 

processes are assumed to be limited and subject to fatigue. 

 The PFC is thought to be a major source of attentional control (Corchs and Deco 

2002; Fuster, 1997) because of its reciprocal connectivity with the posterior cortices to 

which it connects, and because of the evidence that it directly affects the early stages of 

sensory processing.  There is evidence that the PFC suppresses early sensory processing, 

and that prefrontal damage results in increased activity in early visual sensory cortices 
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such as V1 (Knight 1998).  In the past, attention has been described with the ‘spotlight’ 

analogy, but more current perspectives describe it in terms of ‘biased competition’ 

models (Reynolds et al., 1999).  Much of this ‘bias’ is thought to be organized by the 

prefrontal cortex and is thus considered a ‘top-down’ process whereby cortical regions 

that receive sensory/perceptual input from earlier cortical regions send input to those 

same regions that selects one piece of information at the expense of the others (Boussard, 

2001; Knight 1998; Moore and Fallah, 2001).   

 One study highlighting the different cortical contributions to attentional control 

was performed by Boussard (2001).  It was designed to distinguish between premotor 

activity and attention related neuronal activity using a series of cues to instruct monkeys 

to make hand movements.  In the language of the study, it was possible to distinguish 

intention from attention using the following scheme.  Monkeys were trained to perform a 

visual conditional motor task in which the task rule was that red images instructed the 

monkeys to touch the right target on a touch screen, and green images instructed the 

monkeys to touch the target on the left side of the screen as soon as possible after the 

cues disappeared (random stimulus presentation durations).  Prior to receiving these 

motor instructional cues (MIC), the monkeys were required to initiate trials, fixate on a 

central fixation point, view a spatial attention/memory cue (SAM), wait through a 

variable delay, and then respond to the MIC that appeared in the same location as the 

spatial attention/memory cue.  Trials randomly alternated between those in which two 

different MICs were presented at two different locations requiring a response based only 

on the MIC at the same location as the SAM and trials in which a single MIC appeared at 
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the remembered target location.  SAMs were sometimes identical to MICs but never held 

any information about what movement was required.  Accordingly, the first stimuli seen 

by the monkeys should have evoked attention to a spatial location and memory of that 

location for further use in the task.  After the delay, the movement cues appearing at the 

same locations as the SAMs instructed the monkeys what to do.  Under these conditions, 

neuronal activity selective for the SAM was interpreted as representing spatial attention 

or memory for spatial location.  In contrast, neuronal activity selective only for the 

instructional cue was taken to represent intention, a premotor act.  Results showed that 

about 69% of prefrontal neurons were selective for the SAM cues but not the same cues 

when they were signals for action.  That is, the prefrontal neurons represented spatial 

attention or memory but not the specific command to execute a movement.  Only 31% of 

prefrontal neurons were selective for the MICs.  In contrast, the opposite pattern of 

results was seen in dorsal premotor cortical neurons.  For these, 70% were selective for 

the cues when they instructed a movement (intention) and only 30% were selective for 

those same cues when they directed spatial attention/memory.  This fits within the 

general schematic that the PFC organizes behavior indirectly by guiding attention and 

working memory while the premotor and motor cortices are more concerned with the 

particulars of movement. 

 It is also possible to examine potential mechanisms of attention.  One such 

attempt by Moore and Fallah (2001) suggested that the frontal eye fields (FEF) bias 

attention during the preparation of eye movements.  This is essentially a pre-motor theory 

of attention; the idea is that the FEF generates motor commands for saccadic eye 
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movements, and these commands bias responses of parietal neurons responsible for 

processing the part of the visual field to which the eye is about to move.  For example if 

an animal is planning but has not yet executed a saccade toward a target to the right of a 

fixation point, that motor plan will enhance visual processing in neurons responsive to 

stimuli in the area of the planned saccade.  To test these ideas, the authors 

microstimulated FEF neurons below the level at which eye movements were made and 

tested monkeys on brightness discrimination tasks that depended on spatial attention.  

They found it was possible to enhance the monkeys’ ability to discriminate stimuli 

presented in screen locations to which the FEF neurons direct saccades without the 

saccades actually happening.  The subthreshold microstimulation appeared to improve 

performance and it is inferred that it modulated sensory processing.   Therefore pre-motor 

signals appear to be one method of guiding or creating attention.  

 Another important prefrontal contribution to attentional selection is often called 

‘set switching’.  This concept deals with how animals change the focus of attention when 

required.  This is important because attention needs to be disengaged as much as it is 

engaged.  Studies by Dias et al. (1997) and Konishi et al. (1998) provide evidence that 

this ability is specifically associated with the lateral PFC. 

 

Behavioral Inhibition 

Various types of evidence suggest that distinct areas within the prefrontal cortex 

mediate various inhibitory processes.  Prefrontal damage creates a host of problems, 

some of which appear to be related to loss of inhibition.  People with orbitofrontal 
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damage may be socially inappropriate, unethical, euphoric, frenetically active, and 

perseverative.  In contrast, lesions of the ventrolateral and dorsolateral PFC most 

generally result in a syndrome of reduced activity and disturbances in attention, but may 

also perseverate (Fuster, 1997).  Lesion studies in monkeys, and fMRI studies in humans 

have consistently found that the ventrolateral PFC is a likely candidate for the location of 

many neurons with inhibitory related activity.  Liddle et al. (2001) performed an 

extremely simple Go / No-Go task in humans and found that large areas of the 

dorsolateral and ventrolateral PFC were more active on No-Go trials than Go trials.  

However, they also noted that there were significant parietal activations only in the No-

Go condition possibly indicating that their supposed No-Go inhibitory effects were 

related to working memory rather than response inhibition.  This was important, because 

the pattern of parietal and prefrontal activity is a hallmark of working memory 

information maintenance and apparently increased in a load dependent manner within the 

parietal cortex (Postle et al. 1999).  Another study in (Schneider, 1993) reported that 

trials in which there was proactive interference from preceding stimulus sets were 

associated with activation of a specific ventrolateral prefrontal area during a 4 letter item 

recognition task in which subjects decided if a probe letter had appeared in the preceding 

stimulus array,.  The activated region was different from the areas associated with 

encoding and manipulation of the letters during other tasks requiring memorization or 

alphabetization of letter sequences.  The authors interpreted this activation as evidence of 

an inhibitory mechanism, but acknowledged other interpretations. 
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 More convincing demonstrations of regional segregation of inhibitory processes 

was provided by Dias et al. (1997).  They used a more thorough task design (object 

recognition with intradimensional and extradimensional shifts) to examine cognitive set 

shifting, stimulus-reinforcement associative learning, and stimulus-reinforcement 

associative reversal.  Lateral prefrontal lesions impaired only attentional set shifting, 

orbital lesions impaired only reversals of stimulus-reinforcement associations, while 

orbital lesions did not abolish the animals (marmosets) ability to learn novel stimulus-

reinforcement associations.  They concluded that working memory and inhibitory control 

mechanisms did not share the same neural substrate, that impaired inhibitory control 

following prefrontal lesions was restricted to novel situations, and that mechanisms for 

suppressing previously learned response sets were different from the areas involved in 

learning those response sets.  These authors advanced the idea that inhibitory processes 

can be found in all different levels of cognitive processing; for the orbitofrontal cortex 

which is responsible for learning relation to reinforcement, damage results in 

perseveration of previously learned stimulus-response relations.  In contrast, for the 

ventrolateral/dorsolateral PFC which is responsible for attentional selection, strategy, or 

planning, lesions resulted in perseveration based on the inability to shift cognitive set.  

However, this deficit in attentional set shifting was restricted to the first shift to a new 

dimension; it did not impair a shift back to the old responses (Dias et al., 1997).  Thus 

there was no single inhibitory control mechanism, but apparently one for each type of 

system.  This is an appealing idea because there are logical reasons as to why inhibitory 

controls may be necessary subprocess for any function in much the way that cars have 
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brakes while the separate systems within cars have separate controls.  For example, 

stepping on the brakes of a car slows the vehicle but does not affect other systems such as 

the lights and radio.   

 Neurophysiology related to the idea of behavioral inhibition is often tested using 

Go / No-Go tasks.  Neurons recorded in the current experiment are selective for both the 

Go and NoGo trial type (Greenberg and Wilson, 2004), and these types of responses have 

been noted by Watanabe (1986b), and Sakagami et al. (2001).  These findings all agree 

that there are neurons that respond selectively for either or both conditions.  However, 

these studies cannot make a strong case about the locus of proposed inhibitory 

mechanisms because single neuron electrophysiology rarely samples enough neurons 

systematically to make strong claims about functional localization.  A better technique 

for sampling larger cortical regions, functional imaging,  does seem to distinguish 

discrete loci of behavioral inhibition that include areas within the dlPFC (Kelly et al., 

2004) while Konishi et al. (1999) identified the lateral PFC as being involved.  

Differences between the results of these studies may be ascribed to the differences in 

tasks, however they both made the case for localized inhibitory control during the 

inhibition of Go type movements. 

 

Categorization 

 All prefrontal functions can be thought of in terms of serving the general capacity 

of behavioral flexibility and one way to allow for this is to be able to respond to different 

objects based on their significance rather than having to evaluate each one in and of itself.  
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The ability to categorize is one such mechanism; it allows us to respond similarly to 

different objects when that is proper and to respond differently to similar objects when 

that is a good idea.  Prefrontal involvement in categorization was shown recently at the 

level of the single neuron by Freedman et al. (2000).  The experiment required rhesus 

monkeys to make behavioral decisions based on whether stimuli belonged to the category 

of dog or cat.  These authors used a graphic morphing system to precisely define category 

membership by combining fixed percentages of dog and cat features in each image.  

Neuronal activity was interpreted as representing category membership when the 

responses to different looking images from the same category were highly similar while 

responses were very different between categories.  About 30% of lateral prefrontal cells 

were reported to display such category selective activity and could therefore serve as part 

of the substrate for this general capacity. 

 There is also evidence that the prefrontal cortex is responsible for generating top-

down signals to ‘occipito-temporal’ cortices in order to generate mental images of 

specific objects (Mechellil et al., 2004).  In this study, fMRI was combined with dynamic 

causal modeling (a method based on estimating the rate of change in one neuronal area 

caused by another).  These authors measured hemodynamic responses when subjects 

passively viewed houses, faces, and other categories of objects in order to identify 

category specific activity driven in a bottom-up manner.  Then they asked subjects to 

visualize these same objects and noted that the ‘effective connectivity’ between the PFC 

and face areas was strongest during imagination of faces, the connectivity between PFC 

and house specific posterior regions was strongest during imagination of houses, and the 
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connectivity between PFC and chair responsive regions was strongest during imagination 

of chairs.  In contrast, there were a number of brain structures active during visual 

imagination, but were not differentially active for different categories of objects.   

 

Decision Making 

 Of the many functions ascribed to the PFC, decision making is one that has 

generated a great deal of interest.  One important development has been the clear 

articulation of operational definitions related to the study of decision making (Schall, 

2001).  He makes distinctions among decisions, choices and actions.  Decisions were 

defined as the processes of deliberation, based on information about situations, that 

preceded any action.  In addition, he distinguished the decision to do X from the decision 

that X was the case.  Decisions then precede choices which are actions performed under 

certain circumstances in order to reach a goal.  Commensurate with this definition of 

choice was that choices can be understood in terms of their purpose.  We choose to do 

something in order to achieve a goal.  Last, actions were defined as purposeful body 

movements and were distinguished from incidental movements.  In this conception, 

decisions are deliberations that precede choices,  choices are actions committed based on 

the weight of previous deliberations and current perceptual/behavioral information, and 

actions are final muscular results of this process (Schall, 2001).  To this conception, I am 

tempted to add that choices of action can be made far in advance of their actual 

execution, can be highly specific in terms of the required motor response, and can be 

initiated rapidly as soon as one recognizes the proper context.   
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 Some current models of decision making used the idea that decisions were made 

after critical information reached a critical value within the relevant neural networks 

(Gold and Shadlen, 2002).  These are more properly defined as perceptual decisions, but 

the principles of information accumulation leading to a critical value may be fundamental 

to all choice and decision processes.  More specifically, neurons in areas MT and MST 

responded to visual motion and extracted the overall apparent motion of dynamic random 

dot displays.  In this kind of experiment, neuronal activity was seen to accumulate prior 

to the time a monkey indicates which direction the dot display is moving (Gold and 

Shadlen, 2002).  Importantly, the time at which neuronal information accumulation 

reached a threshold distinguishable by electrophysiological observation correlated well 

with the timing of monkeys’ behavioral responses.  This sort of accumulating information 

may have reflected a perceptual assessment or decision and was likely transmitted to the 

prefrontal cortex as a basis for action.  Evidence of this transmission was shown by Kim 

and Shadlen (1999).  Using of dynamic random dot displays as cues for saccadic eye 

movements, these authors showed that prefrontal neurons represented combinations of 

information about the strength and direction of movement as well as predicting the 

monkeys’ decisions in terms of impending eye movement direction.   

 Another way to look at decision making is that choice of action depends on 

current and past information about, reinforcements, outcomes, behaviors, in addition to 

that about stimuli.  Decisions also take place within the context of a specific set of rules 

and goals as well as within the context of general behavioral drives and emotions.  

Information about current reinforcement and reinforcement history has been found in the 
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neuronal responses of orbitofrontal neurons (Rogers et al., 1999; Tremblay and Schultz, 

2000b) while information about expected reinforcements has been found in the dlPFC 

(Kobayashi et al., 2002) excluding the FEF (Leon and Shadlen, 1999).  Further evidence 

from Watanabe et al. (2002) indicated that lateral prefrontal neurons not only encoded 

reinforcement, but they encoded the absence of reinforcement, the type of reinforcement 

that was omitted, and pre-stimulus “baseline” firing rates that may have been related to 

the monitoring of motivational state (the pre-stimulus firing rate depended on the type of 

reinforcement presented in a specific block of trials).  These responses were additionally 

interpreted to mean that prefrontal neurons monitored motivational context.     

 A third way to discuss decision making was to focus on what is required for 

people to make decisions.  Hanna and Antonio Damasio, along with others, have been 

studying the relationship between emotion and decision making for many years.  In the 

1990s they put forward the ‘somatic marker’ hypothesis to explain deficits in decision 

making that result from disconnection of the orbital PFC and the limbic system, or from 

damage to either structure.  This attractive theory is still dominant and posits that 

emotional signals, signals from the body or soma, are key inputs to decision making 

processes.  The old idea that logic is cold and that decisions are a only a reflection of 

logic (cost benefit analysis) cannot explain why the loss of emotional information can 

lead to ridiculous or maladaptive decisions  (Damasio, 1994).  The idea that information 

about body and emotional states provide necessary inputs to decision making processes is 

entirely consistent with neurophysiological studies showing that orbital, lateral, and 

dorsolateral prefrontal neurons all code various aspects of reinforcements, reinforcement 
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expectancies, and even the absence of reinforcement.  The somatic marker hypothesis is 

also consistent with models of decision making that postulate decisions are made when 

critical information in certain neurons reaches a threshold level of activity.  The only 

addition to these models would be that emotional information in addition to perceptual 

information and goals/task rules would be part of the input to the neurons in question.     

 In summary, decision making processes can be seen to occur throughout the brain, 

but the PFC is preferentially implicated in converting these processes to action.  As is 

seen in other discussions of prefrontal function, the PFC is critically involved in linking 

perception and action while decision making is one aspect of this general property.  It is 

also important to note that when describing the elements of prefrontal function it is not 

clear which descriptions are the most basic, and which functions are conglomerates of 

identifiable sub-functions.  In this respect, decision making can be seen to rely on many 

types of information, requires attention, memory, working memory, etc, and can therefore 

can be considered a prime prefrontal function, but not a ‘basic’ one.   

 

Planning and Volition 

 As first introduced, the human capacity for organizing temporally extended 

behavioral plans is something that sets us apart from other animals.  For clarity, planning 

is considered the temporal organization of behavior without actual overt behavior.  A 

number of recent studies shed light on what happens in the PFC when plans are made and 

actions initiated.  In humans, the PFC is activated when behaviors are planned or 

imagined (Fuster, 1997).  A recent demonstration provided by Fincham et al. (2001) 
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measured rCBF while people solved variations of the “tower of London”  object 

arrangement task.  In order to put the puzzle pieces in the optimal order, people needed to 

plan moves before executing them.  Under these circumstances activation was seen in the 

left posterior dlPFC.  In contrast, areas in the right PFC were most associated with task 

difficulty and working memory.  In addition to planning specific sequences of movement, 

research into the basis of rules bears on planning.  Conditional rules such as those studied 

with conditional visuomotor learning tasks (also called arbitrary visuomotor tasks) can be 

considered to be simple plans.  If X, then do Y.  Wallis and Miller (2003) reported that 

prefrontal neurons in monkeys encode such abstract rules because their activity was 

selective for the type of rule their monkeys used to complete the tasks.  In these 

experiments, monkeys learned two rules (release a bar if two stimuli are the same; release 

a bar if these two successively presented images are different) to guide responses and task 

cues told them which rule was the correct one to use on a trial by trial basis.  It is not 

clear that planning, temporal organization of behavior and volition can be distinguished 

from processes described as decision making but it is probably acceptable to say that they 

rely on the ability to make decisions.  In addition, these capacities also depend on all of 

the previously mentioned prefrontal processes as well as working memory and long-term 

memory (procedural and episodic).   

 A conceptually similar study by Sakai and Passingham (2003) suggested that 

preparatory activity seen in the human PFC (Left, area 46) via fMRI could be specifically 

associated with the type of instructions given to each subject.  Specifically, subjects were 

told they would have to memorize a set of stimuli (either the locations of objects, or a 
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sequence of letters) in either the forward or backward direction.  They were able to 

successfully argue that the differences in cortical activation could not be explained by 

perceptual or motor sets, and nor could they be selective for the stimulus domain 

(locations vs. letters).  Again it appeared that the dlPFC has a role in representing the 

general guidelines for action which can be considered a type of plan. 

 If planning is behavior in preparation, then volition is the signal to perform an 

action.  We should also consider that volition is customarily associated with overt 

behavior, but it is fair to point out that one can just as easily choose to make a plan and 

set about such a task without performing any overt behavior.  In this case, it is more 

likely that volition includes creation of a series of internal behavioral simulations and 

evaluating the potential consequences.  Just the same, there is great interest in finding out 

which brain structures are the ‘prime movers’, which structures are most closely related 

to what feels like willed behavior.  Studies addressing these questions logically began by 

asking human subjects perform various types of overt behaviors while measuring brain 

activity with PET or fMRI.  Jenkins et al. (2000) used PET to show that when people are 

free to initiate finger movements (self-paced), there was bilateral activation of the dlPFC.  

In contrast, when these same movements are externally cued by unpredictable ‘pacing 

tones’, there was no notable dorsolateral involvement.  The authors concluded that self-

initiated movements required a decision, and that the decision making process was the 

condition requiring dorsolateral involvement.  Using a different model system, 

swallowing, Kern et al. (2001) showed that volitional and reflexive swallowing have 

different cortical distribution (fMRI).  As was expected, volitional and reflexive 
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swallowing shared the lower order output areas described generally as ‘sensorimotor 

cortex’ whereas volitional swallowing preferentially activated the PFC, insula, anterior 

cingulate, and parietooccipital cortex.  Finally, a study by Hunter et al. (2003) showed 

that the PFC and supplementary motor area became active before the motor cortex when 

people freely chose to press one of two buttons with one of two fingers.  Again, the 

conclusion was that the motor association areas, especially the PFC and SMA were the 

structures most closely associated with the onset of voluntary behavior.  Interestingly, 

this still did not explain how these structures initiate a response.  I find it likely that 

decision making models, predicting that ‘neuronal integrators’ accumulate information 

and then fire when that information reaches a threshold, will eventually be accepted as an 

explanation.   

 

Working Memory and Memory for Behavior and Experience 

 Since the 1970s, there have been identifiable neurophysiological correlates of 

working memory.  This idea is linked to the Hebbian notion that reverberating activity 

within neural circuits is one mechanism of actively maintaining the neural trace of 

information in the absence of the event that provided that information.  In cognitive 

terms, working memory is thought to be a short-term storage mechanism for sensory 

information immediately relevant to ongoing behavior.  It can include memory for 

immediately experienced sensory information or for information from long-term memory 

that must currently be held in mind to complete a task.  The information in working 
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memory may come from external or internal sources.  Working memory may also include 

short term goals and plans such as “buy milk” or “don’t forget to lock the door”.   

 Another way to describe working memory is that it mediates cross-temporal 

contingencies (Fuster, 1997); the idea being that working memory is a bridge in time 

between a stimulus and a response.  To examine the PFC’s role in working memory, it 

should be understood that the PFC is part of the frontal cortex, and that the whole of 

frontal cortex may be considered in the context of the motor hierarchy.  The lowest levels 

of the hierarchy are those most closely related to movement, such as the primary motor 

cortex.  The highest levels are those farthest removed from movement, such as the areas 

of the PFC (not including the frontal eye fields which some consider the primary motor 

cortex for the eyes).  Beyond this, it is critical to understand that purposeful movement 

consists of activities organized in time.  Proper sequencing of movement makes the 

difference between dance and epilepsy.  By virtue of its location in the motor hierarchy 

and connectivity, the PFC creates the highest level temporal organizations of voluntary 

movement.   

 It is also important to note the relations between the frontal movement hierarchy 

and the posterior sensory hierarchy.  In general, primary sensory cortices, the first stages 

of cortical sensory processing, do not project to the PFC.  Rather, it is the later stages of 

sensory processing in each modality that project to different locations within the PFC.  

Most of these connections are reciprocal, a structural relationship that lays the foundation 

for ‘top down’ memory processes.  Some of these projections are themselves multimodal 
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while others appear to be unimodal.  Based simply on this connectivity, the PFC 

represents an apex of both sensory and motor processing.     

 Within a generally accepted view of working memory as a short-term storage 

system for behaviorally relevant information, views differ on its localization, its 

modularity, and the possible modularity of information processing.  Primarily, there is 

competition between the ideas that the PFC processes information from different 

modalities in different locations (domain or modality specific) and the idea that different 

PFC regions perform different cognitive tasks (process specific) instead of processing 

different information.   

 Domain (modality) specific processing claims postulate that the middle part of the 

principal sulcus and areas dorsal to it specifically process spatial information and that the 

inferior convexity (ventrolateral to those areas) processes object information.  Obviously 

these arguments are stated in terms of the macaque monkey, extension to humans is a 

different topic and will be addressed later.  The main claim of Process specific processing 

is that ventrolateral PFC is involved in the maintenance of information whereas the 

dorsolateral PFC is specifically activated when information in working memory must be 

manipulated.  Furthermore, these processes are seen as being hierarchically organized 

where the first level is related to information maintenance and the second level is 

manipulation / monitoring of that information.  These different opinions were based on 

experimental findings across differing measurement methodologies (lesion, fMRI, 

neurophysiology), as well as differences between experiments using the same techniques.  
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 The domain specific model likely arose from a bottom up approach to 

neuroscience.  Neurophysiological approaches have tended to focus first on basic sensory 

and motor functions of single neurons.  This approach is likely an extension of the 

historical trends within neuroscience as a whole.  In general it is reasonable to describe 

the progress within neuroscience as an outside-in process.  The history of neuroscience 

shows that the most peripheral parts of the nervous system were investigated long before 

central projections and mechanisms.  This trend may also be seen within study of the 

visual system.  Neural responses to light were logically traced from the eye to the LGN, 

to V1 and so on.  Note too that this tracing was done in the macaque monkey.  In the 

1980s, Ungerleider and Mishkin provided evidence that visual pathways segregated into 

two primary streams of information processing, one for spatial information and 

movement, the other for object characteristics, the dorsal and ventral processing streams 

respectively.  Following from this, it was noted that these regions also have differing 

patterns of output to the PFC.  In the macaque, the ventral, object stream appears to 

project to the inferior convexity, below the principal sulcus (PS).  In contrast, the dorsal, 

spatial stream appears to project most strongly to the regions superior/dorsal to the PS.   

 Neurophysiological experiments by Wilson and Goldman-Rakic (1993) indicated 

that neural responses in these two areas differed accordingly.  That is, inferior convexity 

neurons showed evidence of processing object information independent of object 

location, whereas the converse was true for neurons dorsal to the PS.  Thus the PFC 

appeared to maintain at least the initial segregation of the dorsal and ventral processing 
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pathways.  In contrast, other prefrontal neurophysiology experiments have failed to find 

this dichotomy (Rao et al., 1997).   

 Beyond electrophysiological evidence of domain specific prefrontal processing, 

anatomical evidence for functional segregation is compelling.  It seems to be the case that 

parietal areas project almost exclusively to regions of the principal sulcus and above.  In 

contrast, ventral projections from IT cortex and the STS preferentially target PFC ventral 

to the PS, in the inferior convexity.  However, the heavy yet apparently overlooked 

interconnections between dorsal and ventral prefrontal cortices may blur the distinctions 

upon which domain specific processing models rely. 

 Other evidence for domain specific models of prefrontal operation is provided by 

various lesion studies that clearly show (in monkeys) that damage to mid-central areas of 

the principal sulcus are associated with severe deficits in visuospatial tasks.  In addition, 

it appears that the deficit is present no matter what modality (vision, audition, 

somatosensation) is used to convey the spatial information.  Patricia Goldman-Rakic 

stated that the spatial deficit was supramodal, not within a specific modality of sensory 

information (Schnieder et al., 2000).   

 In the full conception of the domain specific processing model, information is 

segregated into spatial and non-spatial.   Spatial processing is the jurisdiction of the 

dorsolateral PFC from the principal sulcus and above, non-spatial processing is found 

below the PS in the inferior convexity, and each area contains the machinery necessary to 

represent and manipulate information.  That is, there is no difference in the areas that 

maintain information and those that manipulate it. 
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 In contrast to the domain specific models, process specific models propose that 

different sectors of the PFC are involved in different stages of computation.  Rather than 

representing different kinds of information, different areas of the PFC perform separable 

function on all types of information.  Michael Petrides (1996) proposed a two stage 

working memory model in which the ventral prefrontal cortex is the first stage of parietal 

/ prefrontal interaction and manages information maintenance.  His second stage of 

processing was related to the manipulation / monitoring of that information and was 

proposed to occur in the dorsolateral PFC.  In particular, that process was related to what 

he called the mid-dorsloateral PFC.  This region begins at the dorsal lip of the principal 

sulcus and extends dorsally.  Critically, it does not include the depths of the PS known to 

be responsible for spatial processing.  This is important because when he lesioned the 

dorsomedial area, it spared the visuospatial area.  Following these lesions, he reported 

that the monkeys were impaired on a self monitoring task, but not simple object 

recognition.  That is, there was only a deficit when the number of items to be monitored 

increased from 1 to 5; the impairment appears only when the contents of working 

memory must be closely monitored.  This also fails to support the idea that the PFC, from 

the depths of the PS and further dorsally, is involved exclusively in domain specific 

spatial processing.  In arguing against domain specific functional explanations of the 

areas he lesioned, he accepted that part of the PS seems related only to visuospatial 

processing.  Thus, his ideas were not at all an outright rejection of the evidence for 

domain specific processing, rather he forcefully argued that a different more dorsal area 

of PFC was responsible specifically for cognitive monitoring processes.  The important 
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message here was that the different results from the different studies could quite easily be 

related to discrepancies in the site of lesions, and the exact requirements of the cognitive 

tasks.  In addition, monkey brains are quite variable (as are human brains), so even 

superficially similar lesions in different monkeys may actually damage different 

functional regions.   

 More recently, a number of human fMRI studies failed to support domain specific 

processing and instead favored process specific models.  To be sure, some fMRI studies 

do seem to support domain specificity, especially a distinction between visuospatial 

processing and verbal processing (Courtney et al. 1998), yet when examined more closely 

Adrian Owen (Schnieder et al., 2000) claimed that the activation was due to visuospatial 

attention, not memory for spatial locations.  Frustratingly, proponents of both conflicting 

models cite the Courtney et al. 1998 study as evidence for their positions.  The evidence 

presented by Owen in favor of processing specific models stated that visuospatial and 

visual non-spatial activations were identical.  The claim was that both spatial and non-

spatial versions of a “2-back” task activated the same regions of the mid-dorsolateral 

PFC.  This was clearly inconsistent with an exclusively domain specific model.  In a 

series of experiments from 1996-2000, Owen and colleagues created tasks meant to 

compare and contrast domain and process specific hypotheses and come down strongly 

on the side of process specific processing.  They find that tasks requiring little in the way 

of information manipulation or monitoring consistently activated ventrolateral PFC, 

regardless if the information is spatial or non-spatial.  They also found that increasing the 

cognitive demands to include monitoring and manipulation resulted in activation of both 
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ventrolateral and dorsolateral regions, again regardless of the information domain.  

Agreeing with this conception, the work of D’ Esposito, Postle, and Rypma using event 

related fMRI techniques indicates that PFC activation during verbal working memory  

(D’ Esposito et al., 1999) activated both dorsolateral and ventrolateral PFC, and that 

requiring subjects to manipulate the information by alphabetizing an array of letters 

increasingly and preferentially activated the dorsolateral PFC beyond its initial level.  In a 

related study (Postle et al. 1999), verbal working memory was additionally tested for load 

dependent effects.  They reported that increases in PFC activity were most related to 

changing the cognitive task from a maintenance to a manipulation condition irrespective 

of load, and that in the posterior perisylvian cortex, the opposite was true – load 

dependent activity increases were much more notable than were any changes due to 

change in process.  Lastly, the load dependent changes noted in PFC were only within the 

areas activated exclusively by the maintenance condition.  No voxels with greater 

manipulation than maintenance showed a load dependent effect.  They interpret this 

pattern of results as indicating that monitoring processes were rather independent of the 

information monitored and were non-mnemonic.   

 In summary, current theories of working memory are not unified.  The conception 

of what working memory must do is relatively common, but breaking it into component 

processes and localizing the neural substrate of those processes is contentious and 

unresolved.  Each set of arguments had good experimental support, while only some of 

the arguments were not mutually exclusive.  Briefly, the opposing camps proposed that 

PFC is functionally divided in terms of the processing domain (spatial vs. non-spatial), or 
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in terms of the cognitive process (maintenance vs. manipulation or monitoring).  Each 

proponent for the two positions provided evidence for their stance and minimized the 

contradictory results, including stating different conclusions based on the same 

experimental evidence.  It was likely that much of the disagreement could be attributed to 

using different experimental paradigms, different measurement techniques, and different 

species.  However, it was also clear that the disagreements were still apparent when these 

sources of variation are minimized.  Petrides (2000) proposed somewhat of a middle 

ground by granting that in monkeys the depths of the central PS is specifically related to 

spatial functioning, but that the dorsomedial cortex immediately superior to it along the 

lip of the dorsal PS is necessary for self-ordered tasks (monitoring). 

 Within the concept of working memory there are at least two additional concerns.  

The first is that information in working memory is somehow stored and rehearsed;  the 

second is that it is used to organize behavior.  Therefore, when delay tasks measure 

neural activity, task selective responses could relate to the memorandum, the preparation 

of a response, or  both.  In order to distinguish between these possibilities people have 

tried to design tasks that temporally separate stimuli to be remembered and stimuli that 

indicate action.  Consider the following generalized example of a task meant to separate 

delay activity due to memory for the spatial location of a stimulus from that related to 

preparation of a motor response. 

 When the location of a stimulus was to be remembered during a delay, it should 

be possible to distinguish location memory from response preparation if one followed a 

general task outline in which the stimulus location did not specify the response direction.  
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For example, suppose we designed a task in which a monkey must remember one of 4 

different cued screen locations (a,b,c,d).  Then, we also trained the monkey to learn four 

response rules, each of which was indicated by a second cue stimulus.  Rule 1 = 

clockwise; Rule 2 = counterclockwise, Rule 3 = Opposite Location; Rule 4 = Same 

Location.  During the execution of this task, we required fixation and then measured 

single cell responses.  In this case, the cued location would not indicate the response 

direction until it was combined with the second rule-indicating cue.  Therefore, the first 

delay period should be devoid of a response preparation compared to the second delay 

period even in an overtrained animal.   

 Concrete examples of experiments designed to separate sensory and motor 

components of delay activity supported the notion that some of the neural activity 

recorded in spatial delayed response tasks simply encoded visuospatial information 

whereas others encoded information about the impending directional response.  di 

Pellegrino and Wise (1993) reported that only 1/3 of their prefrontal sample (54 task 

related neurons) responded to the ‘motor significance of sensory stimuli’.  For the 

remaining neurons it was possible to reject the hypothesis that their activity was related to 

the motor aspects of the task.  However, the authors were rather cautious in interpreting 

this result and said that it supported a sensory interpretation for the neurons’ delay 

activity but that a spatial attention interpretation was also possible and couldn’t be 

discounted.   

 Further evidence for the existence of sensory information during delay periods is 

provided by in Hoshi et al. (2000).  As with the general example given above, their task 
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separated the stimuli to be remembered from the cue indicating the response.  

Specifically, their cues consisted of a single solid color shape presented in 1 of 3 

locations.  The monkey was required to remember both the location of the stimulus and 

its shape.  This was followed by a delay, then a second stimulus instructed the monkey to 

respond based on the image location or its identity.  The second stimulus, or choice 

stimulus contained either 3 identical shapes (cues the monkey to respond to the cue’s 

original location) or two different stimuli (cues the monkey to touch the matching 

object’s location).  Their figure 5 shows a neuron that responded vigorously during the 

delay based on stimulus location.  As the monkey could not know what the impending 

movement was to be, preparatory activity could not be directionally specific.  These 

authors reported finding 121 location selective neurons in their prefrontal sample that 

were distinguished from neurons with directional movement preparatory activity.  If there 

was movement preparatory activity during these cells’ delay activity it would have been 

non-specific and equally additive on all trials.  In summary, tasks designed specifically to 

distinguish spatial sensory information maintenance from motor preparation seemed able 

to do so and provided strong evidence that prefrontal neurons responded to either 

parameter alone, or to both.  In closing, working memory is closely associated with 

prefrontal function and is a major component of our ability to effectively organize 

behavior.   

 There is also strong evidence that the PFC mediates recall of long term episodic 

and procedural memories.  Some of the strongest evidence was provided by fMRI studies 

that required subjects to first view objects, then to imagine objects.  These studies 
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typically found that passive visual stimulation activated expected striate and extrastriate 

structures.  In contrast, ideation or mental imagery additionally included prefrontal 

activation (Mechelli et al., 2004).  Therefore, the PFC may have initiated stored activity 

patterns in the posterior visual cortical regions in order to re-create visual perceptions.   

 There is evidence that the right and left inferior human PFC is active during 

retrieval of non-relational information whereas the left inferior PFC is active during 

retrieval of relational information (Badgaiyan et al., 2002).  These authors used word lists 

recalled under two different conditions to test their hypotheses.  Subjects were asked to 

study and remember a list of 220 word pairs.  Subsequent testing required them to either 

decide if a test word pair was one they had seen, or if a test word pair contained at least 1 

or 2 of the words on the study list.  The first case tested relational memory while the 

second tested recognition.  The authors concluded that small regions in both the left and 

right PFC were involved in retrieval but that the left PFC was preferentially involved in 

retrieving the relational linkage between the words.   

 Using the results of neuropsychological testing on patients with brain damage, 

Wheeler and Stuss (2003) provide evidence that the frontal polar regions are associated 

with the retrieval of episodic memory.  This conclusion is based on the observation that 

patients with damage to the dlPFC did not have measurable deficits in recalling episodic 

or semantic knowledge whereas those with more anterior damage did show a deficit in 

episodic recall. 

 A closer look into the prefrontal mechanisms of long-term memory for visual 

items was provided by Xiang and Brown (2004).  They recorded neurons throughout 
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different regions of the macaque PFC during tasks that required monkeys to report 

stimulus familiarity or novelty.  The experiment tested long-term memory by presenting 

animals with images from previous testing sessions.  Because the responses of many 

prefrontal neurons reflected stimulus familiarity they concluded that the PFC carried 

information necessary for the retrieval of long-term memories.  In addition, they found 

the longer-term familiarity effects only in neurons of the ventromedial, orbitofrontal, and 

anterior cingulate.  In conclusion, there is strong evidence that the PFC and various 

different regions within the PFC are involved in both working memory  and long-term 

memory processes. 

 

Practical Implications of Prefrontal Research 

 Practically, investigations of the PFC shed light on the biological mechanisms of 

some of our most cherished mental faculties and some of the most feared psychological 

diseases.  Conceptually, the PFC is interesting to anyone who wants to know the “what” 

and  “how” of human behavior.  Humans possess the capacity to understand the world we 

live in terms of varied abstractions.  Not only do we interpret immediate sensations and 

behave accordingly, but we remember information for a lifetime and generate behavioral 

plans on the same time scale.  We are aware of ourselves and make tools that extend our 

capacity to sense, remember, and predict events of importance.  Human capacity is a 

function of biology and culture.  Our nervous system has evolved to a level capable of the 

abstract representations required to contemplate the world around us and the 
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investigations enabled by these capacities have allowed us to identify the PFC as one 

CNS element responsible for many of these talents.   

 PFC study is also important because psychological diseases such as addiction are 

causally linked to various prefrontal regions.  Schizophrenia was linked to prefrontal 

hypoperfusion (Adams, 1997), and may have been be related to dysfunction of the 

prefrontal NMDA receptor (Chen et al. 2002).  Obsessive compulsive disorder has also 

been linked to frontal lobe abnormality.  Damage to the prefrontal cortex may result in 

radical personality change, the inability to organize ones’ life, disturbances of attention 

and memory, reductions in the capacity for abstract thought and more.  The following 

sections outline prefrontal anatomy, then provide additional information about the current 

experiment’s rationale. 

 

Prefrontal General Abbreviations and Anatomy 
 

Table 1:  List of Abbreviations  (Barbas, 1988; Tanaka, 1996) 
1) dlPFC  Dorsolateral Prefrontal Cortex 
2) MST  Medial Superior Temporal Area 
3) IT  Inferotemporal 
4) PFC  Prefrontal Cortex 
5) TEa  Rostral, Lower bank of the Superior Temporal Sulcus 
6) TEm  Inferior Temporal cortex; lip of the lateral superior bank. 
7) TE  Anterior Inferotemporal Cortex 
8) TEO  Posterior Inferior Temporal Cortex 
9) V2  Visual Area 2 
10) V3  Visual Area 3 
11) V4  Visual Area 4 
  

 Given the reasons to study the PFC, it is necessary to accumulate knowledge 

about prefrontal anatomy.  The PFC in both humans and monkeys is a heterogeneous 
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group of cortical areas.  Definition of the term “prefrontal” is typically based on one of 

the three following criteria.  Some claim that PFC is cortex receiving projections from the 

mediodorsal thalamic nucleus (Fuster, 1997).  Others claim that it includes all cortex 

anterior to the motor and premotor cortex that has a “prominent internal granular layer 

IV” (Bruce, 1988).  A third criterion is that the PFC is all cortex anterior to the arcuate 

sulcus.  In this paper, the PFC consists of the cytoarchitectonically defined areas shown 

in Figure 1 adapted from Petrides and Pandya (1999). 

 In order to clarify the anatomic nomenclature used in the rest of the text, left 

hemisphere areas superior to the principal sulcus are designated “dorsolateral”, areas 

below that yet still on the lateral cortical surface are designated “ventrolateral” (thus 

including the inferior convexity), while areas on the underside of the brain are designated 

“basal” (Barbas and Pandya, 1989).   

 In monkeys, the prefrontal cortex consists of three primary tissue types, 

periallocortex, allocortex, and isocortex, each with a specific developmental history. 

Three layered periallocortex is found on the orbital surface surrounding the olfactory 

tubercle and comprises the basoventral trend in laminar differentiation.  This trend begins 

with orbital periallocortex, extends laterally with a stretch of proisocortex and ends in the 

isocortex of ventrolateral area 12.  Proisocortex, the next stage of differentiation, is noted 

for the appearance of layer II, III, and V.  It has no granular layer IV.  Moving lateral and 

dorsal to these regions the cortex develops into 6 layered isocortex.  The mediodorsal 

trend is similar, but begins with the archicortex of the hippocampus (Petrides and Pandya, 

1999).  The mediodorsal trend begins with the periallocortex near the rostrum of the 
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corpus callosum, proceeds into the proisocortex (including the anterior cingulate gyrus 

and the cortex immediately anterior and superior to it), and ends with the isocortical 

regions on the mesial surface of the frontal lobes and the dorsolateral areas down to the 

principal sulcus and backwards to the arcuate.  In Figure 1, areas above the principal 

sulcus include isocortex of the dorsomedial trend, whereas those below arise from the 

basoventral trend Petrides and Pandya (1999).   
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Figure 1.  Macaque Frontal Lobe Cytoarchitectonics, Lateral Surface.  Adapted from Petrides 

and Pandya 1999, with permissions. 

 Humans have a much larger PFC than monkeys, so establishing homology 

between macaque and human cortical regions has not been easy.  An excellent attempt is 



 48

found in Petrides and Pandya (1999).  They have established homology where possible 

and have renamed locations to create a common system of designation. Figure 1, adapted 

from Petrides and Pandya (1999), shows their conclusions.  

 

Major Cell Types 

 The major cell types in the prefrontal are the same as the standard ones 

throughout the rest of the neocortex (isocortex), excluding the Betz cells found only in 

the motor cortex, and perhaps spiny stellate cells mainly found within primary visual 

cortex layer IV and the somatosensory cortex (Nolte, 1999).  Based on the waveforms 

recorded in the current experiment, it was possible to identify both pyramidal cells and 

interneurons, but it was not possible to make these observations definitively or 

systematically.  Factors such as the distance between electrodes and signal sources 

preclude such conclusions.  In spite of this, knowledge of the PFC’s cellular constituents 

is important for general knowledge. 

 Pyramidal cells receive a great deal of attention because they are the primary 

projection neurons.  Information processing is done throughout the cortex, but only a few 

cell types are thought to transmit this information over intermediate and long distances 

corresponding to intrahemispheric, interhemispheric, and subcortical connections.  

Interestingly, PFC pyramidal cells in Macaque areas 10,11,12, are considerably more 

spinous and branched than those in V1, 7a, TE.  Possessing more spines, greater dendritic 

length, should provide these neurons with a greater ability to contact and integrate diverse 

synaptic input and thus to integrate more information than cells with less capacity for 
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convergent connectivity  (Elston, 2000).  In spite of the attention to pyramidal neurons, 

interneurons are clearly important as they shape the output of surrounding cells. 

  

Prefrontal Connectivity 

The PFC receives diverse neocortical and subcortical input from a great many 

regions, but only a few are immediately relevant.  As the current study focuses on visual 

stimulus parameters such as pattern complexity, shape, and color, discussion of 

anatomical findings will focus on those cortical areas associated with processing this 

“object” information.  The PFC is not the first cortical area that comes to mind when 

considering visual processing, but numerous anatomical studies have identified reciprocal 

linkages between prefrontal and pre-striate visual areas.  Anatomical description of the 

cortical network dedicated to spatial visual processing will not be discussed other than to 

say that the PFC receives this sort of input.   

 Much of the visual processing underlying object identification is thought to occur 

in the cortical areas described by Ungerleider et al. (1989) as the ventral visual stream or 

“what” pathway.  A number of anatomical experiments have provided evidence that areas 

V3, V4, IT (both TE and TEO), and MST project to the PFC (Barbas, 1988; Barbas and 

Mesulam, 1985; Jones and Powell, 1970; Passingham, 1993; Seltzer and Pandya, 1989; 

Ungerleider, 1989; Webster, 1994).  As abbreviations do not provide a good picture of 

where these projections originate, inspection of labeled figures shows that most of these 

projections originate in both the upper and lower banks of the superior temporal sulcus 

and along the inferior temporal gyrus with emphasis on the more rostral areas.  
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Projections from the PFC to the superior colliculus are also known (Goldman and Nauta, 

1976).   

 The precision and strength of these connections was documented in a number of 

additional studies.  Prefrontal areas 47/12 were known to receive afferent input from 

areas TEa and TEm (Barbas, 1988; Seltzer and Pandya, 1989; Passingham, 1993), but the 

ventral principalis regions were the only ones noted for their connections with IT cortex 

and V4 (Barbas and Mesulam, 1985).  In this study, approximately 6% of the neurons in 

“peristriate and inferior temporal visual areas” were stained after injection of HRP into 

the caudal ventral principalis region.  These last two authors also drew attention to the 

developmental cytoarchitectonic difference between the dorsal and ventral principalis 

region paralleled by their differential visual projection patterns.  Ventral prefrontal areas 

received their strongest input from ventral visual areas whereas dorsal prefrontal areas 

received their best visual input from parietal visual areas. Specifically, injection of HRP 

into five periprincipalis regions resulted in labeling in IT cortex, STG, STS, and others.   

The heaviest labeling of visual cortices resulting from the caudal, ventral principalis 

region (Barbas and Mesulam, 1985).   

 Further support for this notion was provided by Webster et al. (1994) 

demonstrating that TEO (posterior IT cortex) and TE (anterior IT cortex) both projected 

to some of the same prefrontal areas, but with different patterns.  Area TEO was more 

extensively connected with parietal areas, yet also projected to prefrontal areas 8,45 and 

12 of Walker’s designation (Walker, 1940).  In contrast, area TE was less strongly 

connected with parietal areas and more strongly connected to prefrontal areas 8, 45, 12, 



 51

13, and 11.  The input from ipsilateral IT cortex and is of special relevance here because 

it is associated with the highest levels of object form and identity information processing 

(Komatsu and Ideura, 1993; Tanaka, 1996; Ungerleider et al., 1989). 

 Having established the presence of these various projections, labeling procedures 

have identified the route of some of these projections.  Inferotemporal cortex is known to 

project to the ventral prefrontal cortex via the uncinate fascicle in the rhesus monkey 

(Ungerleider et al., 1989; Webster et al., 1994).  In addition to the connections via the 

uncinate fascicle, Parker and Gaffan (1998) proposed a subcortical route including the 

ventral anterior nucleus of the thalamus, or “cortico-striatal-nigral-thalamic” projections.  

Taken together, this evidence demonstrated the presence and route of well-known 

connections among regions of the PFC and temporal cortex involved in visual processing.  

 

General Connectivity 

 The PFC can roughly be divided into dorsolateral, ventrolateral, orbitofrontal, and 

medial zones.  Each of these receives different patterns of connections and each is 

responsible for many different functions.  The dorsolateral and ventrolateral zones have 

been noted for their connections to parietal area 7 and the anterior temporal cortex, 

respectively.  The parietal zones have been proposed to provide the PFC with visuospatial 

input, information about object location, movement, body position, and other 

somatosensory information necessary for hand-eye coordination and movement of the 

body through space in general.  The inferior temporal cortices have been noted for their 

relation to object vision, and multimodal sensory integration in the STS.  Both of these 
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areas project most heavily to the ventrolateral PFC.  Auditory association areas also 

project frontally and some terminations have been found in the anterior areas of the 

principal sulcus, smack in the middle of the ventrolateral / dorsolateral junction.  In 

addition, other auditory connections end up in areas ventral and dorsal to the principal 

sulcus.  There also appears to be a gradation of auditory connectivity with the bulk of it 

near the anterior extent of the principal sulcus.  Moving posteriorly, the sulcus gradually 

approaches the frontal eye fields and becomes more involved in visuospatial processing.   

 In contrast, the orbitofrontal cortex is known for its projections to and from the 

amygdala, dorsomedial thalamus, and hypothalamus.  These connections give it a place at 

the apex of emotional processing and allow it to regulate some autonomic function (sweat 

gland activity for one).  Intrinsic connections of this region have been found to project 

most strongly to other orbitofrontal areas, but also to the ventrolateral PFC and the areas 

along the anterior midline of the PFC.  Intrinsic PFC projections connect orbital areas 

with ventrolateral and dorsolateral areas.  Prefrontal areas adjacent to supplementary and 

premotor cortices are reciprocally connected.  The PFC also has specific projections to 

zones within the basal ganglia, and thalamus different from the pattern of projections of 

the more posterior premotor zones.  Notably, the PFC does not directly connect to 

primary motor cortex, nor does it send projections to the spinal cord via the pyramidal 

tract.  Thus it exerts its influence on behavior by acting through intermediate structures. 
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Experimental Rationale 

Neurophysiology 

 Neurophysiological support for the experiments described later in this dissertation 

was provided by results demonstrating that prefrontal neurons responded to visual 

stimulation and are active in “Go/No-Go” type tasks (Greenberg, 2003), and prefrontal 

neurons shared visual response properties with neurons in extrastriate areas known to 

project to the PFC (Barbas and Mesulam, 1985;  Ungerleider et al. 1989).  In addition, 

prefrontal, premotor, and orbitofrontal neurons showed experience dependent activity 

during various conditional learning tasks.  Of the numerous studies on the above topics, 

only those necessary to establish that reasonable evidence exists for each of the preceding 

claims are presented. 

 With regard to prefrontal visual processing, various experiments demonstrated the 

presence of simple, complex, and abstract responses.  Some of these experiments also 

used what is called a “Go/No-Go” response paradigm.   In this kind of a task, animals are 

required to make movements and withhold movements (NoGo) for short durations in 

order to examine behavioral responses and periods of behavioral inhibition.  In a number 

of studies using this Go/NoGo task paradigm, the PFC and prefrontal cortical neurons 

were clearly involved (Sakagami et al., 2001; Sasaki and Gemba, 1986; Watanabe, 

1896a,b).  Evidence for simple visual processing was provided by documentation of 

prefrontal responses to small spots of light (Mikami and Kubota, 1982; Suzuki and 

Azuma, 1983), stimulus onset and offset (Komatsu, 1982), and colored fixation points or 

stimulus images (Lauwereyns et al., 2001; Watanabe 1986a,b; Sakagami et al., 2001).  
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Prefrontal neurons also responded to objects and images with complex features such as 

shapes, scenes, faces, laboratory equipment, food items, etc. (Asaad et al., 1998; Hoshi et 

al., 2000; O’Scalaidhe et al., 1999; Wilson et al., 1993).  Within the category of complex 

responses, some neurons displayed response selectivity for the previously mentioned 

object types along with their locations (Ranier et al., 1998).  Abstract responses linked to 

visual stimulation included those indicating the behavioral meaning of cue images 

independent of their identity (Watanabe, 1986a), object categories (Freedman et al., 

2001), visually cued behavioral rules (Hoshi et al., 2000; Wallis et al., 2001; White and 

Wise, 1999), those and those modulated by attentional factors (diPelligrino and Wise, 

1993; Lauwereyns et al., 2001).   

 Related to ideas of abstract response parameters is the idea of neural response 

flexibility supported by evidence that prefrontal neurons can show different responses to 

the same stimuli used in different task conditions (Asaad et al., 1998).  Synthesizing all 

the aforementioned results on visual responses in the PFC, it was clear that many aspects 

of visual stimulation were represented in the activity of prefrontal neurons.  It was 

possible to see all types of visual responses, from the simple and stimulus driven to the 

abstract and contextually dependent type.   

 Comparison of prefrontal visual responses to those found primarily in V4, 

inferotemporal cortex (IT), and the superior temporal sulcus (STS) showed that some 

neurons in both areas share important common response features.  Common traits among 

all four regions included relatively large (up to 60 x 60 degrees) receptive field size 

(Gross et al.,1969,1972;  Mikami et al., 1982; Suzuki and Azuma, 1983) including the 
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fovea and/or large extrafoveal areas (Kobatake & Tanaka 1994; Tanaka, 1996; Bruce et 

al., 1981; O’Scalaidhe et al., 1999).  Neurons within IT and PFC have been thought to 

respond maximally to foveally presented images, to show response decrements with 

increasing peripheral stimulus placement, and to respond similarly to images differing 

only in size (Wilson et al., 1993).  Neurons in the STS and PFC have been known to 

respond to movement and object location (Mikami and Kubota, 1982; Lauwereyns et al., 

2001) and to stimuli from more than one modality (Bruce et al., 1981, Passingham, 

1993).  This suggested that the PFC received both raw and highly processed visual 

information at the same time it could integrate these signals with other sources of 

information (sensory, reinforcement, behavioral, etc.). 

 The third group of findings has to do with the effects of learning found in 

different neuronal populations throughout the frontal lobes.  Learning related effects have 

been noted in at least five neurophysiological studies of the frontal lobes (Asaad et al., 

1998; Chen and Wise 1995a,b; Li et al., 1997; Mitz et al., 1991; Tremblay and Schultz 

2000b) one of which concerns ventrolateral PFC (Asaad et al., 1998); two others report 

similar effects in IT cortex (Messinger et al., 2001, Miller et al., 1991).   

 In Asaad et al. (1998) the effect of learning was seen as a change in the timing of 

neuronal responses rather than a change in the firing rates.  For this experiment, monkeys 

were required to associate two different stimuli with each of two different saccadic eye 

movements by learning one pair of associations and then reversing them.  Reinforcement 

was balanced meaning that correct responses to both images were reinforced.   Under 

these conditions the task could not be solved by associating a stimulus with a 
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reinforcement, rather, successful task performance depended on associating a stimulus 

with a response.  In other words, approaching or avoiding a stimulus based purely on its 

relation to reinforcement would not allow an animal to associate different responses with 

the different stimuli; each one had the potential to signal reinforcement.  Of course the 

behavior was driven by the presence or absence of reinforcement, but reinforcement 

should have affected the monkeys equally on all trial types allowing neuronal responses 

to be linked specifically with stimuli, responses or both.  Neuronal activity was analyzed 

in two stages.  The first stage focused on trials in which the monkeys’ performance was 

steady in terms of percent correct (80% or higher).  The authors assumed that during 

these periods no learning occurred.   Neurons responded to the cue, the eye movement 

direction (left or right) or to a combination of these factors.  Neurons responsive to both 

the cue and the movement represented these characteristics linearly (neuronal response 

was a sum of the response to one object and the response to one movement direction) or 

nonlinearly (the response could not be predicted by summing the preferred cue and 

directional responses).  This latter category of response was interpreted as representing a 

unique association between cues and movements, the substance of what is meant by an 

arbitrary cue-movement association.  Examining trials prior to behavioral criterion, the 

authors found that no effects in terms of firing rate changes, but that the direction 

selectivity of direction selective neurons gradually appeared earlier and earlier within 

each trial.  That is, as the monkeys learned, neurons signaling eye movements began to 

fire earlier within the delay period between stimulus presentation and the saccadic 



 57

response.  However, this may represent a change in the efficacy of a decision making 

process rather than a change in the conjunction between cues and responses. 

In Chen and Wise (1995a,b), changes in neural activity within the SEF 

(supplementary eye field) were documented during monkey’s acquisition of “conditional 

oculomotor associations”.  These tasks required monkeys to make specific eye 

movements in response to different cue images.  The conditional nature of the task tacitly 

specified that each stimulus signified only one of four possible movements.  In these 

tasks monkeys learned associations between cues and movements by trial and error.  

Under these conditions the monkeys obtained reinforcements following each stimulus as 

long as they made the right movement, a condition that was supposed to negate any 

differential effects of reinforcement.  The apparent absence of differential reinforcement 

information was used to support the claim that changes in neural activity reflected 

associations between cues and movements rather than among cues, movements, and 

reinforcements.  However, when monkeys made incorrect responses to individual cues, 

they do not receive reinforcements in spite of the fact that each of those cue images 

potentially served as a predictor of reinforcement.  Given this, it seems possible that even 

when each image can be associated with reinforcement, the process by which each image 

become associated with reinforcement should have been visible somewhere in the 

nervous system.  If neurons in the premotor cortex responded when images were 

followed by correct responses, and then reinforcements it still seems possible that the 

neural responses could indicate the formation of stimulus-response associations, 

stimulus-reinforcement associations, or both.  Chen and Wise found that 70/186 neurons 
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in the SEF displayed activity increases or decreased while the monkeys performed the 

conditional tasks using novel and familiar stimuli.  Neurons with activity modulations to 

novel stimuli were designated “learning-selective” whereas those with modulations 

following presentations of familiar stimuli were termed “learning-dependent”.  

Importantly, these modulations could be seen as neuronal firing rate  increases or 

decreases.        

Mitz et al., (1991) used a similar visual conditional task in which different images 

served as cues for monkeys to make 4 different joystick movements.  In this experiment, 

neuronal responses to novel stimuli increased over increasing trial numbers.  These 

neurons were initially inactive even though the monkey was continually making 

behavioral responses.  Both of these experiments indicated that the premotor cortex was 

involved in learning voluntary responses to environmental stimuli.  It seems reasonable 

then to wonder what type of neural response will be present in the prefrontal cortex when 

monkeys are required to learn cue-response-reinforcement associations.  Combining the 

types of neuronal response changes noted by Asaad et al. (1998), Chen and Wise (1995 

a,b), and Mitz et al. (1991), analyses in the current experiments focused on identifying 

changes in firing rates while also looking for examples of changes in neuronal response 

onset latency.   

Taken together, the aforementioned neurophysiological literature showed that the 

PFC (and other frontal lobe regions) receives a wide array of stimulus information, 

processes it with respect to and in the service of behavior, and can perform these 

activities quickly and flexibly during learning.   
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Neuroimaging 

 A third line of evidence for the current experiment was based on PET and fMRI 

methodology applied to various visuomotor tasks.  Most of the tasks used in the 

following experiments related to a concept known as conditional motor learning or 

arbitrary visuomotor mapping.  The essential component of these tasks was that they 

required test subjects to learn and/or execute specific, previously-learned, voluntary 

movements following presentations of specific, randomly chosen images.  They were 

considered conditional because correct task performance conformed to general rules such 

as, “perform movement X after seeing stimulus Y”.  They were considered arbitrary 

because the stimuli used as cues for movements bore no relation to the movement prior 

to, or outside, the testing situation.  In most of these experiments, image location carried 

no information for movement execution.  The conditional and non-spatial aspects of these 

tasks were very similar to those used in the current experiment except for the use of a 

partial reinforcement schedule.   

Studies of this type have demonstrated activity or blood flow changes in the 

ventral PFC, defined as area 47/12 in humans and monkeys, while test subjects learned to 

associate specific movements with specific cue images or performed previously learned 

responses (Deiber et al., 1997; Grafton et al 1998; Passingham et al., 2000; Toni, 1999; 

Toni et al. 2001, Vandenberghe et al., 1999; Wise and Murray 2000).  Other studies have 

emphasized the fact that ventrolateral prefrontal areas were active in tasks requiring 

behavioral inhibition (Shadmehr and Holcomb, 1999).  Interestingly, right inferior 
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prefrontal activation was found by Vandenberghe (1999) only when learned visuomotor 

associations were adapted to new situations.   

 

Animal and Human Neuropsychology 

Another line of evidence was provided by animals with experimentally induced 

lesions and clinical studies of humans with prefrontal damage.  A study by Wang et al. 

(2000) used reversible bicuclline inactivations in monkey ventral prefrontal cortex.  

Bicuculline is a GABAergic antagonist causing reversible cortical disruption.  These 

authors found that the bilateral infusions “dramatically impaired” the acquisition of novel 

conditional motor learning, but had no effect on the well-learned associations.  Visual 

discrimination and movement were unimpaired.   

A study by Murray and Wise (2000) showed that combined ventral and orbital 

prefrontal lesions severely impaired monkeys’ performance of learned arbitrary 

visuomotor mappings and the acquisition of novel ones.  Arbitrary visuomotor mapping 

is synonymous with conditional motor learning.  In their experiment, monkeys were 

trained to learn novel associations pre-operatively, and then given bilateral prefrontal 

lesions.  Only one of the animals was able to learn the task well enough post-operatively 

to warrant further experimentation and their results therefore come from a single subject.  

In accord with the Wang et al. (2000) experiment, the monkey was unable to learn novel 

stimulus-motor associations post-operatively.  In contrast, the monkey was impaired on 

performing previously learned associations although it did perform above chance.  This 

suggests that something other than the ventral and orbital PFC stores the learned 
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associations or enables performance suggestive of intact associations.  This monkey also 

had a mild deficit on simple visual discrimination tasks, but was eventually able to reach 

a 90% criterion.   

Dias et al. (1997) found that lesions of the orbital PFC lead to problems reversing 

stimulus-reinforcement associations, whereas lesions of the dorsolateral areas lead to 

problems shifting attentional set.  Notably, these deficits were found only on the first 

occasions the monkeys had to reverse their stimulus-reinforcement associations.  After 

the first time, further stimulus-response reversal performance was normal.  The authors 

concluded that the PFC was especially concerned with inhibiting irrelevant information 

in novel situations.  In the language of this study, perseveration was a problem shifting 

attentional set.   

The information above applied only to ventrolateral prefrontal areas.  Studies 

examining the effects of dorsolateral lesions or inactivation on the performance of similar 

conditional tasks have either found weak or nonexistent deficits (Gaffan and Harrison, 

1989; Petrides, 1985; Wang et al., 2000). 

Results of human neuropsychology were more extensively documented because 

they provide direct evidence of how the human nervous system works, yet were more 

varied because the lesions are the results of accidents rather than experimental designs.  

In humans, prefrontal damage leads to a wide range of cognitive and behavioral 

impairments.  Adams et al. (ed. 1997) divided the impairments into those affecting 

intellect and cognition vs. those affecting mood, behavior, and personality. Roughly, 

these categories of damage-induced impairments or changes were respectively associated 
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with the dorsolateral prefrontal or the medial-orbital prefrontal areas.  Observations 

related to emotion and personality have little immediate bearing on the topics 

investigated in the current experiment, but four types of findings related to cognition and 

behavior that do are mentioned below. 

Though there are many ideas about how to characterize deficits following 

prefrontal damage, three were most relevant the current study.  The first is the loss of 

inhibitory control (Gershberg and Shimamura, 1991).  As the current tasks required the 

monkey to make fast movements when required and to refrain from making those 

movements when they were not, inhibitory control was an obvious element of efficient 

and correct performance. 

A role for the PFC in categorization was suggested by finding that patients with 

frontal damage seem not to cluster semantically similar words as well as normals do on 

tests of free recall (Gershberg and Shimamura, 1991). 

Another notable deficit following frontal damage was the difficulty switching 

among various possible behavioral response schemes when faced with a problem.  A 

classic test was the Wisconsin Card Sort that required patients to sort cards according to a 

small number of possible categorization principles.  The cards had varying shape-color 

combinations, and task performance was based on using trial and error to determine 

which sorting principle is considered correct.  After a patient had correctly discovered the 

sorting principle, it was switched and they re-learned which one is correct.  Frontal 

patients tended to keep picking the first sorting principle even when the outcomes were 

consistently wrong.  They seemed unable to switch their behavioral plans (Shimamura, 
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1997).  This could also be thought of as proactive interference, a condition in which prior 

learning negatively affected the learning of something new (Postman and Underwood, 

1973).   

Last, a study by Petrides (1996) addressed deficits in conditional motor learning 

in patients with frontal lobe damage.  In this study, patients with frontal lobe injury 

performed a task requiring them to make six different hand positions in response to six 

different color stimuli.  Instead of having the patients learn by trial and error, the 

experimenter demonstrated the correct responses any time an error was made during 

testing.  In spite of this, 23% of the patients were unable to learn the mappings (symbol to 

hand position) within the testing period.  However, many of the patients’ extensive 

frontal lobe damage precluded any fine conclusions about functional localization.   

 

Neuronal Functional and Structural Stability:  Electrophysiology and Anatomy 

 Modern neuroscience uses a wide variety of experimental approaches, from 

cellular/molecular genetics, anatomy, and physiology, to whole brain functional imaging.  

Electrophysiology lies between these methodological extremes.  Electrical signals have 

been recorded from living brains since the late 1800s (Finger 1993).  Historical advances 

in electrophysiology eventually allowed researchers to record action potentials from 

single neurons or groups of neurons (Fuster 1997).  Historically, most neurophysiological 

experiments measure single neuronal response properties within single daily testing 

sessions.  This fact was evident when reading the methods sections of nearly any 

neurophysiology experiment including those currently being performed.  This approach 
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has been extremely useful in identifying neuronal correlates of cognitive, sensory, and 

motor capacities throughout the brain, hence its methodological longevity.  Having 

identified specific neuronal contributions to these functions, experiments often showed 

that neuronal responses were functionally stable (i.e., reliable and consistent) over 

multiple presentations during the few hours of a single testing session.  Examples of 

neuronal response reliability can be found in nearly any study that displays neuronal 

raster data from multiple presentations of the same experimental stimuli.  Often in these 

same experiments, it was also possible to see examples of trial to trial differences in the 

spike trains of neurons following presentations of the same stimuli (Rolls et al. 2003, 

Figure 2).  Therefore, a systematic examination of neuronal response consistency is 

warranted. 

   Single-day, single-neuron experiments have been historically useful, but represent 

an older approach to the study of neural systems that requires modernization.   More 

importantly, they rarely make the longer-term comparisons necessary to evaluate the 

functional stability of neuronal responses over days, months, or years.  This is 

understandable given the fact that most experiments use acute recordings in which the 

electrodes are removed after each testing situation.  Unfortunately, most experiments 

using chronic recording techniques also failed to compare the responses of single neurons 

across days.  Instead, they have focused on proving that it is possible to record the same 

cells for multiple days/months and on measures of signal quality (Williams 1999, 

Nicolelis et al 1997).  Demonstrations of recording stability were important for brain-

computer interface technologies that rely, in part, on the ability to sample from or use a 
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specific population of neurons.  However, they provided no information on the stability 

of actual neuronal response parameters. 

 Why are the longer term response properties of neurons interesting? What is the 

rationale for the current experiments?  The topic is interesting because it examines the 

general idea of stability and homeostasis within neural systems, responses of  prefrontal 

neurons have not been tested for periods longer than a single recording session leaving 

the question of functional stability open, the parameters of neuronal response stability 

may provide information on how to construct or where to place brain-computer 

interfaces, and because it may have an impact on neural network theories.  For example, 

given that there are billions of cells in the brain, should we expect that single cells might 

have stable functional parameters?  When considering neurons as elements of networks, 

is it important that the individual elements play the same roles from day to day or is the 

only important issue the networks’ total output? 

 Stability and flexibility within neuronal systems is interesting because the 

interplay between them constrains how we grow, learn and remember.  These issues are 

also linked to the general idea of homeostasis.  Organisms depend on active mechanisms 

to preserve the integrity of their internal environment.  Throughout life the nervous 

system develops, maintains itself, and changes in response to experience.  For neurons to 

survive and function properly, specific concentrations of salts, proteins, and nutrients 

must be maintained.  These levels are maintained by a diverse set of biological 

homeostatic mechanisms that together monitor the system and initiate appropriate 

change.  For example, neurons actively regulate the concentration of electrolytes near the 
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cell membrane in order to allow for electrical conductivity, and postsynaptic receptor 

density is automatically regulated based on the abundance of presynaptic 

neurotransmitters.  Subcellular components such as receptors, dendritic spines, and 

synapses experience turnover and are constantly repaired, replaced, or created anew.  In 

addition, whole neurons undergo periods of growth and apoptosis during development 

and new neurons are generated throughout the mammalian brain’s lifespan (Bernier et al. 

2002).  Beyond the active processes necessary to maintain itself, the brain also responds 

to experience by modifying existing structures and augmenting existing functions.  The 

following paragraphs present evidence of structural and functional stability at different 

levels within the CNS. 

 

Subcellular Structural and Functional Stability 

 Single neurons have been seen to maintain structural and functional properties by 

various means.  Somatogastric (STG) neurons in the lobster ‘self-tune’ in order to 

maintain intrinsic spiking response properties; removal of the modulatory inputs to STG 

neurons causes them to initially become silent, then after a few days their spiking patterns 

return.  It seems that these neurons contain information determining their intrinsic 

activity patterns Marder and Prinze (2002).  Part of this ability depends on the 

maintenance of receptor number in the face of receptor turnover; in effect, the 

mechanisms of plasticity needed to create and place newly generated membrane receptors 

is an active mechanism that contributes to a neuron’s ability to respond consistently and 

to maintain its conductive properties  (Golowasch et al., 1999).   
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 However, the need for structural and functional stability must be balanced with 

the need for plasticity.  In order to learn, the nervous system must be capable of some 

change, and in order to maintain function, the nervous system must be capable of 

constantly repairing itself without disrupting ongoing function or established memories.  

In spite of the apparent conflict between the requirements for stability and flexibility, an 

article by Marder and Prinze (2002) suggested that the same biophysical, subcellular 

processes can accomplish both types of task.  For example, these authors emphasized that 

some memories last a lifetime yet subcellular components such as membrane receptors 

degrade and are replaced on time scales of minutes, hours, or days.  In the face of such 

instability, they proposed that neurons monitor their own activity and adjust factors such 

as receptor synthesis, placement, and turnover in a way that preserves their initial 

functional parameters.  Specifically, cell culture experiments (Marder and Prinze 2002) 

showed that isolated neurons up-regulated sodium channel density when their 

spontaneous activity was blocked with tetrodotoxin (TTX) for several days.  They 

proposed that intracellular calcium is a primary messenger of cellular excitability and that 

intracellular, homeostatic ‘sensors’ regulate membrane protein content and distribution 

based partially on such a signal.  These results pertained to the current dissertation 

because they suggested the components of single neurons were regulated in order to 

maintain lower level functional properties upon which higher level processes depend.    

 Another demonstration of structural stability was presented by Grutzendler et al. 

(2002).  By transgenically labeling the layer I and II dendritic spines of pyramidal cells in 

the primary visual cortex of developing and adult mice, they were able to show that 
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single dendritic spines were stable for 1 month.  Interestingly, dendritic spines were 

stable in terms of their presence or absence, yet showed internal variability in their actual 

morphology.  Grutzendler et al. (2002) also found that in developing animals, 73% of 

spines were stable while the remainder typically disappeared.  In contrast, 96% of the 

spines in adult cortex were stable for 1 month and these spines had an average half life of 

over 13 months.  Simple counts of spine loss and addition showed that when observation 

periods were extended to last 2,3, and 4 months, progressively more spines are seen to be 

created or are eliminated.  For example, at 4 months about 80% of spines were stable for 

the entire period.  Thus, in spite of the constant reworking necessary to maintain the short 

lived protein components of the cell membrane, the dendritic elements of synaptic 

structure were remarkably stable.  Plasticity was noted in the morphological 

characteristics of the dendrite suggesting that functional modulations could occur at these 

synapses; that is, functional plasticity could take place on top of pre-existing structures.  

This seems eminently plausible, but the reported results may not generalize to other 

neurons and the question of structural stability is still open for investigation.   

 Grutzendler et al. (2002) also noted that stability was underestimated because 

there were a number of factors that could not be controlled, each of which would lead to 

the conclusion of instability.  Factors such as phototoxicity, anesthesia induced tissue 

injury, ‘YPF’ expression, and rotation of the dendrites between views could all have 

accounted for perceived structural variability yet might have simply reflected the impact 

of experimental artifacts.  So in spite of these potential problems, the fact that most were 

stable was a strong statement. 
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 A second, similar study (Trachtenberg et al., 2002) noted that dendritic and 

axonal branches were highly stable for up to 1 month (no observable changes) while 

dendritic spine stability on layer II and III pyramidal cell dendrites in mouse barrel cortex 

was notably less stable (60% were present for at least 8 days) than that reported for 

dendritic spines in the mouse visual cortical pyramidal cells (92% present for at least 4 

months).  This experiment reported that stable and unstable spines were intermixed along 

the dendrite, and that in the face of spine turn-over, overall spine density was maintained 

(a hallmark of homeostatic properties).  Three types of spine stability were noted; 

transient spines were present only for a single day, intermediately stable spines were seen 

to last 2-3 days, and stable spines lasted for the full 8 day duration of the experiments.  

When the most stable spines (also the largest) were imaged one month later, 15% were no 

longer visible suggesting that 85% were stable.  It is unclear if this lower stability value 

was substantially less than the 92% spine retention reported by Grutzendler et al. (2002).  

When Trachtenberg et al. (2002) induced cortical plasticity by clipping whiskers from the 

contralateral myastical pad, neurons in the barrel cortex responded by increasing the 

number of transient spines and decreasing the number of stable spines.  The authors 

concluded that their procedure induced homeostatic mechanisms meant to keep synaptic 

densities stable.  The process took about 24 hours to begin and did not affect spines in 

cortical regions outside the barrel cortex.  These results documented stability and 

variability at the subcellular level, but what is seen on a larger scale? 

 

 



 70

Functional Stability of Single Cells and Cortical Columns 

“Four studies describing long-term response properties of neurons observed with 

chronic recordings provided evidence of functionally stable responses in various cortical 

regions.  Schmidt et al. (1976) implanted electrodes in monkey motor cortex for up to 

223 days and reported that 1 neuron, recorded for 29 days, had a stable relation to 

specific movements.  Thompson and Best (1990) reported that the place fields of 10 rat 

hippocampal neurons were stable for between 6 and 153 days.  Nicolelis et al. (1997) 

presented post-stimulus time histogram data showing that 6 rat somatosensory neurons 

responded similarly in two recording sessions separated by 38 days.  Last, Williams et al. 

(1999) reported that the frequency response properties of 1 neuron in the guinea pig 

auditory cortex were stable for over 1 month.”  (Greenberg and Wilson, 2004).  

Electrophysiology at this level of analysis ignored subcellular components focusing on 

what single cells do in terms of information processing.  Unfortunately, none of these 

studies seriously examined the question of functional stability and none of them 

performed any thorough or quantitative stability analysis.  Specifically, the only analyses 

presented in these papers consisted of multi-day PETH displays.  Simply presenting 

graphics without mentioning or searching for a systematic way to compare them provides 

only weak evidence of response stability.  Additionally, no mention was made of how 

functional stability might or might not be important.  To be fair, none of these studies 

specifically meant to make strong statements about functional stability, yet their data was 

suited to a more formal analysis.   
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On a much larger scale, an imaging study by Shtoyerman et al. (1999) showed 

that large cortical visual maps, remained stable (remained in the same locations) for up to 

1 year.  This example was provided by replacing pieces of skull with transparent 

‘windows’, then using long-term optical imaging and spectroscopy to record the location 

of ocular dominance columns and orientation columns.  The authors reported that there 

were no significant changes in the positions of these structures with respect to a stable, 

underlying vascular supply.  Interestingly, this study and both previously mentioned 

studies about dendritic spines mentioned that vascular patterns were stable and all used 

these vascular ‘maps’ as landmarks when locating the same cortical regions and single 

cells across consecutive testing sessions.  On the whole, a range of evidence showed how 

neural systems displayed and maintained this stability.  Taken in the context of other 

studies showing how neural systems respond flexibly during learning or development, we 

are beginning to see how neural systems balance stability and flexibility. 

 

Conclusions 

 The prefrontal cortex allows animals and humans to organize behavior over 

extended periods of time and is associated with the production of willed, goal driven 

behavior (Fuster 1997, Heyder et al. 2004; Hunter et al. 2003; Passingham 1993)  The  

difference between this and simply organizing behavior on a moment by moment basis 

throughout life is that it allows for long delays between perception and action during 

which planned behaviors can take on great complexity.  Stored behavioral plans are also 

dependent on integrated perceptual memories.  Planned behaviors exist within the context 
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of a remembered or predicted perceptual environment, and in the context of rules and 

goals.  For example, planning how to obtain a doctoral degree depends on useful episodic 

and procedural memories generated earlier in life.  Without collecting useful and relevant 

experiences, there can be no basis of prioritizing actions or of evaluating the possible 

outcomes of different plans.  The PFC is studied because it is considered the primary 

neural substrate of temporally extended behavioral planning as well as other capacities 

often described as ‘executive functions’.  Though there is no agreed upon list of 

executive functions, the term is often taken to include attention, behavioral inhibition, 

decision making, and working memory  (Fuster 1997, Miller and Asaad 2002).  None of 

these terms necessarily denote elemental processes, they are simply heuristics with which 

to phrase contemporary thoughts and experimental results.  More to the point, the PFC is 

so interesting because it is the uniquely human capacity to organize goal directed 

behavior over lifetimes that has allowed us to develop the elaborate physical and 

cognitive tools we consider modern culture. 

 The current experiment was designed to ask two primary questions.  The first 

asked if prefrontal neurons responded consistently across days and to determine the 

degree to which the responses are conserved.  Neither of these issues has been addressed 

systematically prior to this research, yet the interplay between stability and flexibility 

within neural systems is of fundamental importance.  The second set of questions asked if 

neurons responded flexibility when experimental tasks required animals to learn 

associations between cues, responses, and reinforcements.  Comparisons between rote 

performance and learning are logical because neurophysiological recordings often show 
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that single neurons respond consistently within a single recording session (Fuster et al. 

1973; Funahashi et al. 1989), yet neuropsychological and neurophysiological studies 

suggest the PFC is important for behavioral flexibility during tasks that require learning 

(Asaad et al. 1998; Dias et al. 1997; Murray and Wise 2000; Raichle et al. 1994; Stuss & 

Benson 1986; Wang et al. 2000; Watanabe, 1990).  Combining these objectives, these 

experiments  simultaneously investigated stability and flexibility in prefrontal neural 

systems.  

 From inauspicious beginnings, research into frontal lobe function and prefrontal 

function has grown into a massive project integrating diverse conceptualizations  and 

methodologies.  The experiments described in this paper add to this discussion by 

examining basic questions about prefrontal neuronal response stability and flexibility. 
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METHODS I 

Overview: Materials, Experimental Paradigm, and Analyses 

 The current experiment was designed to answer two questions.  First, were the 

task related responses of prefrontal neurons consistent each successive day the neurons 

were recorded?  Second, did prefrontal neurons show learning-correlated firing rate 

changes during daily testing sessions that required monkeys to learn correct responses to 

novel visual cues, or cues to which previous stimulus-reinforcement associations were 

reversed?         

 Experimental tasks used to answer these questions were part of an experiment 

designed to identify neurons that responded selectively to specific images.  In that daily 

experiment, the “standard task”, up to 72 images were used to test neural responses to 

varied visual input.  Images were chosen to compare and contrast neural responses to 

complex images (multiple features, textures, colors, etc.) with neural responses to 

‘simple’, monochromatic shapes.  Stimulus selective neurons responded significantly 

differently following different images. 

 The primary experimental tasks used a visual discrimination paradigm with “Go 

or NoGo” behavioral responses minimally requiring monkeys to distinguish among 

different visual cues and to make different responses to each one.  In the current 

experiments, two types of responses were available.  Monkeys made “Go” responses by 

removing their hands from a light-sensitive switch following one kind of visual cue 

(complex images).  Monkeys made “NoGo” responses following a different set of images 

(monochromatic shapes or human faces) by keeping their hands on the switch throughout 



 75

stimulus presentation and until reinforcement delivery.  During the monkeys’ initial 

training and before recordings commenced, learning proceeded by trial and error. 

 To further clarify neurons’ relations to visual stimulation and to identify neural 

correlates of stimulus-response learning, additional tasks were added to the testing 

regimen.  The first of these tasks was designated the “learning task”.  In this condition, 

novel images were presented to the monkeys requiring them to learn the relations 

between cues and responses by trial and error.  The second task was designated the 

“reversal task”.  Here, previously novel cues from the learning task were again presented 

while their relations to behavior were reversed.  For example, if a stimulus in the learning 

task was used to cue the Go response, it was used to cue the NoGo response in the 

reversal task. 

 By using each image to cue Go, then NoGo responses, visual stimulation was held 

constant while their behavioral and reinforcement significance were varied (together).  

Logically, neuronal responses simply driven by visual stimulation remained the same 

irrespective of what behavior they cued, or what reinforcement they predicted.  In 

addition to distinguishing visual responses from neural responses that were related to any 

other factors (behavior, reinforcement, or a combination of visual stimulation and 

behavior or reinforcement related signals), time-dependent changes in neuronal firing 

rates were potentially related to the monkeys’ learning processes.   

 Three additional control tasks were used to identify neurons with responses 

related to hand movement, eye movement, or reinforcement delivery.  The “movement” 

task required monkeys to inhibit the Go response until they received a reinforcement.  No 
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visual stimuli other than a fixation point were presented.  In the eye movement control 

task, 5 identical visual cues were presented at the center, far left, far right, top, and 

bottom of a computer monitor.  Neurons that responded differently depending on the 

location of the stimulus were considered eye-movement related.  In the “reinforcement”  

task, reinforcing foods and liquids were presented manually to the monkeys.  Neurons 

that responded to the sight or taste of reinforcements were considered reinforcement 

related.  Following this, it was possible to perform the analyses most directly related to 

the current dissertation.  Neuronal response stability (functional stability) assessment and 

rationale is described in Appendix C.   

  A second set of neurons were used to examine learning-related activity based on 

recordings during the learning and reversal tasks.  The primary goals were to determine if 

prefrontal neurons changed significantly during learning,  and whether or not those 

changes could have caused the changes in the monkeys’ performance.  The first part of 

this process was based on an analysis of the trial at which monkeys’ reached criterion 

performance to each visual cue.  Attainment of criterion performance was taken as 

evidence that the monkeys had learned the relationships among cues, responses, and 

reinforcements.  Second, neuronal responses were analyzed with change point analysis to 

determine the trial number at which there was a significant increase or decrease in firing 

rate.  Third, the neural response change points were compared to the monkeys’ trials to 

criterion in order to determine if the neuronal firing rates changed before, during, or after 

the monkeys’ behavioral evidence of learning.   
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 Finally, neurons with significant learning-related responses were classified by 

their task selectivity.  Selectivity classification provided tentative information relating 

each neuron’s response to potentially different aspects of the learning process.  For 

example, neurons judged as stimulus-selective were considered to respond partially on 

the basis of visual input.  Learning related firing rate changes in visually selective cells 

was taken to indicate that the visual responses were not simply stimulus driven and that 

their change indicated the presence of additional information about cues’ behavioral or 

reinforcement significance.  In contrast, neurons selective only for NoGo trial types that 

also showed changes during learning were interpreted as representing changes in 

reinforcement prediction or the behavioral meaning of a cue image (with no evidence of 

selective visual information).  The distinction was that non-stimulus selective responses 

might represent a highly filtered form of visual processing, one possibly containing 

information about cue significance rather than their physical properties.  Such non-

stimulus selective responses might indicate a categorization mechanism.  Previous 

research (Watanabe, 1990) has shown that prefrontal neurons can respond to cue 

configuration (identity), behavioral significance, and reinforcement significance.     

 

Equipment and Recording Techniques 

 The current experiment was based on single cell, extracellular recordings in two 

rhesus monkeys performing a series of Go/No-Go visual discrimination tasks followed by 

the previously outlined control conditions.  Experiments were controlled using 
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computers, custom electronics, and custom software.  Computers controlled stimulus 

presentation, reinforcement delivery, and generated time stamps for task events.    

 Each daily testing session consisted of three primary tasks (standard, learning, and 

reversal) followed by three additional control conditions (hand movement, eye 

movement, and reinforcement) as outlined above.  Data from days in which experiments 

lacked necessary control conditions were excluded from analysis. 

 Neuronal activity was collected simultaneously with multiple, independently 

adjustable microelectrodes housed in custom built multi-electrode “microdrives” 

(University of Arizona Instrumentation Shop) chronically implanted over the left and 

right dorsolateral prefrontal cortices of Monkey 1 and the left dlPFC of Monkey 2.  These 

microdrives were removable and replaceable; six were used to collect the data presented 

in this experiment (4 drives serially implanted on Monkey 1 and 2 drives on Monkey 2).  

Drives were implanted for up to 6 months, then removed, rebuilt, and replaced.   

 The recording system was capable of recording 64 channels simultaneously and 

the signal processing software was capable of distinguishing 8 neurons per channel 

allowing for a maximal sample size of 512 neurons per day.  Actual yields were far lower 

and for all practical purposes fewer than 10 distinguishable neurons were recorded per 

day.   

 Neuronal and behavioral data was collected with over 300 daily testing sessions 

with both monkeys.  From these large data sets, analysis of neuronal response stability 

was based on 64 days worth of recording from Monkey 1 and 21 days worth of recording 

from Monkey 2.  Data for this stability analysis was selected from recording days 22 – 
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439 (Monkey 1) and recording days 1-294 (Monkey 2).  For the analysis of learning 

related neuronal activity, data was selected from 17 recording days spanning data sets 

101 – 435 (Monkey 1).  It was impossible to determine the exact number of neurons 

recorded during all recording sessions.    

 Electrophysiological data included each neurons’ set of action potentials, the 

timestamps of those action potentials, and the timestamps of task events (recording 

session start/stop, trial start, stimulus onset, hand movement response latency, and 

reinforcement delivery).  Timestamps indicated when action potentials or the previously 

mentioned task events occurred in relation to the moment each recording session began.  

All electrophysiological data was collected with a computer attached to a signal 

amplification system (see “Recording Equipment”).  Neuronal action potentials were 

sorted with custom software during the experiments and off-line.  Only data from isolable 

single neurons were analyzed.   The following sections provide details about materials, 

procedures and analyses. 

 
 

Subjects and Animal Husbandry 

This experiment was based on work with two monkeys.  Each were housed and 

cared for in accordance with the University of Arizona’s IACUC standards and the 

IACUC approved protocol 02-085.  The monkeys were fed a daily diet of Teklad monkey 

chow (25% protein) in the form of small biscuits, vitamins, and a variety of fruits, 

vegetables, dried fruits, nuts, and other treats.  While working Monday-Friday, monkeys 

were water deprived and received their daily ration of water (typically between 150 and 
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350mls) during the tasks.  Depending on the size of the reinforcement per trial, monkeys 

performed between 1400 and 3000 trials per day receiving between 150 and 350 mls of 

water.  After most testing sessions, small amounts of water-bearing fruits and vegetables 

such as grapes or carrots were provided as additional reinforcement.  On Fridays, and 

irrespective of performance, the monkeys were given fruits such as grapes, apples, etc., in 

addition to ad libitum water.  The weekend feeding schedule provided 300 mls of water 

on Saturday and 200 mls on Sunday in addition to water bearing fruits and vegetables and 

the standard biscuits.  Water restriction was necessary to maintain the performance of 

both monkeys. 

 

Surgically Implanted Hardware 

 In order to record single neurons, electrodes were chronically inserted into the 

brain using the following equipment.   Each monkey was fitted with a skull covering 

‘implant’ made of dental acrylic and titanium hardware.  Each implant had two recording 

wells allowing access to the skull and brain.  Prior to recordings, the bone under these 

recording wells was removed and a microdrive loaded with electrodes (10-28 tetrodes or 

stereotrodes housed in 30 gauge needles)  was ‘implanted’ into the brain by attaching it to 

the dental acrylic implant foundation.  Each microdrive had three parts: a body, a delrin 

base that attached to that body, and a titanium base that was part of the dental acrylic 

implant foundation.  The process of microdrive implantation consisted of attaching the 

microdrive body and delrin base to the fixed titanium base.  The following sections 

describe the required hardware and techniques. 
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The Implant 

   Surgically attached implants provided attachment points for the microdrives, 

thermoplastic helmets (protected the microdrives), and head restraint posts (one per 

monkey).  Monkeys underwent implant attachment surgeries under halothane anesthesia 

with the assistance of the University of Arizona’s Department of Animal Care veterinary 

staff.  After surgery, the monkeys continued on a regimen of antibiotics (cefazolin, 25 

mg/kg) and were given Buprenorphine (IM, 0.01 mg/kg) for pain every 8 hours as needed 

for 2-3 days.  About one to two weeks after implantation, monkeys were ready for head 

restraint and microdrive implantation. 

 

Electrodes and Microdrive; Manufacture Procedures 

   Extracellular recordings were made using fine microwire electrodes housed in a 

custom made microdrive (Wilson et al. 2003), a titanium cube (sides = 20mm, height = 

21mm), with either 10 or 14 square channels housing moveable square electrode carriers 

called “couplers” allowing for independent electrode movement (Fig 2, Appendix A).  

Details of electrode construction and microdrive design are described in Appendix A. 

 Following microdrive implantation, electrodes were advanced at the end of each 

recording session by approximately 90 microns, then following days’ recordings made 

use of any available neurons.  Initially, neuronal signals were isolated by moving the 

electrodes just prior to recording.  This was discontinued as the signals acquired under 

those conditions were never stable enough for the hours necessary to complete the 

experiments.  The following sections describe the equipment necessary for the monkeys 
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to perform the Go/NoGo visual discrimination tasks and additional control tasks  

previously outlined. 

 

Primate Chair and Response Box 

 Specially designed primate chairs were used for both transport and testing.  These 

polycarbonate chairs were placed on a wheeled cart or anchored to a platform in the 

testing room.  The front of each chair had a hole in the door allowing task related hand 

movements while the backs had an attachment for a head restraint post holder.  A 

phototransistor response box attached to the platform directly in front of the primate 

chairs’ hand opening sent signals corresponding to hand movement timing to the 

computers running the experiment.   Reinforcements were delivered with a lick tube 

attached to the primate chairs.  The monkeys wore plastic Primate Products (Woodsdale, 

CA) collars notched to fit a Primate Products control rod. 

 

Computerized Experiment Control 

 Three computers were required for the experiment.  Two were required to 

automate the experiment while the third was used to collect neural signals.  Two 

computers each running the program CORTEX (a freely available program from the 

NIH) controlled the experiment in terms of image presentation, reinforcement delivery, 

behavioral response logging, and timestamp production.  The master computer executed a 

timing file which was a relatively short program detailing exactly how the experiment 

was to run given the monkeys’ behavior.  The second, or slave, computer stored the 
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experimental images and presented them when required.  The CORTEX master computer 

sent event codes designating trial onset, image presentation, image identity, response 

time, and reinforcement delivery.  The master computer also controlled the timing and 

duration of reinforcement delivery, and logged the behavioral data (trial number, stimulus 

number, a code for correct and incorrect trials, and response times).  Event timestamps 

were incorporated with the recordings of neural activity via a direct connection from the 

CORTEX master computer to the recording amplifiers. 

Three monitors were attached to the two computers running CORTEX.  Two were 

located in the operator’s room, allowing one to program the master computer and view 

the stimuli as the monkeys works.  The third, connected by a video splitter to the first 

display monitor, were used to present the stimuli to the monkeys.  The monkeys sat about 

6 feet away from the experimenter in a separate room with a door.   

 

Display Monitor and Images 

 Images were presented to the monkeys on a 15-inch monitor located 15 inches 

from the monkeys and centered at eye level.  The screen background was gray and a red 

fixation point preceded stimulus onset by a fixed delay of either 399 or 599 milliseconds.  

Complex images were 2x2 inches while the monochromatic images were “pasted” on top 

of 2x2 inch gray squares that matched the screen background.  Under these conditions, 

each 2x2 inch image subtended 10 degrees of visual angle.  There was a slight delay of 

less than 6ms between the timestamp signaling image presentation and the physical 

response of the display monitor. 
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 Complex images were selected from a Kodak Picture CD.  Simpler images, 

monochromatic shapes (red triangles, blue circles) were created with a graphics program 

and replicated a stimulus set from an experiment examining the neural responses in 

monkey inferotemporal cortex (Komatsu and Ideura, 1987).   These monochromatic 

images consisted of 7 different shapes presented in 4 different colors (Komatsu and 

Ideura, 1987). Additional cues were created from digital photographs of laboratory 

personnel.   Usage of these cues is described in following sections. 

 

Recording Equipment 

 Neural data and timestamps from the CORTEX master computer were collected 

with a 64-channel Plexon Inc. recording system.  Electrodes from the microdrive 

connected to a printed circuit board, and custom made adapters connected the PCB to the 

professionally manufactured (Plexon Inc., Dallas, TX) op-amp “headstages” (Figure 2, 

Appendix A).  Each small op-amp headstage managed eight separate recording channels 

and two grounds.  They connected to a pre-amplifier that multiplied the gain by 100.  The 

pre-amp then connected to the main amplifiers providing an additional amplification of 

10 to 300 times.  The recording gain therefore ranged between 1k and 30k.  

 The system allowed for the simultaneous recording of 64 channels digitized at 

40,000 Hz.  The discrimination window was adjustable from 800 microseconds to 1400 

microseconds.  Plexon Inc. server software programmed the amplifier gain and controlled 

other user-defined parameters related to each channel.  A Dell Optiplex GX Pentium 3 

computer with two synchronized monitors (experimenter’s room) recorded and displayed 
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neural data.  Computers running the CORTEX master and slave setup connected to the 

neurophysiological recording computer with a cable to the Plexon Inc amplifiers. 

 

Procedures 

Initial Behavioral Training 

 Monkeys were trained on a series of “Go/No-go” visual discrimination tasks.  

These tasks first required monkeys to place their hands in the response box to initiate 

trials.  Having initiated a trial, the monkeys were trained to wait for a visual stimulus to 

be presented, then to perform either a Go (quick hand withdrawal) or an NoGo (hold 

hand in the box) response in order to avoid a time-out (incorrect response on Go trials) or 

to obtain a liquid reinforcement (correct responses on NoGo trials).  Monkeys were free 

to initiate further trials by placing their hands back into the response boxes.  Incorrect 

responses on Go trials were followed by a forced correction procedure in which the same 

stimulus was presented until the monkeys performed the correct response. 

 The earliest training stages included familiarizing the monkeys with the transport 

chair and the testing environment.  It took approximately two weeks for the monkeys to 

adjust to the transport procedures and the experimenters’ presence.  Initial task training 

included shaping procedures to encourage exploration of the response box.  It took 

approximately three months for the monkeys to perform at or above criterion (85% 

correct on both trial types) using 28 S- and 28 S+ images.   
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General Task Parameters 

The following information describes the common elements in each task.  

Monkeys initiated trials by triggering the photosensor leading to a pre-stimulus waiting 

period of either 399 or 599 milliseconds followed by stimulus presentation.  Images 

associated with  reinforcement signaled the monkeys to hold (No-Go response) the switch 

for at least 650 milliseconds in order to obtain a liquid reinforcement.  Images associated 

with no reinforcement require the monkeys to withdraw (Go response) their hands from 

the switch before 650 milliseconds elapses from the time of stimulus onset.  Figure 3 

(Appendix C) from Greenberg and Wilson (2004) shows the task schematic and a 

monkey’s behavioral response timing on one testing day. 

 

The Standard Task 

 To find evidence that prefrontal  neurons were stimulus selective, the standard 

task was used to present up to 72 image conditions.  Neurons with responses varying in 

accordance with stimulus identity were potentially stimulus selective.   Images used in 

the standard task included 33 complex images (outdoor scenes, machinery, etc.) taken 

from a Kodak Picture CD, 28 monochromatic shapes, and 6 pictures of laboratory 

personnel (faces only).  Complex images other than faces always cued Go responses, 

while the monochromatic shapes and faces served as cues for NoGo responses.  In 

addition, solid black horizontal and vertical bars were used as an eye movement detection 

condition  nested within both Go and NoGo trials.  Go cues consisted of 28 complex 

scenes plus vertical black bars presented at different locations on the monitor (screen left, 
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right, top, bottom, and center).  All eccentric stimuli were centered at 12 degrees of visual 

angle from the central fixation point.   Each black bar was presented individually and 

constituted an orientation discrimination task.  NoGo cues consisted of centrally 

presented monochromatic shapes and  faces as well as horizontal black bars  presented at 

different locations on the monitor (screen left, right, top, bottom, and center).     

 In each daily testing session, monkeys performed between 900 and 2000 trials of 

this standard task.   Images were randomly selected for presentation from the pool of 72 

available image conditions.  In practice, each of the 72 image conditions were presented 

10-20 times per day.   

 

The Learning and Reversal Tasks 

 To further clarify the relationships between neuronal responses and visual 

stimulation and to record neuronal responses during learning,  new tasks were added to 

the daily testing regimen.  The first, or “Learning”  task presented the monkeys with four 

novel, complex images.  Two were arbitrarily designated as Go while the others served as 

cues for NoGo responses.  Under these conditions the monkeys had to learn correct 

responses by trial and error.  Each image was presented for at least 50 trials during 

successfully performed tasks ensuring that recordings continued throughout the period in 

which the monkeys learned how to respond correctly. 

 Following the learning task, experimenters reversed the relationships between 

cues and responses.  Images that had previously cued the Go response now cued the 

NoGo response.   Again, the monkeys had to learn to respond correctly.  Beyond 
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providing an opportunity to record neural activity during novel stimulus-response 

learning and reversal learning, comparisons between the learning and reversal conditions 

provided information about stimulus selectivity.  Specifically, these manipulations held 

visual stimulation constant while varying the behavioral and reinforcement meaning of 

each image.  If neurons’ responses were simply driven by visual input, they would not 

vary with the monkeys’ behavioral choices or reinforcement expectations.   

 

Additional Control Tasks 

 Following performance of the learning and reversal tasks, the monkeys performed 

two additional control tasks.  Note that these tasks were not meant as controls for learning 

and are not ‘learning free’ to the same degree as was the standard task.  The first was 

designated “motor control”.  In this condition, the monkeys initiated trials, then simply 

waited for reinforcement delivery.  The display monitors remained blank except for a red 

fixation point and a pink background.  Neurons responsive during grasp and/or release 

times in this condition were interpreted as being related to hand movement.  The second 

control task or  “reinforcement”  condition was based on simply presenting the monkeys 

with a variety of liquid and food reinforcements.  This condition consisted of: water 

presentation via the reinforcement delivery system used in the standard task (20 trials), 

the sound of the solenoid pump without water presentation (20 trials), using a pair of 

forceps to feed raisins to the monkeys (10 trials), and delivery of Tang sweetened orange 

drink using a 1cc syringe (no needle) for 10-20 trials.  This task was primarily used to 

identify neurons with reinforcement related responses but was only performed when 
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neurons had previously shown task-related responses.  The saccade task using 

eccentrically presented black bars was included during the standard task. 

 
 

Analyses 

Outline of Analyses 

 Data analysis procedures focused on identifying neuronal function, determining if 

those functions were preserved over multiple days, and determining if any neurons 

displayed learning related firing rate changes.  Analysis of neuronal data was then 

integrated with analysis of the monkeys’ behavior.  The following general list of 

procedures outlines the required methods.  

1) Record neural waveforms 
2) Sort recorded waveforms into records of single neuron activity 
3) Data pre-processing:  extract pertinent information from raw data files 
4) Classify neuronal responses based on analysis of the standard task and by 
 comparing the standard task to the learning, reversal, motor control, and 
 reinforcement tasks 
5) Compare neuronal responses in the standard task across multiple recordings for 
 neurons that were recorded for at least two days (functional stability analysis) 
6) Analyze time-dependent changes in neuronal firing rates during the learning and 
 reversal tasks 
7) Analyze the monkeys’ behavior during learning and reversal tasks 
8) Compare neural responses and learning related behavioral changes 
 

 

Methods for Multiple Single Unit Recording 

Single neuron electrophysiology required waveform recording, waveform sorting, 

and data analysis.  Waveforms were collected and recorded with the Plexon Inc. 

hardware and software previously described.  Waveform sorting procedures used to 
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classify recorded waveforms by signal source were available on-line and off-line (see 

Appendix B).  Off-line sorting was reserved for channels containing responsive neurons.  

Channels were selected if their peristimulus raster displays showed any differential neural 

activity roughly aligned with stimulus onset.  Often, multiple waveform groups were 

present on a single electrode; in this case, all of the waveforms were sorted if at least one 

group was associated with visibly differential activity.  By deciding which waveforms 

came from which neurons, the experimenter determined how many neurons were present 

on any channel.  Unsortable data sets were excluded from analysis. 

  

Counting Neurons 

 Extracellular recording techniques cannot absolutely determine the number of 

neurons recorded on any daily testing session, or even any single electrode.  Sorting 

standards are discussed in Appendix B.  The ability to perform chronic recordings meant 

that consecutive daily recording sessions needed to be examined for signal stability.  If 

the signals were stable there was good reason to think the same neurons were recorded.  

It was not correct to count these cells more than once.  In contrast, when signals were 

unstable, it was unclear if the same neurons were recorded.  In such cases, examination of 

the Peri Event Time Histograms (PETHs) across days showed if the same pattern of 

neuronal activity was present.  If PETHs from different waveform clusters were similar, 

it was likely the same neuron was recorded and it should not have been counted twice.  

Demonstrations of signal stability were therefore taken as evidence the same neurons 
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were recorded.  When signals were unstable across days, cells with highly similar PETHs 

were considered the same cell and one data set was ignored.  

 

Post-clustering Analysis and Further Data Pre-processing 

Following waveform classification, neuronal responses were first analyzed 

graphically with PETHs to see when the neurons responded with respect to stimulus 

onset or hand movements, then were analyzed in terms of binned firing rates calculated 

for separate task conditions (Go trials vs. NoGo trials, etc).   Initial PETH graphical 

analysis was used to find the best time window in which to count spikes for all 

subsequent analyses, then was used as a tool to quantify neurons’ response timing 

profiles in 10 ms bins.  For example, if the bulk of a neuron’s response occurred between 

100 and 300 milliseconds after stimulus onset, this time window was chosen for analysis.  

The default analysis window was from 100 to 300 ms after stimulus onset.  This was 

chosen based on the idea that it took about 100 ms for visual information to reach 

‘association’ cortices such as the prefrontal cortex (Asaad. et al, 1998).  When 

inadequate, this standard bin was modified enabling it to include either shorter neural 

response latencies or longer firing rate changes.    

 

Standard Task Analysis:  General Linear Model 

The “standard task was analyzed with procedures meant to identify neurons that 

selectively responded to one or more of the following factors:  a) stimuli, b) Go or No-Go 

trials, c)  hand movement timing, d) eye movement, e) reinforcement delivery.  In order 



 92

to understand the factors to which neurons responded it was first necessary to determine 

whether their responses on Go trials were significantly different that those on NoGo 

trials.  This was accomplished with a univariate General Linear Model technique first 

attributing variability in neural responses to the behavioral (Go or NoGo) condition 

signaled by each image.  Simultaneously, this GLM procedure was used to determine if 

there was any residual variability in neurons’ average responses attributable to cue 

identity.  The GLM model was a ‘nested model comparison’ because different stimuli 

were ‘nested’ within each Go or NoGo trial type.  Recall that in the standard task, thirty-

three images signified the Go condition whereas a different set of 39 images all signified 

the No-Go condition. Because each image had one of two behavioral and reinforcement 

‘meanings’ image number was nested within one of the behavioral/reinforcement 

conditions.  Behavior and reinforcement were considered as a single factor in the analysis 

because, for correctly executed trials, there was a constant relationship between Go 

movements and the lack of reinforcement and between No-Go movements and 

reinforcement.  Significance of all effects was judged at the p<.01 level.   

The final stage of standard task analysis used Tukey post-hoc testing.  Here,  Go 

and NoGo stimuli were analyzed separately.  Neurons with statistically significant  

(p<0.01) differences among the average firing rates following images within either the 

Go or NoGo conditions were considered potentially stimulus selective while neurons 

with differences among firing rates evoked by eccentrically presented stimuli were 

classified as selective for eye movements.   
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Additional Considerations Related to the Standard Analysis 

Though the standard analysis provided a measure of between stimulus variability, 

additional control tests were required to establish the visual origin of this variability.  

There were three reasons for this ambiguity.  First, visual responses and those related to 

behavior may have both appeared in the same time periods.  Second, though Go and No-

Go movements were stereotyped, there were still slight timing variations within each 

movement type.  Third, it was possible that correct Go and No-Go responses varied 

systematically with stimuli that were easier or more difficult to identify. If these slight 

differences in hand movement timing were not randomly distributed, they might have 

accounted for variability attributed to visual stimulus characteristics. In order to 

distinguish among these possibilities, learning and reversal trials were added to the 

experimental design as previously mentioned.  Comparisons between neural responses in 

the learning and reversal conditions were informative because they held the effect of 

visual stimulation constant while varying the behavioral and reinforcement significance 

of each image. 

As the learning and reversal tasks were necessary to disambiguate visual and 

behavioral or reinforcement related effects, the motor control and reinforcement tasks 

were required to distinguish neural activity related to behavior from that related to 

reinforcement.  When discussing neural effects related to behavior and reinforcement 

within the context of the first three tasks, the term “behavioral/reinforcement related 

activity”  was used to convey the idea that these factors could not be easily separated.   
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  The preceding sections related to analysis of the standard task, and interpreting 

the standard task analysis results in relation to the control tasks.  These analyses were 

used to examine neural responses within a single days’ recording sessions.   The 

following sections describe how these analyses were adapted for use with recordings in 

which the same neurons were tested for multiple days. 

 

Neuronal Response Stability Analyses 

In order to test neuronal response consistency it was necessary to find recording 

sessions in which neuronal action potential waveforms were stable for at least two days.  

Selection criteria for ‘stable’ waveforms are found in Appendix C.  One additional point 

needs to be made.  The cluster comparison criteria described in appendix C left out the 

fact that clusters were deemed to “significantly” overlap if more than 5% of each 

clusters’ total area overlapped with that of another cluster.  After identifying stable multi-

day recordings, functional stability analyses allowed neurons to be classified as 

functionally stable or unstable, then allowed that stability or lack of stability to be 

quantified (see Appendix C).   
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  METHODS II 

Analysis of Learning Related Effects:  New Approaches 

 To address neuronal response flexibility, the following sections outline analyses 

designed to identify and quantify changes in monkeys’ behavior and changes in neuronal 

firing patterns during visual discrimination learning.  

 Following the initial attempts to identify learning related neuronal responses in 

multi-day recordings, techniques based on change point analysis were used in addition to 

linear regression.  More importantly, different neurons were analyzed for learning effects 

than were analyzed for stable response properties.  For the most part, neurons displaying 

learning effects were not recorded for more than one recording session.  This was not 

surprising given that most neurons sampled, regardless of the function, were present on 

the channels for only a single day.   

 Change point analysis (CPA), as described by Siegel and Castellan (1988), tested 

the null hypothesis that the data shows no time trend.  In the current analysis, the null 

hypothesis was that no significant changes in firing rate existed during learning or 

reversal trials of any cue.  Based on the null hypothesis that the cumulative sum of ranks 

should increase nearly linearly with trial number, each trial should rank on average near 

the median (Brasted and Wise, 2004).  Maximal deviation from this expectation indicated 

the trial number of the change point.  The data series was then divided at this point 

providing the number of trials before and after the change point (Brasted and Wise, 

2004).  The change point procedure elaborated by Taylor Enterprises Inc began by 

finding the largest change, then testing for any additional change points within the series 
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of data bounded by the first change point.  In all cases, the significance of each change 

point’s deviation depended on the number of trials on either side of the change point 

(Brasted and Wise, 2004).   

 Neurons were considered potentially learning related if their firing rates per trial 

changed during learning or reversal trials.  Typically, changes in neuronal firing rates 

were better described in terms of change points rather than smooth, linear increases or 

decreases described by regression analysis.  Having identified candidate neurons, CPA 

was performed on the first 50 trials of each neurons’ responses during the standard task.  

If change points were found during the monkeys’ performance on the standard task 

within the same trial type (either Go or NoGo), the neuron was not considered to have 

potentially learning-related activity.  This filtering left only neurons showing changes 

during learning and no similar changes when learning was not expected to occur.  In 

addition, neurons were defined as learning related if their firing rates changed during 

stimulus presentations in both learning and reversal tasks, or just one of the two.  

 Neurons were initially selected for analysis by visual inspection.  If changes in 

neuronal firing rates during learning appeared promising, these cells and every other cell 

simultaneously recorded during that session were analyzed.  Selection was not random, 

but by analyzing all neurons simultaneously recorded during an experiment in which any 

single neuron showed an apparent learning effect, the sampling was not completely 

biased. 

 Following this, the monkeys’ behavior was analyzed in order to identify the point 

of criterion performance.  Criterion performance was defined as the first occurrence of 
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three consecutive correct trials of either type and was considered to be evidence of 

learning.  Learning was defined as the trial prior to criterion performance.  Each trial had 

two response options.  The chance of getting a trial correct by chance was 50%; the 

probability of performing three consecutive trials correctly by chance was 12.5%.   

However once the monkeys reached this criterion level, their performance rarely 

dropped;   it was unnecessary to adopt a higher performance standard.   

 In order to compare changes in neuronal firing rates and changes in the monkeys’ 

behavior, the trial number signifying learning (criterion trial -1) was subtracted from the 

trial number of neuronal change point.  For neurons to be responsible for learning related 

changes in behavior, their firing rate change would have had to occur prior to the 

monkeys’ behavioral evidence of learning.   

 Neuronal firing rates may have been related to reaction time.  To account for this 

possibility, the previously described movement control task required the monkeys to 

perform NoGo responses in order to obtain reinforcements.  If neurons responded simply 

to movement timing in this task, they were classified as movement related and eliminated 

from consideration because behavior represents the output of a learning system rather 

than the processes that initiated the change. 

 Neuronal firing rates may also have been related to eye movements.  Eye tracking 

was performed when the experiments first began, but most recordings did not have eye 

tracking data available.  During the experiments using eye tracking, the monkeys 

primarily kept their gaze centered, then made scanning eye movements across stimulus 

images or made saccades to peripherally presented images (saccade conditions).  To 
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account for eye movement related neuronal responses when eye position was not 

monitored, firing rates in the standard task’s eye movement condition were compared 

(ANOVA).  Recall that the standard task included images presented eccentrically at the 

screen left, right, top, and bottom.  Neurons with statistically significant (P<0.01) 

differences in firing rate among these eye movement trials were eliminated from 

consideration.  Combined with the previous task, these control conditions eliminated 

differences in reaction time and eye movement as likely explanations of learning related 

neuronal firing rate changes. 

 Following analysis of individual neurons, two population analyses were designed 

to ask the questions, “when do neurons show firing rate changes with respect to changes 

in the monkeys’ behavior?”, and “how large are the firing rate changes identified with 

significant (p<0.05) change points and are they increases or decreases?”.  Learning 

criterion points were compared to neuronal change points with a scatter plot and 

histogram.  Plotting the trial in which monkeys reached behavioral criterion against the 

trial in which a neuron’s firing rate changed significantly gives an approximation of how 

neuronal changes related to changes in the monkeys’ behavior.   

 The issue of change point magnitude was addressed by calculating the absolute 

value of the pre-change point and post-change point firing rates for each neuron and by 

presenting this data as a scatter plot and histogram.  On the scatter plot, neurons with 

significant increases were located in a different part of the graph than were those with 

significant firing rate decreases.   
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RESULTS 

Recording Locations 

The 12x12mm recording area was centered on the coordinates 26 mm anterior to ear bars 

and 17 mm lateral to midline.  This placement covered parts of dorsolateral and 

ventrolateral PFC with the anterior 2/3 of the Principal Sulcus in the center of the 

chamber.  This last observation was made based on the location of blood vessels located 

at the lips of the principal sulcus during the initial implantation surgery.  Single units 

were recorded using three sequentially implanted microdrives with a total of 53 attempted 

penetration sites and 17 successful recording locations.  While implanted, electrodes were 

advanced to a maximum extent of 12mm from their starting positions.   

 
Figure 6.  Recording L
Top Panel:  Frontal X-Ray of the
left hemisphere showing the le
orbit, highlighted needl
electrodes inside and part 
microdrive body.  Left and right 
bottom panels represent coronal 
MRI images near the anterior and
posterior extents of the recording 
area, respectively. 
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needle tips.  Figure 6 also shows MRI coronal sections near the anterior recording area

(left) and the posterior recording area (right). 

 

 

The Sample 

        Neurons recorded for multiple day ed in Appendix C, (Results).  In brief, 
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94 neurons were recorded for at least 2 days allowing for the assessment of multiple-day 

functional stability.  Figure 3 in Greenberg and Wilson (2004),  Appendix C: Methods, 

described multiple day action potential amplitude and timing stability.  Based on the left

hemisphere position of the recording chamber, sampled dorsolateral areas included 

elements of those designated 46, 9/46d, and 9/46v by Petrides and Pandya (1999), 

whereas the ventrolateral sampling areas included some of area 47/12. 

 To identify neurons with learning related firing rate changes, a d

116 neurons was identified from within the same larger data set.  Both groups were 

recorded from the locations described above.  Neurons were selected for learning an

if their spike trains showed visually obvious rate changes during learning or reversal 

trials or if they were recorded on the same day as any neuron that displayed potentiall

significant learning related firing rate changes.  In this manner, selection of neurons was

biased toward those showing potentially learning related effects, but also included 

additional neurons with no obvious firing rate changes that served as a comparison 

Two different groups of neurons were selected because too few of the neurons recorded 

for two or more days also showed learning related effects; multiple-day recording 

stability was not nearly as common as were recordings that were stable only for a s
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day.  Had the analysis been restricted to neurons recorded for two or more days, there 

would have been too few results to summarize.   

Behavior 

 In all tasks, the monkeys’ behavior varied depending on motivation but was 

 

 

t 

Figure 7.  Movement Timing Criterion and Neural Responses.  Hand movement response times are 
shown as black dots; visually related neural responses are shown as peri-stimulus time histograms below 

in 

ce 

typically above 85% correct for both Go and No-Go trials.  The experiment used two

different response timing criteria.  The first defined correct Go trials as releases before

500ms and correct No-Go responses as releases after 500ms.  The second defined correc

Go trials as releases before 650ms and correct No-Go responses as releases after 650ms.  

Figure 7 shows hand movement latencies as black dots, the percentage correct for each 

trial type, and neural responses as peristimulus time histograms.   

each group of response times.  Frame A shows the monkey's Go and No-Go responses under conditions 
which correct Go responses must occur before 500ms and correct No-Go responses occur after 500ms.  
Frame B shows Go and No-Go responses recorded in a different experimental session using the second 
timing criterion in which 650ms is the response criterion instead of 500ms.  Time zero indicates stimulus 
onset, and vertical lines represent movement timing criterion.  For panels A and B ,the overall performan
is 98% and 88% correct, respectively.  Hand movements and neural responses are aligned with stimulus 
onset.  
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Timing requirements were changed to the 650ms criterion to encourage 

perform

earning and Reversal Tasks 
 

 he learning a

er 

age 

systematically over time, from incorrect to correct, in the Go condition but not the No-Go 

ance by making the task slightly less demanding.  Neural activity of two visually 

responsive neurons was shown (Figure 7) along with hand movement reaction times 

following Go and NoGo trials using both response timing criterion.  In Figure 7 A (top), a 

number of hand movement times (black dots) align at time zero.  These were early 

release errors and signify aborted trials. 

 
Behavior During L

T nd reversal tasks used the 650 ms timing criterion.  Performance on 

these tasks changed systematically while the monkey learned to respond correctly, 

typically within the first 10 trials (average trials to criterion, 7.6 trials; median trials to 

criterion, 6.5 trials).  On Go trials, response timing decreased until the monkeys no long

received stimulus repetitions and time-out penalties following incorrect responses.  

Recall that the forced correction procedure in effect during these experiments punished 

incorrect responses on Go trials with a time out followed by repetition of the stimulus 

until the monkeys responded correctly.  On No-Go trials, hand movement timing usually 

stabilized at about 700-800ms after 1-4 trials.  A few months into the testing, the 

monkeys developed a strategy that was applied to all stimuli.  Typically, monkeys 

initially responded to each stimulus by holding the sensor until reinforcement is 

delivered, an indication of a correct response to a reinforced image, or until the im

extinguished without reinforcement, an indication of an incorrect response to a non-

reinforced image.  Figure 8 showed how responses in the learning experiment changed 
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condition.  For this task and the reversal, four images were used with two in each Go or 

No-Go condition.  Images 1 and 3 were novel whereas items 2 and 4 were familiar.  In 

the reversal task, each image signified the opposite movement and reinforcement 

condition.  The response pattern in Figure 8 showed that the No-Go response was initial

made following all images until the monkey sped up his responses to fit the Go co

(images 1 and 2) after 4-6 non-reinforced responses.  Similar changes in response timing 

were seen in the learning and reversal experiments. 

ly 

ndition 

 
s.  
6 

 

   

 

Figure 8.  Learning Experiment Hand Movement Timing Following Four Different Cue Stimuli.   
Hand movement times (dots) per trial are grouped by image condition.  Trials are organized vertically with
the first trial at the top of each figure.  Each image condition (1-4) was presented approximately 50 time
Early trials show comparable response timing irrespective of trial type (Go or No-go).  After the first 4-
trials of each Go image, response times drop below 650ms.  In contrast, the response times remain above
650ms. for No-Go trials. 

When the monkeys performed well, rapid change in response time over a few trials in the 

learning and reversal experiments was taken to indicate the presence and time course of 

response learning.  When the monkeys were agitated, hand movement timing was 

disorganized, showed little relation to the task, and made it impossible to assess learning.
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See Appendix C (Results) for information on each of the following sections: 
euronal Responsiveness Classification for Multi-Day Recordings 
euronal Selectivity Classifications for Multi-day Recordings 
he Strength of Neuronal Response Selectivity 

ings 

g – Single Day Responses Only 

Change point analysis identified 57/116 (49.1%) neurons with statistically 

significant (p r both.  

as 

 

those 

sal task 

rate changes 

f the 

N
N
T
The Stability of Selectivity Strength 
Neuronal Response Strength and Multiple Day Response Strength Stability 
Neuronal Response Instability and Selectivity Instability 
Stability of Neural Response Timing  
Learning-related Responses in Multi-day Record
Stability of Baseline Firing Rates  
 

Neuronal Correlates of Learnin

 

<0.05) firing rate changes during learning trials, reversal trials, o

Critically, none of these neurons had significant firing rate changes when learning w

not required, i.e. during the standard task, none were related to eye movements, nor did

any have simple relations to hand movements.  Table 2 displays the distribution of 

neurons with learning related changes compared to all other types of responses.   

 Neurons with learning related changes fell into three primary categories; a)  

with changes during the learning task only, b)  those with changes following rever

only, c)  those with changes in both tasks 57/116 (49.1%).  In contrast, only 

12/115(10.4%) of neurons changed during the standard task only or during both 

learning/reversal trials and the standard task.  These 12 cells displayed firing 

due to random fluctuation or a different, systematic process possibly indicative o

attention required to begin a repetitive task at the start of each day’s experiment. 
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Location of Change # Neurons % of Sample 
Learning Selective 18 15.5 % 
Reversals Selective 12 10.3 % 
Learning and Reversal Related 27 23.3%  
No Changes 47 40.5 % 
Learning or Reversal + Standard Task 6 5.2 % 
Standard Task Only 6 5.2 % 
Total 116

T ing Related Changes by Task 

In addition to the three prim learning lated eff urons also: d)  

ges in both the learning and standard tasks and 

shown 

 trial types, or 

tivity Change No Change 
Standard +Learning or 
Reversal Standard Only 

able 2:  Learn

ary categories of  re ects, ne

showed no changes at all, e) showed chan

therefore couldn’t be specifically associated with learning, f)  changed only in the 

standard task (therefore indicating non-learning related change, Table 2).   

 These same neurons were also be classified by their task selectivity type as 

in table 3.   Neurons were classified as being selective either for stimuli, Go

NoGo trial types.  Relating these classifications to those in Table 2, all neurons with any 

kind of learning related effects were grouped together in the ‘Change’ column while 

neurons with non-learning related changes were identified separately in the other 

columns.   

 

Task Selec
Stimulus 10 1 1 0 
Go 32 19 3 4 
NoGo 10 5 0 0 
None 5 22 2 2 

 
Table 3:  ning Relat esponses electiv ype. 
 
 These classifications were useful because they helped distinguish how the 

Learning is inherently an associative 

process, but it is often hard to tell what factors are being associated.  Stimulus selective 

Lear ed R by S ity T

neuronal changes relate to learning related changes.  
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neurons showed evidence of containing visual information and might have been ca

of integrating cue information with behavioral information.  NoGo selective neurons 

could have represented information about predicted reinforcements, reinforcement 

history, behavioral inhibition, or stimulus categorization.  Go selective neurons might 

also have represented information about predicted reinforcements, reinforcement histo

penalty,  or stimulus categorization.  All neuronal response types could have represe

changing decisions related to the behavioral meaning of cue images. 

 The neuron shown in Figure 6 demonstrated the response profile of a neuron that 

possessed a strong relationship to hand movement timing.  In this case, pre-stimulus 
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 movements were 
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responses to each trial, black 
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followed by nearly identical

neuronal response profi

The primary difference 

between Go and NoGo 

trials concerned the timing 

of trial initiation.   

Figure 9. Movement related
neural activity separated b
and No-Go trials.  Data is 
aligned on stimulus onset 
(vertical line at time zero), 
circles show “hand out”

triangles show when the monke
initiates the next trial by placing 
his hand back into the response 
box. 
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Neurons with hand movement related activity profiles were excluded from further 

analysis because their changes might simply have reflected changes in the monkey’

behavior without providing much information about the learning processes necessary 

cause the behavioral changes in question.  The following figures provide examples of 

neurons with significant firing rate changes during learning trials, reversals, or both.  

These figures also provide examples of neurons with each type of selectivity listed in 

table 3.  Again, none of the following neurons had firing rates that could be attributed 

the ‘simple’ motor relations described above, eye movements, or recording artifacts such 

as signal loss.  
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Learning Selective Neuronal Response Changes 

 Learning sele g rate changes 

nly 

ng 
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h 

behavioral significance of cue images. 

ctive neurons were those showing significant firin

only during presentations of novel images, that is, during the ‘Learning’ task.  An 

example of one such neuron was shown in Figure 10.  This example showed that 

significant change points were found only during presentations of stimulus 2 and o

when that stimulus had not been previously viewed.  This also demonstrated that learni

related firing rate changes could occur more than once (multiple change points), but that 

not all change points were statistically significant.  In this case, only the first change 

point at trial 9 was significant (p<0.05).  In addition, this neuron responded strongly o

Go trials and was therefore considered ‘Go selective’.  Such changes associated only wit

the generation of correct behavior on Go trials could have represented a change in the 
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Figure 10:  Learning Selective Neuron 1.  Neuronal responses change significantly (multiple change 
points) only for presentations of the second stimulus during Go trials (top panel).  PETHs and rasters: sol
vertical lines at time 0 indicate stimulus onset; dashed vertical lines indicate the behavioral criterion for 
correct Go and NoGo trials.  Large black circles indicate monkeys’ hand movement response times.  Hand

id 

 
ovements to the left of the dashed line are correct for Go trials; responses to the right of the dashed line 

o 

rs 

m
are correct for NoGo trials.  PETH/raster displays show neural firing rates in spikes/sec;  trials 1 -60 als
appear on the abscissa (1-60) with trial 1 at the top. Change point analysis graphs were calculated from trial 
bin counts in user specified bins (usually centered around a neuron’s maximal response) with trial numbe
on the ordinate (dashed lines indicate 95% confidence integrals; boxed regions join at significant change 
points) and spikes/sec on the abscissa.  Neuron 130n62c. 
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  Figure 11.  Learning Selective 
Neuron 2. Labeling conventions are the 
same as in figure 10. Neuron 168n29a.   
  
The learning selective neuron 

rent 

ages 

c

stimulus 1 during the learning task (figure top).  In add t 

me 

 

n 

Learning condition.  Bottom PETH:  
imulus 1, Reversal condition.  Change 

t

responsive, but significant firing rate decreases were fou  in the 

n 

shown in Figure 11 was selective 

for Go trials, but was also 

stimulus selective, showing 

significantly (p<0.01) diffe

responses to different cue im

within either Go or NoGo trial 

types in the standard task (not 

hanges were found only for 

ition, the neuron’s firing was no

simply related to reaction ti

(motor control task not shown).  

 
Figure 12. Learning Selective Neuro
3.  Labeling conventions are the same 
as fig 10. Top PETH:  Stimulus 1, 

shown).   For this neuron, significant learning related 

St
point analyses during each condition 
shown to the right of each PETH graph.  
Neuron p138n20b. 
 
Figure 12 showed a final 

he neuron was not obviously example of learning selective responses.  In this figure 

nd at trial 46 of stimulus 3

NoGo condition.  For this neuron’s change point analysis, spikes were counted in a bi
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ranging from 200ms to 400ms following stimulus onset.  Thus the change was specific to 

the introduction of a novel image serving as a signal for reinforcement. 

 

Reversal Selective Responses 

 Twelve neurons had significant change points only during reversal trials.  

Neurons were considered reve nly found following any or 

 
1.  Labeling conventions are as in Fig 

Reversal condition.  Change point 
own 

to the right of each PETH graph. 

, 

 

Thus, neurons with changes on Go trials during 

reversals were excluded if Go trials during the standard 

 

e, 

 

rsal selective if changes were o

all of the 4 cue images presented in the reversal condition.   

Figure 13.  Reversal Selective Neuron

10.  Top PETH:  Stimulus 1, Learning 
condition.  Bottom PETH:  Stimulus 1, 

analyses during each condition sh

Neuron 130n20b. 
 As with all other neurons

learning-related changes were 

excluded if similar changes were

seen in the first 50 trials of the 

task also displayed significant 

change points.  The NoGo selective neuron in Figure 10 showed no significant changes

on a representative set of trials from the learning task, yet showed a significant change 

following a single stimulus in the reversal condition.  To be considered reversal selectiv

neurons must have shown significant change points following at least one of the four cue 

images presented in the reversal conditions.  For this neuron, the change point occurred at

trial 22 and highlighted a decrease in firing rate. 

standard task on trials of a similar type.  
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Figure 14. Reversal Selective Neuron 

10.  Top two PETHs:  Stimulus 2 and 3, 
Learning condition.  Bottom two 

2.  Labeling conventions are as in Fig 

PETHs:  Stimulus 3 and 2, Reversal 

e 

 

hs 

e 

 

h  

middle of the sessions.   The monkey’s behavior indicat

nt 

condition.  Change point analyses 
during each condition shown to the 
right of each PETH graph.  Neuron 
p133 n62c. 
 As with the previous 

reversal selective examples, th

neuron in Figure 14 had 

significant firing rate changes 

only following stimuli in the 

reversal condition.  The top two

PETHs, rasters, and CPA grap

showed no significant changes 

following presentations of 

stimuli 2 and 3 in the learning 

task.  However, both of thes

stimuli were followed by firing

e change points occurred in the

ed a failure to learn the proper 

responses to stimulus 3 in the reversal condition in contrast to learning the correct 

responses to stimulus 2 in the reversal condition in which it was followed by 

reinforcement.  Only the change points following trials of stimulus 2 were significa

(Figure 14, bottom). 

rate changes in the reversal conditions.  Interestingly, t
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Learning Related Changes during the Learning and Reversal Tasks 
 
Fig 15.  Learning and 
Reversal Related 

muli are 
 learning 

ials (top 4 labeled 

 

ed 
ta 

re 

t 

.  

Neuron 1.  Sti
arranged with
tr
PETHs/CPA graphs) on 
top of reversal trials
(bottom 4 labeled 
PETHs).  CPA graphs 
bounded by solid lines 
are associated with 
PETHs and rasters to 
their left.  Unbound
CPA graphs describe da
from the rightmost 
PETHs and rasters.  
Labeling conventions a
as in Figs 10 & 15.  
Neuron p241n21a. 
 
The neuron in Figure 

15 had significan

firing rate changes 

following three of 

the stimuli in the 

learning task and 

following all stimuli 

in the reversal task

  



 113

 Fig 16.  Learning and 
Reversal Related 
Neuron 2.  PETH and 
CPA graphs are 
arranged as in Fig 12.  
Top 4 = Learning Task; 
bottom 4 = Reversal 
Task.  Labeling 
conventions are as in 
Figs 10 & 15.  Neuron 
p168n46d. 
 
 

The neuron in Fig 

16 was selective for 

Go trials.  Though 

there was an 

obvious 

relationship 

between changes in 

neuronal firing 

rates and changes 

in the monkey’s 

reaction times on 

Go trials, this 

neuron did not 

directly control 

movement because it did not fire before release movements on NoGo trials.   
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Figure 17 Learning 
and Reversal 
Related Neuron 3. 
Labeling 
conventions are as 
defined in Fig 10 
and 15.  Neuron 
p170n46a. 
 

The standard 

profile of a 

motor related 

neuron in 

Go/NoGo tasks 

was shown in 

Figure 9.  In that 

figure, the 

neuron 

responded with 

equal strength on 

Go and NoGo 

trials and the 

difference 

between trial 

types was seen in 
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the timing of the neuron’s response.  It fired a relatively fixed latency prior to the rele

movement irrespective of the trial type or stimulus condition.  Given this, the neuron i

Fig 17 was more likely to be related to the monkey’s decisions than it was to a direct 

movement command.  Before the monkey responded correctly and consistently, the 

neuron’s firing rate was weaker and began later in the trial.  As the monkey learned to 

respond correctly, the neuron’s firing rate increased and its spike train onset latencies 

decreased to an asymptote.  Alternatively, the type of signal sent by this neuron could 

have signified a reinforcement prediction, in this case the fact that no reinforcement was 

to be expected.   

ase 

n 

 The neuron shown in Figure 17 had weaker overall responses than those in the 

previous two figures, however significant change points were still found in both the 

learning and reversal conditions. 
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Figure 18  Learning and Reversal Related Neuron 4.  Labeling conventions are as defined in Fig 10 and 
15.  Neuron p263n21a. 
  The neuron in Figure 17 responded  more strongly on NoGo trials and was 

classified as NoGo selective based on its response patterns in the standard task (not 
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shown).  This neuron also showed a variety of change types.  Change points were related 

to both firing rate increases and decreases.  Such patterns were described as phasic and 

contrasted with neuronal responses that either increase or decrease only once.  Phasic 

response patterns were unlikely to be random variation because similar changes  were not 

seen in the standard task.   The NoGo selective neuron (Figure 17) displayed firing rate 

changes in both the learning and reversal tasks in a manner that suggested it could simply 

signal the presence of a reinforcement predictive stimulus.  From trial to trial, spike trains 

following each image were quite similar as long as they were within the NoGo condition 

and therefore signaled reinforcement.  The spike trains were unrelated to hand response 

timing as can be seen in each of the PETHs in Figure 17 and also because the neuron did 

not respond prior to movement in the motor control task (not shown).  This firing pattern 

was predictive because it appeared before the monkey was able to judge the outcome of 

its initial actions and once the monkey learned that a specific stimulus was no longer 

predictive of reinforcement in the learning or conditions, the firing ceased.  The only 

exception to this was seen following stimulus 3 in the learning condition.  In this case, the 

neuron’s response was phasic.  It responded initially, ceased responding in the middle 

trial numbers, then began to respond again toward the final third of trials.  Three 

additional neurons (not shown) displayed similar reinforcement-predictive response 

patterns while one (not shown) responded in the opposite manner.  That neuron displayed 

a firing rate increase following an image that signified the absence of reinforcement. 

 Considering all of the neurons with significant changes during learning and 

reversal trials, it was likely they represented a number of different mechanisms that 
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operated on different time scales.  The neurons in figure 15 and 16 showed more gradual 

activity changes, while the neurons in the Figures 17 and 18 showed more abrupt 

changes.  It is possible that the faster changes could be used to rapidly change behavior 

during learning while the slower changes possibly served as a means to track prior 

performance and/or reinforcement history. 

 

Excluded Neurons:  Change in the Standard Task 

 To control for the possibility that learning related changes were not really related 

to learning, neurons with unstable recordings, or other significant changes in the standard 

task (in which no new learning was required), were eliminated from further 

consideration.  Figure 19 below shows a neuron with unstable response properties in the 

standard task that appeared to be recording artifact, in this case a signal increase. 

 
Figure 19.  
Change in the 
Standard 
Task.  
Labeling 
conventions 
are as shown 
for Fig 10.  
Neuron 
p135n20c. 
 
 
The neuron 

shown in 

Figure 19 

had 

significant firing rate changes during the standard task and the reversal task.  Though the 
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baseline firing rates appeared stable in the reversal condition, the previously noted 

changes during the standard task called into question the recording quality.  If electrodes 

appeared to record an unstable signal, their data was excluded in order not to mistake 

recording instability for true neuronal response flexibility.  Six neurons were found to 

have changes in the standard task and the learning or reversal tasks while an additional 

six were found to have changes in the standard task only.  Such large changes in 

recording quality as shown in Figure 19 were unusual.  In contrast, 5/6 neurons with 

changes in the standard task took the form shown in Fig 20 below. 

 

Figure 20:  Significant Changes During the Standard Task 2.  Small boxes at the top of each raster 
diagram enclose the first 50 trials.  Dashed lines denote the spike train analysis bin (0.0 to 200 ms).  
Change point analysis for the first 50 trials of Go and NoGo trials showed significant changes.  Labeling 
conventions are as in Figure 10. 
 
 The neuron shown in Fig 20 displayed significant firing rate changes within the 

first 50 trials of both Go and NoGo trials during the standard task.  These changes had 
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nothing to do with learning how novel images inform behavior because the images used 

were highly familiar.  Firing rates within the specified analysis bin (0.0 to 0.2 sec) for 

trials 1-50 were analyzed with CPA.  The resulting graphs are shown in the center of 

figure 20; both were significant decreases.   The standard task used images that the 

monkeys had seen thousands of times over hundreds of days.  It remained possible that 

these changes in the standard task were functional as opposed to random, but the reasons 

for the fluctuations were clearly different than those encountered during learning or 

reversal trials.   

Figure 21. Gradual Firing Rate Decreases. 
PETH and rasters shown for about 500 trials of a neuron’s response 
in the standard task on Go trials.  Time 0 represents stimulus onset.  
Neuron p173n14a. 
 
In addition to the rapid changes sometimes seen within 

the standard task, other neurons displayed more gradual 

firing rates during the standard task.  These changes 

could not have represented the same kind of learning 

related phenomena as were seen in the many examples of 

learning related neurons in Figures 10-18.  However, the 

changes were not random and may have represented 

fatigue, boredom, changes in arousal, stimulus novelty, 

or other such phenomena that might be described as 

‘state-dependent’.  In this case, state dependent effects 

were any influences that could fluctuate over longer time scales; possibly related to the 

monkeys’ arousal, motivation, or satiety.  To be clear, the neuron shown in Figure 21 
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responded after stimulus presentation and was therefore not coding for arousal, 

motivation, or satiety.  Instead, its firing rate may have decreased because any of the 

aforementioned influences may have altered neuronal excitability.  Neurons with this 

form of long term change were not excluded from analysis because they did not display 

rapid firing rate modulations that could have been mistaken for rapid stimulus-response-

reinforcement learning.  Rather than warranting exclusion, these neurons simply served 

as examples of a different phenomena, occasionally noticed during this experiment’s 

recordings. These changes were a separate topic not addressed here.   

 Having shown neurons with learning or reversal selective firing rate changes and 

neurons with changes during both learning and reversal trials, it was clear that some 

prefrontal neurons were modulated during learning and/or reversal trials and that they 

were either responsible for that learning or reflective of it.    

 

Relating Neuronal Response Changes to Learning 

 To clarify the relationship between changes in neuronal firing rates and changes 

in the monkeys’ behavior it was possible to plot the trial number of the monkeys’ 

learning against the trial number of the first significant change point for each neuron in 

each condition they displayed a significant change point (Figure 22, Top).  
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Comparing neuronal firing rate changes to “learning” as defined by the number of trials 

monkeys’ required to reach criterion performance (three consecutive correct trials) 

provided two important pieces of information.  First, Figure 22 showed that most learning 

related neuronal firing rate changes occurred after the trial in which monkeys 

demonstrated criterion performance.  Monkeys learned correct responses within 8 trials 

(average trials to criterion = 7.6, median = 6.5), while 97/152(63%) of the change points 

in neuronal firing occurred at trial 20 or later (average trial number of the first significant 

change point = 20.74, median = 20, Figure 22 bottom).  Second, 6/57 (10.5%) neurons 

with either one or more changes in firing rate displayed at least one change at or prior to 

the monkeys’ learning.  Therefore, only 6 

neurons firing rate changes occurred prior to 

the monkeys’ learning;  the rest had rate 

changes that followed learning.  This 

distribution can be visualized in the Figure 22 

scatter plot.  Heavy black diamonds to the r

of the central diagonal line represent neuron

with post-learning firing rate changes.    

ight 

s 

Figure 22.  Trials to Criterion vs. Neuronal Firing 
Rate Change Point.  Trial number of each neuron’s 
first significant change point plotted against (trials to 
criterion -1).  r = 0.001,  p = 0.98.  Not all points are 
visible due to overlap.  Bottom histogram shows the 
relation between trial number and change points (black) 
and trials to criterion (white).  Average trials to criterion 
= 7.6, median = 6.5.  Average trials to neuronal firing 
rate change point = 20.74; median = 20.   
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These relationships had important consequences for interpreting the prefrontal correlates 

of visual discrimination learning.  For changes in neuronal firing rates to have caused 

changes in behavior, those changes should have occurred before the trial number in 

which the monkeys’ demonstrated behavioral learning.  Considering all neurons together, 

there was essentially no relationship (r = .001, p = 0.98) between the trial number at 

which the neurons showed significant firing rate changes and the trial number at which 

they showed behavioral evidence of learning.  Considered individually, only 18 change 

points from 11 neurons (neurons may display multiple change points) occurred within 

two trials (+/-2) of the monkeys’ learning. 

  Figure 23.  Magnitude of Significant Changes.  A)  
Pre-change average firing rates were compared to post-
change firing rates for each instance in which any 
neuron displayed a significant change point.  Points to 
the right of the line of bisection represent firing rate 
decreases while points to the left represent firing rate 
increases.  Three points in the central oval were 
excluded from the count.  There were 59 instances in 
which firing rates increased significantly and 53 
instances in which firing rates decreased.  B)  The 
absolute value of differences between average firing 
rates prior to significant change points and average 
firing rates (spikes/sec) of trials following significant 
change points. 
 
The relationship of learning to trial number 

may not have been exact because the 

biophysical process of learning may be 

different than that defined by trials to 

criterion.  That is, (trials to criterion -1) 

provided an approximation of when learning 
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had occurred.  In addition, learning was probably not an all or none phenomena and even 

though the monkeys at times reached criterion within one trial, the nervous system 

probably refined its responses until it was no longer useful to do so.  Given that most of 

the neuronal firing rate changes occurred following learning, their role in learning may 

have been to track performance and/or reinforcement history, or may have represented 

short term memory for the task cues.  Based on the number of neurons (6/57, 10.5%) with 

firing rate changes prior to or at the monkeys’ learning it appeared that the majority of 

neurons could not have been involved with the monkeys’ initial and rapid learning of 

correct responses. 

 For neurons with significant change points during learning or reversal trials, firing 

rate decreases were nearly as common as were increases.  In Figure 23 panel A, data 

points to the right of the diagonal line of bisection represented cases in which pre-change 

firing rates were greater than post-change rates, i.e. rate decreases (53 changes).  Points to 

the left of the line then represented the number of cases (59) in which firing rates 

increased after the change points.  There were more change points than there were 

neurons with significant change points (57 changes) because some neurons had multiple 

change points or had single change points following multiple stimuli.  Thirty-five 

neurons had significant change points only for a single stimulus and only during either 

learning or reversal trials, while the remaining 12 had multiple change points for single 

stimuli, or showed rate changes following more than one stimulus, or following both 

learning and reversal trials.  Figure 23 panel B showed the absolute magnitude of all 

changes.  Slightly more than half of the change points indicated a firing rate change 
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greater than 5 spikes/sec and less than 46 spikes/sec.  This demonstration was important 

because many statistically significant changes were small.  Showing that many of the 

neuronal response changes were greater than 5 spikes/sec strengthens the claim that the 

results were not statistical artifacts and instead identified a true phenomena. 
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DISCUSSION 

The first set of results pertained to the issue of functional stability (Greenberg and 
Wilson, 2004) and are discussed in Appendix C (Discussion):   
General Discussion of Multiple-day Recording Results 
The Concept of Functional Stability 
Learning-related Responses during Multi-day Recordings 
Functional Instability 
Unresponsive Neurons and Baseline Firing Rates  

   

Learning Related Responses – Single Day Recordings Only 

 Nearly all neurons with potentially learning related firing rate changes were 

observed during recordings stable only for about 1 day.  This lack of multi-day recording 

stability made it impossible to assess functional stability but was not surprising given that 

multi-day waveform stability was relatively uncommon even with the quality implants 

used in these experiments. 

 One hundred and sixteen neurons from single day recording sessions were 

analyzed for the presence of significant firing rate change points using change point 

analysis.  Results showed that 57/116 neurons (49.1%) displayed at least one significant 

change point during learning.  A range of change point patterns was found throughout the 

sample.  It was possible for neurons to show only a single change in firing following a 

single stimulus in either the learning or reversal experiments (learning or reversal 

selective responses) or it was possible for a neuron to have multiple change points 

following a single stimulus, or to have multiple changes following multiple stimuli in the 

learning, reversal, or both tasks.  The majority of learning related neurons (27/57) showed 

changes during both the learning and reversal tasks.  It was not clear why this was the 

case, but with distributed processing across neural networks, it may simply represent the 
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statistical distribution of single neurons’ possible contributions to learning.  With respect 

to understanding the prefrontal cortex, the current results demonstrated that many 

prefrontal neurons responded flexibly during learning but that the large majority of these 

changes followed the monkeys’ behavioral changes suggesting that most neuronal 

changes were not directly responsible for those behavioral changes.       

 

Relating Neuronal Response Changes to Learning 

 Having identified neurons with learning related responses, a number of factors 

suggested how they might be related to the learning process.  To begin, it was first 

necessary to understand what the monkeys learned.  Monkeys learned a series of 

conditional visual discriminations.  The most likely strategy for solving this problem was 

for the monkeys to approach all stimuli, then to avoid the ones that were not reinforced.  

This ‘win-stay, lose-shift’ strategy became the monkeys’ standard response pattern over 

the course of the experiments.  Evidence of this was also seen in nearly all of the reaction 

time based learning curves shown in Figures 10-18.  Further evidence of this strategy was 

shown in Figure 22 (histogram) in which most of the monkeys’ behavioral evidence of 

learning (trials to criterion) occurred within the first 5-10 trials (median = 6.5 trials).  

Beginning each learning or reversal session and on all trial types, the monkeys nearly 

always performed the NoGo response irrespective of the image identity. Subsequently 

and on Go trials only, the monkeys gradually reduced their reaction times within the first 

few trials until the responses were fast enough to count as correct Go responses.  

Importantly, most of the recordings took place after the monkeys had “learned to learn”.  
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Instead of these neural responses representing the formation of a learning set or strategy, 

they were much more likely related to the integration of novel information within an 

existing general format of stimulus-response discrimination learning.   

 Under these conditions, the monkeys likely learned to associate specific images 

with specific responses based on the presence or absence of reinforcement and the 

presence or absence of penalty.  In the current tasks, response-reinforcement associations 

were fixed in the sense that only the NoGo response could lead to delivery of a liquid 

reinforcement.  However, this relationship was conditional based on the identity of the 

cue.  Each different cue in the learning or reversal tasks served as a unique instruction to 

perform either the Go or the NoGo response.   

 In addition, repeated exposure to reinforcement following specific images could 

have classically conditioned an appetitive response (reinforcement expectation) with 

specific images.  In the reversal conditions, the monkeys would have also experienced 

extinction trials in which a previously cue-response pairing was no longer reinforced and 

an image previously associated with reinforcement was no longer predictive of that 

reinforcement.  Given the array of possible learning mechanisms, the multiple time scales 

on which they might operate, and the multiple possible interpretations of neuronal 

response type it was not possible to definitively state the relationships between neuronal 

responses and learning mechanisms.  To distinguish among these alternatives, 

experimental design modifications are proposed later in this discussion. 

 Instead, it was possible to demonstrate that neurons within the prefrontal cortex 

displayed systematic firing rate changes that were either predictive of, coextensive with, 
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or followed learning.  Furthermore, it was possible to discern different types of neuronal 

response patterns that either suggested the presence of visual information in the spike 

trains or were instead related to the factors that defined the differences between Go and 

NoGo trial types. 

   A few neuronal response characteristics helped with this interpretation.  First, a 

small number of neurons appeared to show stimulus selectivity (7) while 3 others 

displayed stimulus selectivity in addition to being selective for Go or NoGo trials.  

Stimulus selectivity was an indication that a neuron’s spike train contained information 

about visual images.  Therefore, changes in such a neuron’s responses might have 

represented a combination of visual input and information about behavior or 

reinforcement.  That is, such neurons might have represented an associative substrate for 

multiple types of information.  As the current experiments always used a partial 

reinforcement schedule it was not possible to unequivocally distinguish reinforcement 

information from behavioral information.  Thus any potential associative processes 

potentially indicated combinations of cue, response, and reinforcement related 

information.  This interpretation was different than were those possible in studies that 

balanced reinforcement among response alternatives.  In such balanced studies 

(conditional motor learning / arbitrary visuomotor association) each response may lead to 

reinforcement and learning related changes may be more strongly attributed to 

visuomotor associations rather than response-reinforcement associations or stimulus-

reinforcement associations.   
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 Second, most of the task selective neurons were selective for either NoGo trials 

(10 neurons) or Go trials (32 neurons).  Neurons selective for NoGo trials were the most 

likely to represent reinforcement predictive responses, or the neuronal correlate of 

behavioral inhibition.  The neuron shown in Figure 17 is an example of a potentially 

reinforcement predictive cell.  That neuron fired most robustly when an image predicts 

reinforcement.  In addition, during trials in which an image was previously paired with 

reinforcement, the neuron fired for a few trials then became much less responsive (Figure 

17, top panel stimulus 2, bottom panels stimuli 3 and 4).  Three other neurons showed 

similar reinforcement-related response patterns while one neuron showed the opposite 

pattern by increasing its firing rate on trials that predicted the absence of reinforcement.  

These reinforcement related neurons were similar to those reported by Leon and Shadlen 

(1999).  It has also been suggested that dopamine release in the prefrontal cortex can 

serve as a rapid means of behavioral modification (Jackson and Moghaddam, 2004), 

therefore some of the neuronal response modulations seen in the current experience were 

potentially related to dopamine based learning mechanisms.   

 

Behavioral Evidence of Learning vs. Neuronal Change Points 

 One of the clearest results was the relationship between behavioral evidence of 

learning  (trials to criterion -1) and the trial numbers of significant neuronal firing rate 

change points.  For the entire sample of neurons, correlation between these factors was 

insignificant.  However, 11 neurons with 18 total change points had firing rate changes 

within two (+ or -) trials of the monkeys’ learning (trials to criterion – 1).  For these 
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neurons, the relationship between firing rate change and the monkeys’ behavioral 

changes was much closer.  It is proper to consider the data in this manner because, prior 

to analysis,  it is not clear which neurons are related to learning in the sense of being 

linked to the monkeys behavioral changes or in the sense of being related to any 

additional learning related processes that may take longer.   

 Another way to understand the relationship between the monkeys’ learning and 

neuronal firing rate change is by showing that the average neuronal firing rate change 

point was found at trial 20 whereas the average number of trials to criterion performance 

was 6.5.  In spite of the fact that the majority of neuronal firing rate changes followed the 

monkeys’ learning (on both learning and reversal trials), a minority (6/57, 10.5%) of 

neurons displayed this change prior to the monkeys’ learning.  These neurons were the 

most likely to have possibly participated in causing the monkeys’ behavioral changes.   

 The majority 89.5% of learning-related neurons displayed firing rate changes after 

the monkeys had learned.  If the neurons were not related to the rapid learning related 

modulation of behavior, they might be involved in the ongoing monitoring of stimuli, 

reinforcements, responses, or might be involved in stimulus categorization.  A number of 

recent papers espoused the idea that prefrontal neurons have the ability to track the 

reinforcement history encountered during a task (Hasegawa et al., 2000; Roelfsema, 

2002), that the prefrontal cortex in humans plays a role in monitoring the contents of 

working memory (Schnieder et al, 2000), and that prefrontal neurons play a role in 

predicting outcomes (Leon and Shadlen, 1999).  A final possibility worth mentioning is 

that the post-learning changes noted in these experiments could also represent  
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strengthening of the associations that allowed behavioral modulations.  Though this 

seems less likely given the insignificant correlation between firing rate change and the 

trial number at which learning occurred, it is possible that multiple manifestations related 

to learning  (i.e. related to the change in environmental event correlation experienced 

during the learning and reversal tasks) each had different time courses that might have 

been apparent had the experiments been set up to provide indications of when these 

processes began and ended.  In other words, learning was defined as the trial prior to the 

monkey’s behaviorally defined criterion performance.  There were no other timestamps 

or trial numbers available to define the time course of other learning-related processes, 

nor was there knowledge of how many different learning mechanisms might be 

operating.  Given these possibilities, the neuronal change points seen to follow behavioral 

evidence of learning could represent one or more of these mechanisms.   

 

Learning Related Firing Rate Change Magnitude 

 To show that the learning related effects reported in the current experiments were 

both significant and meaningful, diagrams 10-18 showed visible evidence of firing rate 

modulations, and the graphs in Figure 23 made the size of the learning related changes 

explicit.  To be sure, some of the effects judged significant by change point analysis were 

small (a few spikes/sec different), but slightly more than half of the change points 

indicated a firing rate change greater than 5 spikes/sec and less than 46 spikes/sec.  

Therefore, many of the results reported in this paper are both statistically significant and 

strong enough to be considered functionally relevant, or at least plausible. 



 133

Alternative Explanations 

 The most difficult issues impacting interpretation have already been mentioned.  

Briefly, they are that neural systems have multiple systems for representing information 

and different systems could represent learning differently.  There is no way to know 

which neurons recorded in these experiments were part of related or unrelated networks.  

Second, the use of a partial reinforcement schedule made it difficult to know if neuronal 

firing rate changes were related to stimulus-response or stimulus-reinforcement 

associations.  One additional alternative explanation of neuronal firing rate modulation is 

that some changes might represent alterations in the monkeys’ attention.  If attention can 

modify the saliency of novel information, or if the monkeys stopped paying as much 

attention to the task after they learned to respond correctly, this could have explained 

some of the neuronal firing rate modulations.  Arguing against this interpretation was the 

fact that once the monkeys reached criterion performance, they rarely made many 

mistakes.  As shown in figures 10-18, behavioral responses on Go trials become faster 

with increasing stimulus familiarity and errors were infrequent and certainly not 

systematic.  If the monkeys stopped paying attention to the task, errors would have 

increased and reaction times would have slowed.  In spite of this, there was no conclusive 

way to demonstrate that attention did or did not affect learning related neuronal firing rate 

changes.  A second issue to consider is how well learning related firing rate fluctuations 

can be distinguished from random fluctuations.  The primary method for discerning 

systematic from random change was by comparing neurons’ responses in the first 50 

trials of the standard task to those during learning and reversal trials.  Neurons with firing 
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rate changes in the standard task were eliminated from consideration because there was 

no way to know why they were changing when there was little or nothing to learn.  Third, 

the current results must be interpreted in light of how quickly the monkeys’ behavior 

changed.  On these tasks, monkeys learned correct responses within 6 trials.  For many 

testing sessions, the monkeys essentially performed correctly after 1 or 2 trials.  Given 

how rapidly their behavior changed, there was little chance for these experiments to 

compare pre-learning neural activity to post-learning activity.  This introduced a bias for 

the results to only report those neurons with longer-term or slower firing rate changes. 

 

Potential Experimental Design Alterations 

 In order to distinguish among the alternative explanations listed in the preceding 

sections, additional experiments would need to change the task design in the following 

ways.  First, the partial reinforcement schedule currently in use should be changed to 

equal reinforcement following all correctly performed trials.  Second, the Go / NoGo 

paradigm should be replaced with a traditional conditional motor task in which all 

responses have identical timing requirements and in which the physical responses are 

kept as similar as possible.  Third, fixation should be required rather than depending on 

additional “saccade” tasks to clarify neuron’s roles in eye movement.  Fourth,  the task 

should be made more challenging and adjusted so that monkeys don’t learn correct 

responses for at least the first 5 and preferably the first 10 trials.  The major limitation of 

the current experiments was that the monkeys learned too quickly to allow for an 

interpretable comparison of pre-learning vs. post-learning neuronal activity. 
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Conclusions 

 The current experiments demonstrated that prefrontal neurons were capable of 

responding stably and flexibly.  Stable responses were primarily seen during stable 

testing sessions, though such responses were also evident in the learning analysis for 

neurons that showed task selectivity but did not change significantly during learning or 

reversal trials.  These neurons represented static information;  it was interesting that they 

were located in close proximity to neurons with learning related firing changes.   

 Neuronal response stability has a number of important theoretical and practical 

consequences.  The fact that single neurons, within a brain filled with billions of single 

cells, showed stable response properties is somewhat amazing and suggests that there is 

an extremely fine allocation of function within the CNS.  If it were not important for 

neurons to be functionally stable, why would the majority of neurons have appeared 

functionally stable?  Second, the stability of individual neurons suggested that the output 

of neural networks was at least partially dependent upon repetitive, individual inputs to 

the system.  This view contrasts with more contemporary ideas that basically ignore 

single neurons focusing instead on networks.  Again, if single neuron contributions to 

neural network function were not important, why would there be stability?  Third, 

neocortical implants depend on a relatively fixed relationship with neural tissue.  The 

current results suggested that the PFC could support a biomechanical interface.  The 

stability results were especially interesting given that the PFC is so often associated with 

flexible behavior and  behavioral elaboration.   
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 The learning results demonstrated that only a few prefrontal neuronal firing rate 

changes were coextensive with behavioral evidence of learning, while the majority were 

modulated on longer time scales.  This suggested that a few prefrontal neurons could 

have been involved in the generating the monkeys’ rapid behavioral changes while the 

rest might have been related to the evaluation of response outcomes, reinforcement 

history, development of stimulus categories, short term memory for (cues, responses, 

reinforcement), or even modulations of attention.  Combining both sets of results, 

prefrontal neurons were capable of responding consistently in stable testing conditions, 

yet were able to respond flexibly when learning was required.  It remains to be seen if 

there are many neurons that can perform both functions.     

 In closing, perhaps the most important ideas implied by these results were that 

stability did not preclude flexibility, and that neural systems were multifunctional insofar 

as their individual elements appeared capable of supporting both flexible and stable 

responses under different conditions.  This last concept is critical because, though the 

number of neurons in the brain is large, their tasks are complex and the brain is not a 

modular system like a computer.  Instead, the brain’s neural networks likely support 

multiple processes such as perception and memory using many of the same neurons.  

With further investigation of the current data set, it may be possible to determine if a 

significant number of prefrontal cells support both flexible and stable behavior.  If this is 

true, one of the most important questions would be how neurons can retain stable 

functional properties in the face of demands for flexibility. 
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APPENDIX A 
 

Electrode Construction; The Tetrode and Stereotrode 

Tetrodes and stereotrodes were made from single strand nichrome wire insulated 

with polyimide (.006 inches total diameter for a single strand) (Wilson et al. 2003).  The 

construction techniques described below use the following supplies and equipment. 

1) Nichrome wire (H.P Reid Inc., RediOhm-800  .0006” wire and PAC220 insulation) 
2) Polyimide tubing, 2 sizes (I.D. 1 = 0.0031, I.D. 2 = 0.0044 mm; Dodge-Phelps Inc.) 
3) Printed Circuit board (Imagineering Inc.) 
4) Millmax connectors(female 853-93-100-10-001; 0.050” interpin distance) 
5) Gold Plating Solution 
6) Copper wire (x gauge, 5 inches) 
7) Small Alligator clip with flat tips and no teeth 
8) Metal Rod or Finishing Nail 1.5 inch 
9) Round tip birch or bamboo toothpicks 
10) Wire clipper (Ace Hardware) 
11) Fine Scissors (manufacturer) 
12) Ruler with millimeter markings 
13) Micromanipulator (manufacturer) 
14) Metal Rod ,1mm diameter, 4” length; attached horizontally to the micromanipulator.  

Allows the electrode wire to hang over the magnetic stirrer for twisting stage. 
15) Magnetic Stirrer (manufacturer) 
16) Two Fine Forceps (Small Parts Inc.)  
17) Heat Gun with Curved Attachment (Steinel HL1802E, Bloomington, MN) 
18) Impedance Meter (Bak Electronics Inc. Mount Airy, MD) 
19) Stimulus Isolator (Bak Electronics Inc.) 
 
Items 6,7, and 8 were used in conjunction to make a device to grip the electrode tips prior 

to twisting.  To make this, a length of copper wire was looped through the hinge of the 

alligator clip, and twisted to make a stem protruding from the rear of the alligator clip.  

The remaining copper wire was then wrapped around the middle of the nail so that when 

the nail is horizontal, the copper wire “stem” and attached alligator clip were vertical.  

The alligator clip was meant to grasp the lower end of the tetrode, hang from it, and be 

turned by the magnetic stirrer to twist the tetrode. 
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The first step of electrode construction was to determine the required length including 

travel distance.  This value was based on measurements of tissue depth performed on 

MRI scans.  Specifically, the electrodes were designed to reach the maximal depth of the 

principal sulcus as shown in MRI coronal section for each monkey.  The amount of wire 

required was then four times this length plus at least 50 mm.  The additional length of 

wire accommodates variation in the construction technique and ensured that the electrode 

was never under tension when installed in the microdrive. 

The second step was to double the wire, grasp the end with the loop in one hand 

and the end with the separated tips in the other, and drape them over a small metal rod.  

Once draped, the four strands were stroked downward and gently pulled together.  

Having pulled the wires together, the alligator clip was used to clamp the area 

corresponding to the electrode tip.  Spaces or kinks among the twisted wire couplets or 

quadruplets were unacceptable.   

Having accomplished this, the tetrode was made by twisting the wires using the 

magnetic stirrer, then heating them until the insulation fuses.  The number of required 

turns depends on the total length with more turns required for longer electrodes.  Eighty 

clockwise revolutions were used for a 100mm electrode.  After twisting the wires 

clockwise, the electrode was allowed to slowly unwind for about half the number of 

clockwise turns in order to reduce the tension caused by the original twisting.  Once the 

counterclockwise rotations were stopped, a heat gun (Steinel Inc., at the 14/15 setting) 

was used to fuse the insulation together. Stereotrodes were made the same way but only 

had two wires.  After heating, the electrode with alligator clip attached, was removed 
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from the twisting apparatus, put on a table and cut with fine scissors perpendicular to the 

long axis of the electrode, just above the alligator clip attachment point.  Electrode 

recording tips were examined under a microscope when necessary to ensure their quality 

and re-cut if necessary.  Bent or hooked tips required a second cut.  After the electrodes 

were made (5-7 minutes each) they were inserted into two polyimide tubes (nominal 

inner diameters = 0.0031” and 0.0044”) (Wilson et al. 2003).  These tubes increased 

stiffness and provided further insulation.  Once inside the polyimide tubes, the electrodes 

were loaded into an assembled drive and connected to a printed circuit board.  

 

The Microdrive 

 Electrodes were housed in a “microdrive” (Wilson et al. 2003) designed by Drs. 

Fraser Wilson and Yuanye Ma (Figure 2).  Each microdrive had a titanium body (Height 

= 21mm, Length = 20mm, Width = 20mm) with 10 or 14 square channels arranged in 

alternating rows of three or four.  Each channel housed a single coupler, a small (Length 

= 5mm) piece of “delrin” plastic cut to fit the channels with just enough room for 

movement.  Each coupler had three circular channels drilled to accommodate 25 gauge 

guide tubes, electrodes, or guide tubes with electrodes inside them. Electrodes were 

housed in 30 gauge stainless steel needles used to penetrate the dura mater.  Each coupler 

also had a tapped hole accommodating a threaded rod anchored at the drive bottom. Each 

coupler was capable of moving up or down when their associated threaded rods were 

rotated counterclockwise or clockwise, respectively, with a jeweler’s screwdriver.  Each 

360-degree turn of the threaded rod moved the coupler 320 microns. Depending on how 
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the drive was built, it was possible to move electrodes up to 15 millimeters from the 

starting position. All of these components were separable for cleaning and assembly 

purposes.   
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In figure 2 above, the dental acrylic was not shown to scale.  In reality, the acrylic was 

poured in a 5mm layer to the top of the titanium microdrive base.  Dental acrylic on other 

parts of the implant was up to one inch thick. 

 

Microdrive Assembly 

 For drive assembly, the couplers and threaded rods were loaded into the drive 

body and attached to the delrin base of the drive. Threaded rods were anchored at the 

bottom of the drive with a two part system that allowed them to rotate, thus moving the 

couplers.  Threaded rods were notched at the bottom and fit into depressions in the delrin 

base of the drive.  The delrin drive base also had channels cut across part of these 

depressions, each of which, holds a small metal anchor rod.  To install the threaded rods, 

they were placed at an angle in the depressions, then the small “anchor” metal rods were 

pushed into their channels and the threaded rod notches simultaneously.  Next, the drive 

with all of the rods still at an angle was righted, pushing the small anchor rods into their 

channels and locking the threaded rods in place.  Once everything was in place, the base 

was screwed into the titanium drive body securing all internal parts and a printed circuit 

board was bolted to the top of the drive. 

 Once this was done, the 30 gauge needles used for dura penetration were back 

loaded (to keep the tips from being damaged) and fixed in place.  The needles were 

loaded in two ways for two different methods of electrode movement.  In the first 

method, the needles were cut to a predetermined length and glued (superglue) to the 

delrin base of the drive.  They were cut to be just long enough to penetrate the dura, but 
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not so long that they passed through all of the initial cortical layers (26-30 mm).  Each 

needle length was determined by measuring the distance between the drive base and the 

monkeys’ dura mater at the predetermined penetration locations.  These fixed needles fit 

inside larger guide tubes inside the drive.  These larger tubes were meant to slide over the 

fixed needles when the couplers were moved.  In this method, the electrodes were glued 

to the tops of the larger guide tubes where they protruded from the couplers.  When such 

a coupler was lowered, the electrodes moved out of the needle and into the surrounding 

cortex.  

 In the second method, both the needles and the electrodes moved.  Both methods  

were used in each monkey.  For this configuration, the needles were glued at the top of 

the couplers and extended down just enough so that when the drive was implanted, they 

penetrated the dura.  Once the drive was in place and the needles were in the brain, the 

electrodes were pushed down using a forceps so that their tips extended 1-2mm in front 

of the 30-gauge needle tip.  Electrodes were measured prior to implantation and the tops 

were marked so that pushing them down to the mark results in the appropriate extension.  

Once lowered to their full extent, electrodes were glued in place at the top of the drive 

and move as the needles and couplers move.  The second method made it much more 

likely that the electrodes actually moved when the couplers were turned, while in the first 

method total electrode movement within the guide tubes was only be measured after the 

microdrive was removed.  It remained possible that due to tissue growth, both connective 

and osseous, and the drying of bodily fluids, that the electrodes and needles became 
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stuck.  This type of problem affected needles and electrodes toward the sides of the 

trephine first as tissue grew and ossified from the edges inward. 

 Once the needles were attached in one of the two above fashions, the electrodes 

were loaded.  This procedure required a mechanism to hold the incomplete drive.  These 

“drive holders” were made out of plastic lego blocks due to the prohibitive cost of having 

them professionally manufactured.  The plastic block structure was basically a square 

tower with two open sides and a removable top.  Specialty pieces were easily created 

with drills and cutting tools.  Once the drive holder was built, the drive with needles 

installed was screwed into the removable top of the drive holder (each drive had two 

tapped holes that accommodate screws), and the top snapped on to the base.  The 

driveholder suspended the drive a few inches above a moveable series of liquid holding 

impedance testing wells.  The wells held saline solution for testing the electrode’s 

connections, and gold plating solution for gold plating the electrode tips.  This setup 

protected the needle and electrode tips and could be made to fit any size drive.  It was 

also used as a carrying case and protected the drive during gas sterilized prior to 

implantation.    

 Once in place, the electrodes were connected to the circuit board attached to the 

top of the drive.  The back end of each electrode was grasped with a fine forceps, pulled 

down to the metal lined holes in the circuit board, placed inside, and held there until fixed 

in place by pushing a toothpick or cactus needle into the hole along with the wire. Each 

wire was insulated with polyimide that needs to be removed before an electrical 

connection could be completed.  Electrical contact was made by friction stripping the 
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wire, or by simply crushing the insulated wire against the metal walls of the holes.  

Another method was available in which the electrode wires were connected after having 

removed the insulation with brief exposure to a flame. However, this procedure was not 

used to build any of the drives used in this experiment.  Once firmly in place, each 

electrode was tested for an electrical connection using a stimulus isolator (Bak 

Electronics; Mount Airy, MD).  The negative probe of the stimulus isolator connected to 

a small well of 0.9% saline solution and the positive probe was then touched to the circuit 

board pins corresponding to the electrode in question.  The electrode tip also needed to be 

in the saline solution.  The stimulus isolator produced a high-pitched tone for an open 

circuit, and a low tone for a closed circuit.  If the electrode was connected, the next one 

was placed, if not, the toothpick was removed and the procedure was redone.  Once an 

electrode was connected both physically and electrically, a small wire clipper was used to 

cut the toothpick off, leaving only the tip and the corresponding electrode wire in place. 

 After all electrodes were connected, they were gold plated until their impedances 

were between 250K and 750K Ohms.  Gold plating was done in the same wells as the 

circuit testing. The only difference was that an impedance meter was connected to the 

stimulus isolator, and that the stimulus isolator was used to pass brief pulses of a 1.2 

milliamp current across the electrode causing gold ions to adhere to the electrode.  If the 

process did not properly reduce the impedance, the electrode tips were cut again and the 

plating repeated.  After both saline connection testing and gold plating, the electrodes 

were gently rinsed with a few drops of distilled water applied with a syringe and 25-

gauge needle. 
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 When sharp electrodes were used, they were also back-loaded, fixed in place at 

the top of the couplers with superglue, and connected to the PCB with a short piece of 

wire and solder. While loading these electrodes it was extremely important not to bend 

the shank as this may fracture those with glass coatings, leading to possible short circuits.  

Only a few of these electrodes were used.  Due to their poor recording performance and 

tendency to become stuck in growing osseous tissue, their use was discontinued.   

 After all the electrodes were in place and gold plated, dental acrylic or outdoor 

silicon (Ace Hardware) was used to secure the electrode to circuit board connections.  

These substances were precisely applied with a 1cc syringe and 30 gauge needle.  Lastly, 

silicon elastomer was poured around the base of the needles to seal the drive from fluids.  

This was done with the drive inverted, and an extra implant base attached to the drive 

bottom.  This arrangement simulated the fit with the implant base attached to the 

monkeys’ skull and served as a form to hold the viscous silicon.  The silicon elastomer 

was a product of NuSil Technology, 1050 Cindy Lane, Carpinteria, CA 93013 (Med-

4210 part a and b).  Part “a” of the elastomer was mixed in a 10:1 ratio with part “b” prior 

to use.  The curing time at room temperature was between 48 and 72 hours.  The final 

step was to gas sterilize the drive while it was protected in its carrier. 
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APPENDIX B 

Waveform Sorting 

Waveform sorting is a categorization technique whereby recorded and digitized 

extracellular waveforms are grouped by common amplitude and shape.  These groupings 

were assumed to have originated from single units near the recording electrode.  The 

process was called “on-line sorting” when it is done during the recordings, and “off-line 

sorting” when done afterward.  In either case, it was the basis of all further data analysis. 

These techniques relied on various physiological parameters of neurons (cell size, action 

potential shape and amplitude), the variation of those parameters, and the physical 

relationship between the neurons and the recording electrode.  Neurons produced 

characteristic action potentials but the relationship between the electrode and these signal 

sources determined their observed amplitude and shape.  

Sorting a digitized record of hours worth of multiple cell neural activity into the 

activity of single cells was neither quick nor easy.  Not only this, but the degree of 

difficulty depended on the quality of the recordings.  The more distinct each waveform 

group was from all of the others, the easier was the sorting process.  The following 

sections detail the spike sorting technique used for all neurons mentioned in this paper. 

 

On-Line Sorting Options 

 The recording software used in these experiments offered two methods for spike 

sorting, window discrimination and template matching.  All results were based on both 
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on and off-line sortings, while the off-line sortings provided the final data used in each 

analysis.   These techniques were both available on-line but the off-line was restricted to 

template matching algorithms.  The window discrimination technique assigned 

waveforms to units when they passed through both boxes in the waveform display 

window.  These paired boxes could be resized and moved anywhere in the display, and 

up to 4 pairs of boxes could be used to separate 4 different neurons.  Despite this 

flexibility, this was an inferior method suffering too much from errors of inclusion and 

exclusion (Figure 4). Box discrimination was only used when signals were too small and 

undifferentiated for adequate template matching, or when the ease of using the boxes 

outweighed the benefits of template sorting.   

  In contrast, online template sorting began with collecting a sample of up to 1000 

waveforms. Units were selected by highlighting waveforms or by circling points in 

principal component (PC) space.  PC space plotted waveforms as points on a two-

dimensional coordinate system where the X-axis was the first principal component, and 

the Y-axis was the second.  In this space, like waveforms formed coherent clusters (Fig 

4).  Principal components were computed from the 32 points used to characterize each 

waveform.  As with the discrimination box method, this method also suffered from 

misclassification errors from time to time. 

 

Off-Line Sorting Techniques  

Off-line sorting was based on the same template, waveform, and principal 

components parameters as were seen on-line except that the entire file was viewed at 
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once.  This enabled a better notion of waveform central tendencies than did the sequential 

viewing of on-line data collection.  As with the on-line template collection procedure, 

units were defined by crossing waveforms or by circling points in PC space.  The number 

of adjustable parameters and the option of using automatic template matching algorithms 

allowed a thorough, if tedious, series of possible manipulations.   
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Figure 3:  Off-line Correction of  On-
Line Sorting Errors.  Waveforms are 
shown at left; principal component points 
corresponding to these waveforms are 
shown at the right.  Colors identify 
waveforms and principal component 
clusters assigned to each of three  neurons. 
Row 1 shows the original on-line sortings, 
complete with classification errors.  Row 2
shows a restricted number of waveforms 
(for clarity) and shows the cluster display 
with no unit designations.  Row 3 shows 
that off-line sorting has corrected the 
original classification errors.  On-line 
sortings at left (Figure 3 top panels), 
cluster boundary violations are shown 
with arrows.  Location of background 
noise shown with arrows in waveform and 
cluster display.   

 

 Unit designations deleted and all 
waveforms/points shown in black to 
clearly show cluster boundaries (Figure 3, 
center panels).  Circles highlight potential 
clusters.  Cluster 1 is “good”, cluster 2 is 
acceptable, cluster 3 is unclear yet 
possible to sort using both the cluster and 
waveform displays.  Finalized off-line 
sortings (Figure 3, bottom panels) 

showing improved waveform classification.  Clusters were now distinct and the erroneous classifications 
were eliminated. 

 
 Off-line techniques worked well for single files, but each recording day consisted 

of multiple recording sessions.  In order to maximize the consistency of sortings across 

files recorded on a single day, two methods were used.  The first was to use two 
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computers and monitors to visually compare subsequent sortings with the first. The other 

was to merge and sort all of the files as one.  Once merged, the sequentially recorded files 

were sorted simultaneously and separated with a program called “PlexUtil”.  This file 

merging method was exclusively used for all reported neurons. 

Off-line Sorting Demonstration 

 
In order to make the spike sorting description more concrete, the following 

section details the primary procedural steps used for each selected recording session and 

illustrates the output of each processing stage with screen shots of the off-line sorting 

program in use.  The first step was to examine the file for artifacts such as large 

waveforms from the reward delivery solenoid.  Once these were removed, the remaining 

waveforms were viewed in either the cluster or waveform display and grouped according 

to their similarities.  Figure 4 shows these first two steps using a file with clearly 

differentiated waveform groups.  The left side display shows the recorded waveforms and 

the software allows the user to designate how many waveforms, from 1 to all, are viewed 

simultaneously.  The right side display shows points corresponding to each waveform 

distributed in principal component space.  In this case, the high degree of distinction seen 

for the waveform groups is represented as good separation among all of the clusters.     

The second step was to identify potential waveform clusters, designate them as 

units, and examine the corresponding waveforms.  Waveform examination was necessary 

because even the best clusters often included a few odd looking waveforms.  Figure 4 
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shows the waveform display after the artifacts were removed; three distinct waveform 

groups were present. 

Figure 4:  Off-line Sorting Step 1- remove artifacts.  Unsorted waveforms and clusters are shown below. 
Artifacts were removed by drawing a line across them with a “sorting tool” in the waveform display or by 
circling them in the cluster display.  The left column contains waveforms and the right contains the  
corresponding principal component points. 
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Figure 5:  Off-line Sorting Step 2 - refine sortings.  Once artifacts were removed, only potential neural 
signals and low amplitude noise remained.  Units were then designated and color coded.  In this case, all 
three clusters were distinct and easy to classify.  Three neurons were discriminated in this display and are 
labeled, “1,2 & 3". 
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The steps described above constituted the primary manipulations.  If these failed to 

clearly separate recorded signals, it meant the recording quality was low.  In these cases a 

few other manipulations were possible, but will not be discussed.   
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Additional Sorting Criteria 

 Once the waveforms were sorted, the distribution of interspike intervals provided 

a check on the minimum acceptability of any single grouping.  Neurons themselves have 

maximal physical response parameters defined, in part, by their relative and absolute 

refractory periods.  Knowledge of the maximum expected rate for a neuron allowed one 

to judge if a group of waveforms included spikes that were unexpectedly close together in 

time.  Waveforms from the same unit grouping occurring less than 2 milliseconds apart 

indicated  that that grouping contained waveforms from more than one source.  

Therefore, one criterion for an acceptable sorting was that it should have a very low 

percentage of these short interval spikes.  For the purposes of this study and based on 

personal correspondence with Sherman Weibe, the Offline Sorter programmer, waveform 

groups with less than 0.5% of the waveforms appearing within 2 milliseconds or less of 

each other were accepted as single unit activity.  When this criterion was exceeded, 

waveform groups were designated “multiunit activity” and were excluded from analysis.  

However, meeting this criterion did not prove that a cluster is single unit activity.  The 

percentage of short interspike intervals was only an indication of potential error.  

Extracellular recording methods cannot currently provide absolute judgments about 

signal sources.  Finally, comparing waveforms recorded from different daily testing 

sessions is described in Appendix C (Greenberg and Wilson, 2004). 
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Functional Stability of Dorsolateral Prefrontal Neurons 
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Greenberg, Paul A., Wilson, Fraser A.W.  Functional Stability of Dorsolateral 

Prefrontal Neurons.  Stable multi-day recordings from the dorsolateral prefrontal cortex 

of two monkeys performing two Go/NoGo visual discrimination tasks (one requiring 

well-learned responses, the other requiring learning) demonstrate that the majority of 

prefrontal neurons were ‘functionally stable’.  Recordings were made using a series of 

removable microdrives, each implanted for 3-6 months, housing independently mobile 

electrodes.  Action potential waveforms of 94 neurons were stable over 2-9 days; 66/94 

(70%) of these cells responded each day, 22/94 (23%) never responded significantly, and 

6/94 (6%) responded one day but not the next.  Of 66 responsive neurons, 55 were 

selective for either Go or NoGo trials, individual stimuli, or eye movements.  This 

selectivity was functionally stable, i.e. maintained, for 46/55 neurons across all recording 

days.  Functional stability was also noted in terms of response strength  (baseline firing 

rates compared to post-stimulation firing rates) and event-related response timing.  Two 

neurons with consistent responses in familiar testing conditions responded flexibly when 

the monkeys learned to make correct responses to novel stimuli.  We conclude that the 

majority of prefrontal neurons were functionally stable during the performance of well-

learned tasks.  Such stability may be a general property of prefrontal neurons as neurons 

with 4 different types of task selectivity were found to be functionally stable.  

Conceptually similar studies based on long-term recordings in other cortical regions 

reached similar conclusions suggesting that neurons throughout the brain are functionally 

stable.  Key Words:   waveforms, long-term recording, chronic implant, stimulus 

selectivity, learning.  
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INTRODUCTION 

 Most neurophysiological experiments measure the responses of single neurons 

within a single daily testing session in order to identify the most effective event or 

stimulus for a particular neuron.  This approach has been enormously successful in 

identifying the critical stimuli or events driving neurons in many brain regions.  Having 

identified these events, experiments often show that neuronal responses are functionally 

stable (i.e., reliable and consistent) over multiple presentations during the few hours of a 

single testing session.  Such experiments provide a wealth of information but rarely make 

the longer-term comparisons necessary to evaluate functional stability over longer 

periods of time.  

Four studies describing long-term response properties of neurons observed with 

chronic recordings provide evidence of functionally stable responses in various cortical 

regions.  Schmidt et al. (1976) implanted electrodes in monkey motor cortex for up to 

223 days and reported that 1 neuron, recorded for 29 days, had a stable relation to 

specific movements.  Thompson and Best (1990) reported that the place fields of 10 rat 

hippocampal neurons were stable for between 6 and 153 days.  Nicolelis et al. (1997) 

presented post-stimulus time histogram data showing that 6 rat somatosensory neurons 

responded similarly in two recording sessions separated by 38 days.  Last, Williams et al. 

(1999) reported that the frequency response properties of 1 neuron in the guinea pig 

auditory cortex were stable for over 1 month.   

 We decided to examine the issue of functional stability in the macaque 

dorsolateral prefrontal cortex (dlPFC) for two reasons.  Firstly, responses of dlPFC 
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neurons have not been tested for periods longer than a single recording session leaving 

the question of functional stability open.  Secondly, we were interested in identifying 

neural correlates of learning based on recordings performed while monkeys learned 

correct hand movements to novel images.  Both approaches were complementary.  

Recordings in the highly familiar, standard task provided a ‘learning-free’ comparison 

condition with which to interpret neuronal responses in the subsequent learning task.  

Secondly, neuronal response stability can be judged in two different task paradigms 

allowing us to determine if stably responsive neurons can also respond flexibly when task 

conditions require learning.  Waveform stability measurements were used to identify 

recording sessions in which highly similar waveforms were present for days allowing us 

to discount the likelihood that changes in neuronal response properties could be due to 

signal loss.  Comparisons between well-learned and novel conditions are pertinent 

because neurophysiological recordings show that the responses of single neurons are 

remarkably consistent within a recording session (Fuster et al. 1973; Funahashi et al. 

1989), yet neuropsychological and neurophysiological studies suggest the PFC is 

important for providing flexibility when dealing with changing task demands (Asaad et 

al. 1998; Dias et al. 1997; Murray and Wise 2000; Raichle et al. 1994; Stuss & Benson 

1986; Wang et al. 2000; Watanabe, 1990). 
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METHODS 

 

Subjects and Tasks 

 All procedures were carried out in accordance with the National Institute of 

Health Guide for the Care and Use of Laboratory Animals (NIH Publications No. 80-23), 

and the University of Arizona’s IACUC.  Two rhesus macaques (approximately 20 lbs 

each) were trained on two Go/No-Go visual discrimination tasks while seated in primate 

chairs, watching a video monitor (NEC multisync XP17” diagonal).  Control of stimulus 

presentation, detection of behavioral responses and delivery of rewards was achieved 

using Cortex software developed at the NIMH Laboratory of Neuropsychology.  Both 

tasks required the same behavioral responses, but differed in terms of the number and 

familiarity of the stimuli.  Monkeys learned to use visual images as cues to perform Go 

responses (bar releases within 500 ms of image presentation) or NoGo responses (bar 

releases later than 500 ms).  Monkeys initiated trials by grasping a response bar, waiting 

500 ms for a visual cue while maintaining that grasp, and releasing it at the appropriate 

time depending on the cue.  Stimuli were displayed for as long as the bar was grasped for 

a maximum of 500 ms.  Figure 1 shows a schematic diagram of grasp durations, stimulus 

durations, and reward delivery within the tasks.  Rewards were delivered only after 

correct NoGo trials; incorrect NoGo trials simply led to the next randomly chosen image.  

Correct Go trials led to presentation of the next image while incorrect Go trials were 

followed by a brief time-out waiting period (1500 ms) and repetition of the trial.  

Changes in eye position were monitored with an infrared tracker (Microguide Inc).  
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Horizontal and vertical voltage signals were digitized (ComputerBoards CIO-DAS16/16) 

and interfaced with Cortex software in order to identify saccade-related activity.  Fixation 

was not obligatory, but it increased the efficiency of task performance;  well-trained 

monkeys invariably started the trial with fixation at the center of the monitor and made 

large saccades to targets located in the periphery.  This behavior occurs quite naturally, 

requires little training, and reward is not necessary (Wilson and Goldman-Rakic 1994). 

Each daily testing session consisted of a standard task in which monkeys 

performed 1000-1500 visually cued Go and No-Go trials (total) using highly familiar sets 

of 72 stimuli.  Cues consisted of complex pictures (28 scenes – Go trials), 6 faces (NoGo 

trials) and color-filled monochromatic shapes (Komatsu and Ideura 1993 ; 28 shapes - 

NoGo trials), all presented centrally, in order to test for stimulus selectivity (Wilson et al. 

1993; ÓScalaidhe et al. 1999).  Ten additional stimuli, used to elicit saccadic eye 

movements, were horizontal (Go) and vertical (NoGo) black bars presented at the point 

of fixation and at four locations in the periphery (12°) along the horizontal and vertical 

meridians, one location per trial.  The bars were randomly interleaved with presentation 

of the complex pictures, shapes and faces.  All images subtended ±4 degrees of visual 

angle from the point of fixation on the monitor.  Following this standard task, monkeys 

performed a learning task (200 trials) that used 2-4 novel cue images requiring the 

monkey to learn which of the two possible behavioral responses (Go or NoGo) was 

associated with each picture.  Novel images were obtained from the Photodisc 6.2 library 

and consisted of complex scenery images similar to those cueing the Go response in the 

standard task.   
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Figure 1.  Task Structure and Response Latencies.  A)  Task Structure.  Response (gray rectangles) and 
stimulus (black rectangles) durations are shown for Go and NoGo trials.  The ends of the gray bars for both 
trial types indicate the monkeys’ typical bar release latencies.  For both monkeys, bar release latencies on 
Go trials typically occurred between 300 and 400 ms after stimulus onset while releases on NoGo trials 
occurred after reward delivery between 700 and 1100 ms.  Reward delivery onset following correctly 
performed NoGo trials is shown at bottom.  B)  Bar release latencies on Go (top) and NoGo (bottom) trials 
within a single representative testing session performed by monkey 1.  Responses occurring prior to 100ms 
were classified as early withdrawal errors and were not displayed.   
 

Recordings 

Recordings were made with independently moveable arrays of nichrome 

electrodes (Wilson et al. 2003) chronically implanted in the left and right dlPFC of 

monkey 1 and the left dlPFC of monkey 2.  Fine wire electrodes (Gray et al. 1996) were 

twisted and fused into stereotrode configurations for strength, but recordings were single-

ended.  Extracellular signals were fed to op-amp “headstages” and a pre-amplifier, and 

then to power amplifiers (providing a typical amplification of 10,000) and A/D 

converters with a 40kHz sampling rate (Plexon Inc., Dallas, TX).  Data acquisition 

systems allowed on-line template matching or threshold crossing discrimination of up to 

4 units per channel.  Recording files included digitized waveforms, timestamps of action 

potential occurrence, and timestamps of task events.  The digitizing window length for 
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each waveform was user defined within each recording session ranging from 0.8 ms to 

1.2 ms (32-48 data points per waveform).   

 

Data Analysis 

Waveform Stability 

 Interpretation of all results depended on the demonstration of multiple-day action 

potential waveform stability.  To begin, all waveforms from single recording sessions 

were first sorted into single neuron groups using on-line template matching (Williams et 

al. 1999) and then were sorted again off-line.  Off-line sorting was based primarily on 

principal component clustering.  When necessary, these groupings were refined by 

removing individual waveforms (Plexon Inc., Dallas TX; Offline Sorter version 1).  

Clusters were considered to indicate waveforms originating from a single neuron if 0.5% 

or fewer of the spikes occurred within 2 ms of any other spike.   

Having clustered waveforms within a single day’s recording session, these 

waveforms and clusters were compared across days to determine if the recordings 

sampled the same neurons.  Comparisons were made by merging consecutive recording 

files into a single file (Plexon Inc., Dallas TX; PlexUtil), recalculating the principal 

components of the waveforms in the merged file in the Offline Sorter, and examining the 

waveform groups for cluster overlap.  Single neuron waveforms were judged stable if the 

clusters from similar waveforms on both days largely overlapped yet were distinct from 

any other unit’s clusters or noise. 
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Figure 2.  Waveform and 
Cluster Stability.  A)  
Waveforms of three neurons 
(monkey 1)  recorded 
simultaneously on the same 
channel for two consecutive days; 
50 waveforms are shown for each 
neuron (Top, day 1; Bottom, day 
2).  T1 and T2 measurements 
indicated with solid vertical lines 
for each neuron on both days 
show stable peak and trough 
timing,; intervals were 350, 200 

and 425 ms, respectively. B)  Clusters of waveform principal component points (principal component 1, 
PC1; principal component 2, PC2)  for each neuron’s waveforms on day 1.  C)  Merged clusters from days 
1 and 2 demonstrate waveform stability.  Clusters from the same neurons overlap while those from 
different neurons do not overlap at all. 
         In Figure 2, waveform clusters from different neurons (1, 2 and 3) are all spatially 

distinct, while clusters from the same neurons on days 1 and 2 show nearly complete 

overlap.  Closely clustered principal component points represent waveforms with similar 

shapes and amplitudes.  Spatially distinct clusters represent waveform groups that are 

distinguishably different.  The overlap shown in Figure 2 C indicates that waveforms 

from each neuron recorded on the first day were largely indistinguishable from those 

recorded on the second day.  Multiunit activity was excluded from analysis prior to 

waveform similarity assessment, though we did observe stable multiunit clusters.  

Beyond these measures, our recording stability criteria excluded waveform groups that, 

when compared, a)  did not overlap, b) overlapped with different units, c)  differed by 

more than 0.2% in terms of the percentage of short-latency (2 ms or less) interspike 

intervals on each day. 

In addition to principal component clustering analysis, we checked the reliability 

of these procedures with peak , trough (Figure 2, T1 and T2), and average amplitude 

measurements of the identified waveforms (Wilson et al. 1994).  Figure 2 shows the 
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distribution of between-day differences in peak/trough timing and in the average peak to 

trough amplitude for waveforms judged to be stable.  Panel A shows that 84/94 (89%) 

neurons had differences of only 0 or 25 microseconds in day-to-day, peak to trough 

measurements.  These values were calculated by subtracting the time to trough from the 

time to peak for each neuron on each day and then by taking the absolute value of the 

difference between the Day 1 and Day 2 measurements.  Panel B shows that variations in 

waveforms’ total average amplitude between days are greater than timing differences, but 

these differences were within 15% for 75/94 (80%) neurons.  Percent change was 

calculated by dividing the absolute value of the Day 1 -  Day2 difference by the average 

amplitude of the larger waveform.  Therefore, all comparisons express change as a 

percentage decrease from the larger waveform, irrespective of which day’s average 

waveform was actually larger. 

Consistency in clustering, peak/trough timing, and average amplitude measures 

indicated recording stability and quality.  Recording quality in this sense related to the 

distinctiveness of waveforms from different neurons and the similarity of waveforms 

from a single neuron.  Recording quality was high when all neurons on a single channel 

had distinct waveforms resulting in non-overlapping clusters and when these qualities 

were present across two or more days (Fig. 2).  Recording quality was low when 

waveforms could not be separated into single neuron groups, clusters of different neurons 

overlapped, or when waveforms were not stable across consecutive recording sessions.  

Low quality recording sessions were eliminated from further consideration.  For the 

remaining recordings, we quantified stability in terms of variation in waveform 
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peak/trough timing and average total amplitude.  These procedures were critical to all 

subsequent analysis and interpretation because they provided the only evidence that 

recordings sampled the same neurons across days.  Neuronal responses cannot be used to 

make the assessment of recording stability because that would assume rather than test the 

concept of functional stability.

  

Figure 3.  Timing and 
Amplitude Variation.  A)  Day 1 peak to 
trough time subtracted from Day 2 peak 
to trough time measurements.  
Differences for 94 neurons shown in 25 
microsecond bins (recording resolution 
with sampling at 40kHz).  B)  Between 
day variation in average peak to trough 
waveform amplitude.  Percent change is 
represented as the absolute amplitude 
difference (day 1- day 2) with respect to 
the larger amplitude value. 
 

Functional Classification of 

Neuronal Responses 

After identifying 

recordings that were stable for two 

or more consecutive daily testing 

sessions, neuronal responses were 

classified and quantified.  Neuronal responses were analyzed in three general steps;  1) 

response classification based on statistically significant differences between task epochs 

and/or trial types, 2) quantification of response and/or trial selectivity magnitude, and 3) 

quantification of neuronal response timing.  These general methods were applied to each 
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neuron each recording day, then compared across days to judge each neuron’s functional 

stability.  The experimental design allowed us to classify neurons as responsive or 

unresponsive and selective or non-selective on a daily basis, then to see if these qualities 

were maintained across days.   

We first determined if a neuron was responsive by comparing its pre-stimulus 

baseline firing rate with its post-stimulus firing rate using paired t-tests, p < 0.01 (Kralik 

et al. 2001).  Baseline firing rate was estimated by generating pre-stimulus bin counts for 

each trial in a 200 ms bin immediately prior to stimulus onset.  Post-stimulus firing rates 

were typically calculated using bin counts for each trial in a time window 100-300 ms 

following stimulus onset.  Neurons were classified as ‘responsive’ if the difference was 

statistically significant and as ‘unresponsive’ if it was not.  Classifications for each 

neuron were then compared across days.  Neurons with significant responses each day 

were classified as ‘consistently responsive’, those not responding in any task epoch on 

any day were classified ‘consistently unresponsive’, and those responding one day but 

not the next were designated ‘inconsistently responsive’ (see Table 1 for results). 

For all significantly responsive neurons, we further analyzed a post-stimulus bin 

(typically 100-300 ms following visual stimulus onset) to determine if the responses were 

selective for trial type (Go or NoGo), stimuli, eye movements, or reward delivery.  

Neuronal activity that was clearly related to saccades, or hand movements was typically 

quantified within a 200 ms bin triggered by the movement.  Shorter analysis bins were 

used when neuronal responses lasted less than 200 ms.  Selective responses were 

different from non-selective responses insofar as they could be specifically related to the 
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trial types just mentioned.  In contrast, non-selective responses could be distinguished 

from baseline firing rates, but no further insight into their function was available.  

      

Calculating Response Strength and Response Strength Stability 

Within a single recording session, each neuron’s response strength was quantified 

with an index (A-B)/(A+B) in which A was the average post-stimulus response and B 

was the baseline firing rate.  Next, we calculated the stability of these strength measures 

by dividing the smaller of two days’ response strength index value by the larger.  Note 

that the expression does not indicate which day’s response was greater.  To further 

analyze these responses and to confirm the within-day results of paired t-tests, we used a 

two-way ANOVA in which the first factor was the response bin (pre-stimulus vs. post-

stimulus) and the second was the recording day.  This allowed us to identify significant 

changes in response strength (an interaction effect, p < 0.005) and significant shifts in 

overall neuronal excitability (a main effect of recording day p < 0.005).  Shifts in overall 

excitability were observed when firing rates in both analysis bins increased by the similar 

amounts without affecting the absolute difference between them.  Main effects were only 

interpreted when the interaction effect was not significant.   

 

Identification of Neurons with Selective Responses 

 Responsive neurons were further analyzed for selectivity by comparing firing 

rates on different trial types within a single post-stimulus bin (typically 100-300 ms 

following stimulus onset).  We used a nested GLM (General Linear Model, SPSS for 
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Windows version 10, p < 0.01) analysis to determine if neurons responded differently on 

Go vs. NoGo trials, then to determine if neurons responded differently to specific images.  

Neurons were defined as Go selective when there were significant differences between 

Go and NoGo trials and when the firing rates for Go trials was higher; the converse 

defined NoGo neurons.  For neurons with significant effects of stimulus condition, one-

way ANOVA (p < 0.01) and Tukey post-hoc testing (p < 0.05) were used to identify the 

specific images associated with significantly different neuronal firing rates (SPSS).  

Neurons with firing rates varying in relation to image identity were classified as stimulus 

selective while those differentially responsive during eye movements to the monitor 

periphery were classified as saccade selective.  All neurons with selectivity for stimuli, 

rewards, or eye movements were designated ‘Specially’ selective or ‘Special’.   

 

Calculation of Selectivity Strength and Selectivity Strength Stability 

Selectivity strength was quantified with an index (A-B)/(A+B) in which A was 

the neuron’s average firing rate during trials evoking the maximal response and B was the 

neuron’s firing rate during trials of the opposite kind.  For Go selective neurons, A was 

the average post-stimulus firing rate on Go trials within a user specified bin (typically 

100-300 ms after stimulus onset) while B was the average firing rate on NoGo trials 

during the same post-stimulus period.  The converse was true for NoGo selective 

neurons.  For stimulus selective neurons, A was the average firing rate following the 

preferred stimulus while B was the average firing rate following the least evocative 

stimulus.  For saccade selective neurons, A was the average firing rate following eye 
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movements in the neuron’s preferred direction while B was the average firing rate during 

eye movements in the opposite direction.  Selectivity stability was calculated by dividing 

the smaller of two day’s selectivity strength index values by the larger.   

As with the across day statistical testing performed on responsive neurons, we 

used two-way ANOVA to determine if neurons with selective responses remained 

selective to the same degree across days and to determine if there were significant shifts 

in a neuron’s overall excitability (factor A = trial type, factor B = recording day; p < 

0.005).  The trial types used for this analysis were specific to the type of neuron as 

described above.  For example, two-way analysis of a Go selective neuron would use the 

neuron’s responses on Go trials from days 1 and 2 as factor A and day number as factor 

B.   

 

Quantification of Neuronal Response Timing Stability 

To investigate temporal characteristics of neural responses, we determined 

neuronal response onset latencies with cumulative sum histograms (Woodward and 

Goldsmith 1964; Wilson and Rolls 1990). The criterion of a significant change in firing 

rate was the crossing of the cumulative sum histogram above or below the 99% 

confidence interval (NeuroExplorer 2.6, Plexon Inc.).  Neuronal response onset was 

calculated from the average firing rate across all trials.  Comparing these latencies across 

days for each responsive neuron provided a measure of neuronal response onset timing 

stability.  In addition, we quantified neuronal response timing profiles with peri-event 

time histograms.  This analysis generated 150 data points for each neuron describing the 
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average firing rate in 10 ms bins from 500 ms prior to stimulus onset to 1000 ms after 

stimulus onset.  For this analysis, selective neuronal responses were separated by trial 

type (Go or NoGo) generating one PETH for each condition.  Correlation analysis was 

used to compare these ‘timing profiles’ across days.  For selective neurons, we reported 

correlation coefficients based on data from the preferred trial type.  Resultant Pearson 

correlation coefficients indicated how well neuronal response peaks, troughs and other 

periodic elements occurred at the same moments with respect to the same task events 

across days.  Unresponsive neurons were excluded from these analyses because their 

firing rates never significantly deviated from baseline rates.   

 

Identification of Neurons with Learning-related Responses 

 In order to identify neurons with learning-related activity, linear regression 

(Microsoft Excel 2002) was used to compare trial number to firing rate in a specified 

post-stimulus bin.  Learning effects need not be linear or rate based but analyses focusing 

on non-linear effects, transient changes (initial changes followed by a return to initial 

response levels), and attempts to identify changes in neuronal response onset (time to first 

spike analysis; spike train onset analysis) were all unfruitful in this data set and will not 

be described.  Neurons with significant time-dependent changes in firing rate were 

defined as learning-related.  Behavioral evidence of learning was provided by regression 

analysis of trial number and the monkey’s hand movement response latency, and by 

change in the number of errors during the learning task.    
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RESULTS 

Sample 

        Ninety-four neurons, 84 (monkey 1) and 10 (monkey 2), were recorded for 2-4 

hours daily for a minimum of 2 consecutive testing sessions and a maximum of 9.  

Chronically implanted electrodes were distributed in a 12 x 12 mm matrix centered 17 

mm lateral to the midline and 26 mm anterior to ear-bar zero in the left and right 

hemispheres of monkey 1 and the left hemisphere of monkey 2.  Initial recordings were 

performed in superficial cortical regions while subsequent recordings sampled neurons at 

depths of up to 12 mm from the surface.  Twenty-three neurons were recorded for 3 days, 

5 were recorded for 4 days, 3 were recorded for 7 days, and 1 was recorded for 9 days.  

Two of the neurons recorded for 7 testing sessions were actually stable for 9 days due to 

the intervening weekend.  

 

Neuronal Responsiveness Classification 

For each recording session, neurons were classified as responsive if post-stimulus 

firing rates were significantly different than pre-stimulus firing rates (paired t-test, p < 

0.01, SPSS).  Comparing these results across days for each neuron, 66/94 (70%) neurons 

were responsive in each recording sessions (consistently responsive), 22/94 (23%) 

showed no significant response in any session (consistently unresponsive), and 6/94 (6%) 

were responsive some days but not others (inconsistently responsive).  For 23 neurons 

recorded over 3 or more days, 20/23 were consistently responsive across all recording 

days, and 3/23 were consistently unresponsive across all recording days. 
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Neuronal Selectivity Classifications 

Of 66 consistently responsive neurons, 55 were selective for specific task 

parameters on at least one day while 11 were non-selective in that their responses did not 

significantly vary (GLM, ANOVA, p < 0.01) with respect to either trial type or image 

number.  Neurons were classified as consistently selective if they were selective for the 

same factors in all recording sessions.  Forty-six out of 55 (84%) neurons were 

consistently selective while 9/55 (16%) were inconsistently selective.  Within the group 

of consistently selective neurons we identified four different types of selective responses; 

25/46 (54%) were selective for Go trials, 14/46 (30%) for NoGo trials, 2/46 (4%) for 

individual stimuli, 4/46 (9%) for saccades, and 1 responded after reward delivery.  Table 

1 shows the number of neurons with each type of responsiveness and selectivity 

identified in these experiments.     

Type of Analysis Type of Response Count  
Responsiveness Consistently Responsive 66 
  Consistently Unresponsive 22 
 Inconsistently Responsive 6 
   
Selectivity Go Selective 25 
  NoGo Selective 14 
  Stimulus Selective 2 
  Saccade Selective 4 
  Reward Selective 1 
  Responsive yet Non-Selective 11 
  Inconsistently Selective 9 

Table 1.  Neuronal Response Classifications.  Neurons listed under ‘Responsiveness’ were classified by 

comparing baseline firing rates to post-stimulus firing rates (see Methods).  Neurons listed under 

‘Selectivity’ were classified by comparing firing rates between trials of different types. 



 170

 Figure 4 shows maintained stimulus selectivity while Figure 5 shows maintained 

Go, NoGo, and saccade selectivity. 

Figure 4.  Waveform Consistency and Neuronal Functional Stability. A) Action potential waveforms 
(40 each) from a single neuron (monkey 1) over 9 days.  T1 - T2 values show peak to trough duration.  B) 
Peri-Event Time Histograms (PETHs) and rasters aligned on stimulus onset (vertical line at time 0) show 
neuronal responses each day (columns).  Go trials (row 1) appear above NoGo trials (approx 500 trials 
each).  C)  Maintained stimulus selectivity is represented by plotting the average post-stimulus response to 
each different image on one recording day against responses to the same images the next day.  Correlation 
values (r) quantify selectivity stability.  The maximally evocative stimulus (always Face 1) is circled in 
each graph.  D)  Average firing rates following 5 selected images (two Go stimuli, two NoGo stimuli, one 
monochromatic triangle and circle, two different faces) and one representative eye movement (saccades 
made 12 degrees to the right of monitor center) condition plotted across 5 recording days.  At far right, 
PETHs aligned on stimulus onset over 5 days for the maximally evocative image (Face 1).  
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In Figure 4A, waveforms had consistent shape and timing (peak and trough) 

throughout the recordings.  Principal component clusters on consecutive days also 

overlapped each other without differentiable drift (not shown).  Raster displays (Figure 

4B) show that neuronal responses were greatest on NoGo trials all 9 days.  Figure 4C 

shows high correlations between stimulus specific firing rates for the same images 

presented on recording days 2-6.  After the 6th day, new stimuli were added and further 

detailed comparison was not possible.  This stimulus selective cell responded maximally 

to the same, specific face (Figure 4 C, D) in each recording.  Figure 4D shows responses 

to 6 selected stimulus conditions and one eye movement control condition over 5 days.  

At the far right of Figure 4D, peri-event rasters and histograms are shown for face 1, the 

most evocative stimulus each day it was shown.   

Figure 5.  Stable Go, NoGo, and Saccade-related responses.  PETHs and rasters for three neurons.  Data 
is aligned on stimulus onset (vertical line at time 0).  A)  Go selective neuron recorded for 2 days 
(columns1, 2); Go trials above NoGo trials (approx. 500 trials each).  B)  NoGo selective neuron recorded 
for 2 days (Columns 1, 2); Go trials above NoGo trials (approx. 500 trials each).  C)  Saccade selective 
neuron recorded for 3 days (columns 1-3); R = right, L = Left, U = Up, D = Down.
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Figure 5 shows the responses of three different neurons, each representative of a 

different type of stable selectivity.  Figure 5 (left) shows a Go selective neuron that 

responded more vigorously on Go than NoGo trials both recording days.  Figure 5 

(middle) displays a NoGo selective neuron that responded more strongly on NoGo trials 

both recording days.  The saccade selective neuron (Figure 5, right), responded most 

strongly on eye movements to the left of monitor center (12 degrees of visual angle) all 3 

recording days.  Figures 4 and 5 exemplify stable, selective responses.  The variety of 

stable response types demonstrates that functional stability is not restricted to responses 

of a specific kind.  Lastly, 15/46 consistently selective neurons were recorded over three 

or more days and all retained their specific selective response properties for all recording 

days.    

 Based on the classifications outlined in Table 1, we classified neurons with stable 

responsiveness and/or stable selectivity as functionally stable.  In contrast, neurons with 

inconsistent responsiveness or selectivity were considered functionally unstable.  

Unresponsive neurons allowed no clear conclusions and were considered separately.  By 

these criterion, there were 72 responsive neurons; 57/72 (79%) were considered 

functionally stable while 15/72 (21%) were considered functionally unstable. 

The Strength of Neuronal Response Selectivity 

 In addition to selectivity classifications, we calculated an index of selectivity 

strength by comparing average firing rates on different trial types.  For Go selective 

neurons, selectivity strength was calculated with the index (A-B)/(A+B) where A = 

average firing rate on Go trials and B = average firing rate on NoGo trials.  For NoGo 
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neurons, the converse applied.  This yields a distribution of selectivity strength values for 

neurons of each selectivity type.  Trial types used to calculate the selectivity strength of 

‘Specially selective’ neurons are described in Methods, but use the same index formula.  

All day 1 and day 2 selectivity strength index values for all selective neurons are 

displayed in the Figure 6 scatter plot.  For recordings lasting 3 or more days, the day (n) 

vs. day (n + 1) comparisons were considered as additional day 1 - day 2 data points and 

plotted on the same graph.   

The Stability of Selectivity Strength 

Having established daily selectivity strength values for each neuron, we 

calculated the stability of those measures across days.  Each between day comparison 

produced a stability score ranging from 0 to 1 (perfect selectivity strength stability).    

Figure 6.  Stability of Selectivity Strength.  Histogram values along the x-axis represent the 
comparison of selectivity strength index values from one recording day to the next for all selective  neurons 
over all recording days. Proportions were calculated by dividing the minimum of two days’ index values by 
the larger.  The y-axis shows the number of neurons within each proportion bin.  The scatter plot shows the 
original Selectivity Strength Index values for each neuron on each of two consecutive recording days.  Data 
is shown separately for Go, NoGo, and Specially selective neurons.  The Pearson correlation coefficient for 
all data points taken together was 0.86.   
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Figure 6 shows the distribution of selectivity strength stability scores produced 

when the smaller of two days’ index values is divided by the larger, and the correlation 

between day 1 and day 2 selectivity strength values for all selective neurons.  For these 

neurons, conservation of selectivity strength across days is indicated by the number of 

neurons with high selectivity strength stability index values, and the high positive 

correlation (r = 0.86) between day 1 and day 2 selectivity strength index values.  

Considering Go, NoGo, and ‘Special’ neurons separately, correlations between Day 1 and 

Day 2 selectivity strength index values were r = 0.73, 0.91, and 0.97, respectively.   

These graphs also provide a representation of the variability across days showing 

that some neurons are more stable than others.  To determine how much of this variability 

was statistically significant, we performed a two-way ANOVA (p < 0.005) comparing 

selectivity strength across days.  Two effects were important, a main effect of day 

(indicating a consistent shift in firing rates during trials of different types), and an 

interaction effect (indicating that selectivity strength significantly increased or decreased 

between days).  The main effect of trial type was a redundant calculation considering that 

the previously mentioned nested GLM analysis identified neurons with trial type 

selectivity.  Table 2 lists the results of this analysis.   

Selectivity Type Count Trial Type Only Day Only Type * Day 
Go Selective 25 7      (28%) 8      (32%) 10      (40%) 
NoGo Selective 14 2      (14%) 4      (29%) 8      (57%) 
Special  Selectivity 7 3      (42%) 3      (42%) 1      (14%) 
Totals 46       (26%) 15      (33%) 19      (41%) 

Table 2.  Two-Way ANOVA Results for Selective Neurons.  Counts of neurons with significant main or 
interaction effects are given for each type of selectivity.  
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 The greatest stability was displayed by the 26% of consistently selective neurons 

for which there was only a main effect of trial type across days.  For these neurons, 

fluctuations in selectivity strength or non-specific variation in firing rates were 

insignificant.  A different 33% of consistently selective neurons displayed a preservation 

of the differences in firing rates between trials of different types (i.e. Go vs. NoGo trials, 

saccade preferred direction vs. non-preferred direction trials, preferred stimulus vs. non-

preferred stimulus trials, reward vs. non-reward trials.) yet showed significant shift 

(either an increase or decrease) in firing rates on both trial types between days.  For 

example, a main effect of ‘day’ might be significant if a selective neuron were to show a 

similar firing rate increase or decrease on both the preferred and non-preferred trial types 

across days.  Last, 41% of consistently selective cells displayed significant changes in 

day to day selectivity strength while remaining selective for the same trial types.  A 

selective neuron with this pattern of response would respond more strongly/weakly to the 

preferred trial types across days while firing rates on non-preferred trial types would 

remain the same.  In this data set, selectivity strength increases were as likely as 

decreases across days.   

  

Neuronal Response Strength and Multiple Day Response Strength Stability 

Previous sections focused on neurons with identifiable ‘selectivity’ and were 

based on comparisons of firing rates in specific post-stimulus bins.  However, we also 

compared pre-stimulus to post-stimulus firing rates with paired t-tests allowing us to 

initially classify a neuron as responsive or not each day it was recorded.  These 



 176

comparisons best described neurons that had no identifiable selectivity or were 

unresponsive.  Following responsiveness classification, we calculated the strength of 

responsiveness with an index (A-B)/(A+B) in which A = baseline firing rates and B = 

post stimulus firing rates.  Last, we calculated the stability of these index values by 

dividing the smaller of two days’ values by the larger.  The resultant proportions ranged 

from 0 (no stability) to 1 (perfect stability).  All day 1 and day 2 response strength index 

values for all non-selective yet responsive neurons are displayed in the Figure 7 scatter 

plot.  For recordings lasting 3 or more days, the day (n) vs. day (n + 1) comparisons were 

considered as additional day 1 - day 2 data points and plotted on the same graph.  

Therefore, some neurons contribute more than one data point to each graph. 

   

Figure 7.  Stability of Response Strength.  The histogram shows response strength index values for two 
consecutive days as a proportion of the maximum response for Non-Selective and Unresponsive neurons 
over all possible recording days (42 comparisons).  Higher values indicate greater stability.  Y-axis 
indicates the number of neurons with each proportion of response strength stability.  The scatter plot shows 
response strength index values on consecutive days for each neuron of each type.  For consistently 
responsive yet non-selective neurons the correlation between day 1 and day 2 strength index values was r = 
0.87; for consistently unresponsive neurons it was r = 0.79. 
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Figure 7 shows that both types of neurons display correspondence between day 1 

and 2 response strength index values, but these must be interpreted differently in light of 

the response classifications.  In this case, the stability shown by unresponsive neurons 

reflects stability of baseline rates and does not imply that these neurons actually 

responded.   

 As with measures of selectivity, we used two-way ANOVA  (p < 0.005) to find 

evidence of significant between-day effects and interactions.  For consistently 

unresponsive neurons, 14/25 (56%) possible comparisons resulted in a significant main 

effect of recording day indicating that about half of these neurons showed a statistically 

significant change in baseline firing rates.  No other effects were found.  For consistently 

responsive yet non-selective neurons, 7/19 (37%) comparisons showed a main effect of 

day while a different 5/19 (26%) had a significant interaction effect.  As with selectivity, 

a main effect of day signifies a non-specific shift in both baseline and post-stimulus firing 

rates whereas an interaction effect signifies that difference between baseline and post-

stimulus firing rates was significantly different across days.   

 

Neuronal Response Instability and Selectivity Instability 

 In these experiments, we first determined if neurons were responsive, then 

determined if they were selective for any task parameters.  Neurons were defined as 

functionally unstable if they were either inconsistently responsive or inconsistently 

selective.  Inconsistently responsive neurons (6/94) had statistically significant 

differences (paired t-tests, p < 0.01) between pre-stimulus and post-stimulus firing rates 
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only on one of two recording days.  Analyzed with two-way ANOVA, these same 

neurons all showed a significant (p < 0.005) interaction between response bin (pre-

stimulus vs. post-stimulus) and recording day.  Half of the unstably responsive neurons 

responded only on the second recording day, while the rest responded only on the first 

day.  None of these were recorded for more than two days.   

Secondly, inconsistently selectivity neurons (9/94) either displayed selectivity one 

day but not the next (6/9), or were selective for the opposite task condition (3/9) on 

consecutive days.  In all, 15/94 (16%) neurons were inconsistently responsive or 

inconsistently selective.  Figure 8 provides examples of inconsistent responsiveness and 

inconsistent selectivity.  

Figure 8.  
Neuronal 
Response and 
Selectivity 
Inconsistency  
Day 1 and 2 
stable 
waveforms 
(40) for all 
neurons shown 
at the top of 
each panel .  
PETHs and 
rasters from 
two 
consecutive 
recording days 
for each 
neuron are 
aligned on 
stimulus onset 
(vertical line at 
time 0).  A,B) 

Inconsistent responses, neurons A and B both respond only on the second of 2 days.  C) Inconsistent 
selectivity; neuron is selective for Go trials (top row of rasters) on Day 1, but is not selective for either trial 
type on Day 2. 
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The neurons in Figure 8 A and B show statistically significant responses on only 

one recording day (day 2 in both cases).  Figure 8 C shows inconsistent selectivity.  This 

neuron was selective for Go trials on the first day, but not the second. 

  

Stability of Neural Response Timing 

Neuronal response onset latency was determined by using cumulative sum 

histograms.  This analysis determines when a change in neuronal firing rate exceeded a 

baseline rate, typically a period 0.5 sec before stimulus onset. We compared onset latency 

values across days to determine the stability of neuronal response timing.  Of the 66 

responsive neurons, 56 neurons exceeded the 99% level criterion on both days. Figure 9 

represents these data as scatter plots, day 1 versus day 2.   Five responsive neurons with 

ambiguous onset latencies were 

excluded from analysis.   

Figure 9.  Comparison of Neuronal 
Response Onset Latencies on Days 1 and 
2.  Each data point represents neuronal 
response onset latencies from a single 
neuron on two days.  The axes are in 
milliseconds relative to a triggering event; 
X = day 2, Y = day 1.  For all cells, the 
correlation coefficient comparing day 1 
onset latencies to day 2 latencies is r = 
0.95.  The inset represents 5 overlaid 
cumulative sum histograms of neuronal 
response onset latencies for the neuron 
shown in Figure 4 recorded over 5 days. 
 

In Figure 9, the data points are q

similar on both days for the most 

part, particularly for neurons that responded to stimulus presentation at short latenc

uite 

ies (up 
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to 200 ms). At longer latencies, the variability across days tended to increase. 

Nevertheless, a correlation between latency values on days 1 and 2 yielded a coefficien

of r = 0.95.  Cumulative sum histograms (Fig. 9, inset) were calculated for the neuron 

shown in Figure 4.  

t 

 In addition to cumulative sum histograms, we calculated the stability of each 

neuron’s entire peri-event temporal profile.  Peri-event time histograms describing 1500 

ms of neuronal firing rates taken in 10 ms bins beginning 500 ms before and ending 

1000ms after stimulus onset were generated for each neuron each day, then compared 

across days with correlation analysis.  Correlations between daily PETHs are higher the 

more firing rates increase and decrease at the same peri-event moments across days.  

Figure 10 shows a histogram representing the number of between-day PETH 

comparisons resulting in correlations ranging from 0 to 1.  Selective neurons have the 

highest correlations between consecutive daily PETHs, while the timing of non-selective 

neurons is less stable.  Most inconsistently responsive/selective neurons as well as 

consistently unresponsive neurons have low timing stability correlations.  The figure 10 

scatter plot shows the relationship between day 1 to 2 comparisons and day 1 to last 

recording day timing comparisons.  The relatively high overall correlation coefficient (r = 

0.78) indicates that estimates of timing stability based on consecutive day comparisons 

are representative of timing correspondence observed across 3-9 additional days. 
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Figure 10.  Timing Profile Stability: Consecutive Day PETH Correlations.  Histogram shows the 
number of neurons with each correlation value (bins = 0.1). Correlations represent correspondence between 
consecutive daily PETHs for three different groups of neurons.  For neurons recorded for 3 or more days, 
scatter plot x-values indicate Day 1-2 PETH correlations; y-values indicate correlations between Day 1 and 
Last Day PETHs.   
     

Learning-related Responses 

Having identified and quantified stable neuronal response properties in stable 

testing conditions, we determined if these same neurons responded flexibly when the 

monkeys learned correct responses to novel images.  Learning-related responses were 

defined as significant changes in firing rates correlated with behavioral evidence of the 

monkey’s learning.  We identified 2/94 (2%) neurons that responded consistently across 

days during the monkey’s performance of the standard task but showed significant (p < 

0.01) changes in activity over time only in the learning tasks.   
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Figure 11.  Learning-related 
changes in firing rate.  A)  
PETHs and rasters for a neuron 
(monkey 1) with significant 
changes in firing rate over 50 
trials of trial and error learning .  
Dashed lines (A and B) indicate 
trial start.  Vertical line (1) at 
time 0 indicate visual stimulus 
onset, and filled squares (A and 
B) represent the monkey’s 
release responses on each trial. 
The vertical line (2) at 650 ms 
indicates the time by which 
correct Go responses must be 
performed.  Filled squares to the 
right of line 2 indicate errors 
while those to the left indicate 
correct responses.  B)  Motor 
control task: behavioral 
responses (grip-hold-release) are 
made without a visual stimulus. 

 

In Figure 11A, the neuron’s post-stimulus response decreases gradually with 

increasing numbers of stimulus presentations.  The timing of the release (Go) responses 

also change; the latencies decreased with increasing trial number.  Initially, the monkey 

responded incorrectly by releasing the bar too slowly, but within the first 5 trials, 

response latencies were fast enough to be counted as correct.  Importantly, neuronal 

responses did not simply reflect the timing of hand movements as the neuron was 

unresponsive when the monkey made the grasp, hold, release movements in a motor 

control condition (Figure 11B) without visual cues.  These results show that some 

neurons can respond consistently under rote conditions yet can respond flexibly when 

monkeys are required to learn new relationships between stimuli and behavioral 

responses. 
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Stability of Baseline Firing Rates 

Previous sections focused on neuronal responses that were significantly 

modulated during the tasks, but baseline firing rates also provide information about the 

multiple-day spiking characteristics of single prefrontal neurons.  For this assessment, we 

grouped inconsistently responsive (6/94) neurons with inconsistently selective neurons 

(9/94), comparing them to all other neurons (79/94).  Baseline firing rate stability was 

described with the index,(1- (|A-B|/(A+B)), in which A and B are baseline firing rates 

from days 1 and 2, respectively.   Higher index values indicate greater stability in day to 

day baseline firing rates.    The figure 12 histogram shows that stability values for 

inconsistent neurons (white columns) are more widely distributed and therefore less 

stable on the whole.  Median baseline stability index values lower for inconsistent 

neurons (0.56) than for consistent neurons (0.84).  This difference is statistically 

significant (t-test, p < 0.001).   Median baseline stability index values were not 

significantly different (t-test, p = 0.9) for consistently selective neurons (0.85) as 

compared to consistently unresponsive neurons (0.82).   
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Figure 12.  Baseline Firing Rate 
Stability.  A)  Distribution of baseline 
stability index values for “consistent” and 
“inconsistent” neurons.  B)  Day 1 vs. day 2 
baseline firing rates; inset shows firing 
rates of 3 neurons with high baseline firing 
rates; both inset axes indicate spikes per 
second.  Neurons recorded for more than 2 
days contribute more than one data point.  
Values for consistent neurons indicated 
with solid black circles correspond to firing 
rates on the main graph axes.  Values for 
consistent neurons represented with “x” 
symbols correspond to firing rates i
on the inset axes.   

ndicated 

nd 

 

DISCUSSION 

This study demonstrated that 

a majority of dorsolateral prefrontal 

neurons were functionally stable 

over periods of 2-9 days.  Stability 

was noted in terms of response / 

selectivity type, response/selectivity 

strength, response onset latency, a

PETH timing profile.  We also 

identified neurons with stable, 

selective responses to specific images, saccades, and Go or NoGo trials.  Finding that 

neurons with different functional properties all displayed stability is important because it 

suggests functional stability is a general property of prefrontal neurons irrespective of 

their exact function.  Considering that functionally stable neurons have been found in the 

monkey motor cortex (Schmidt et al. 1976), rat hippocampus (Thompson and Best 1990), 
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rat somatosensory cortex (Nicolelis et al. 1997), and guinea pig auditory cortex (Williams 

et al. 1999), neurons throughout the brain may be functionally stable.  Additional support 

for this idea was provided by Shtoyerman et al. (2000) who used optical imaging of 

approximately 20 square mm of visual cortex including parts of V1 to show that 

functional maps of orientation and ocular dominance columns in a macaque monkey 

remained stable for up to 1 year.  All such results are important because they begin to 

describe the fundamental parameters of longer-term neuronal function.  For instance, our 

observations indicated that selectivity for task features (trial type, saccade direction) and 

stimuli can be maintained in spite of variation in baseline firing rates and in spite of 

fluctuations in the actual magnitude of that selectivity.   

Identification of functionally stable prefrontal neurons agreed well with previous 

accounts of functionally stable neurons in other cortical regions.  However, our results 

differed somewhat in terms of the recording techniques and duration, and the level of 

functional analysis.  Whereas the recordings in previously mentioned studies typically 

lasted weeks to months, ours typically lasted 2-3 days.  We attribute this to differences in 

technique and experimental goals.  Our implants employed independently adjustable 

electrodes that traveled up to 12mm from the cortical surface.  More importantly, we 

balanced the need for stable recordings with the need to record additional neurons.  To 

accomplish this, we isolated neurons of interest, recorded them for a few days, then 

advanced the electrodes.  Had functional stability been the sole focus of research, it is 

likely that we could have recorded neurons for longer periods of time.  
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What is Meant by Functional Stability? 

 Functional stability referred primarily to the maintenance of neuronal response 

types over multiple days.  It was also described in terms of response strength and timing.  

Neurons were defined as functionally stable if they had the same type of response and 

selectivity from day to day.  Paired t-tests and two-way ANOVA were used to determine 

if neurons had a significant response while a nested GLM, one-way ANOVA, and Tukey 

post-hoc tests were used to determine if neurons were selective for specific task 

conditions.  These tests showed that the majority of responsive neurons remained 

responsive across all recording days and that the majority of selective neurons remained 

selective for the same factors across all recording days.  Figure 4 (C,D) provides an 

example of how even highly specific response characteristics were maintained.  This 

neuron responded maximally to the same, single face each day out of all 72 images. 

 In order to provide a more precise description of functional stability we quantified 

response/selectivity strength, and the stability of those measures.  Following this, two-

way ANOVA identified neurons for which variations in response or selectivity strength 

were statistically significant.  Figures 6 and 7 described the degree of selectivity and 

responsiveness stability.  Both histograms showed a preponderance of high index values 

for responsive or selective neurons demonstrating stability.  For selective neurons, results 

summarized in Table 2 allowed us to determine that the variability in selectivity strength 

for 26% of the neurons was not significant.  In contrast, for 41% of selective neurons, 

there was a significant interaction between selectivity strength and day demonstrating 

that selectivity can be present across days, but may be stronger or weaker on any given 



 187

day.  The remaining 33% of selective neurons retained their selectivity strength, but 

showed a significant generalized change (increase or decrease) in both pre-stimulation 

and post-stimulation firing rates across days.  We equated this with a change in overall 

neuronal excitability possibly dependent on the monkeys’ arousal or other general 

factors.  We took this to mean that variability in response/selectivity strength is actually 

important or notable for some neurons but that it did not overshadow their capacity to 

respond selectively for specific task conditions. 

Considering that response type and strength measures were based on average 

firing rates over hundreds of milliseconds and therefore overlook response timing 

information, we used cumulative sum histograms to determine each neuron’s response 

onset latency with respect to stimulus onset or response bar releases (hand movement 

timing).  As with the previous measures, the majority of neurons had stable response 

onset latencies across days.  A closer look at neuronal response timing characteristics 

throughout the entire average trial using correlation analysis of consecutive day PETHs 

showed that increased timing variability is evident when many more data points are 

considered.  However, many neurons still displayed notable preservation of precise 

timing characteristics across days (Fig 10).  Moreover, predictions of timing stability 

based on day 1 and day 2 PETH correlations were highly correlated with estimated 

timing stability based on day 1 and Last day PETHs.  Combining results of all three 

analyses, functional stability was noted in terms of response and selectivity type, strength 

and timing.  In addition, the observed stability is likely to be an underestimate of the 

potential stability because we were only roughly able to control for variability in the 
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monkeys' performance and motivation.  The PETH correlation measure was particularly 

susceptible to this sort of variation because it was the most precise view of the data and 

because use of PETH depends on the assumption that the experimenter has correctly 

identified the event to which a neuron responds.  In our tasks, Go and NoGo neurons 

were identifiably related to Go or NoGo trials, but their precise function was not further 

specified.  For these neurons, PETH analysis may not have been ideal.  In contrast, PETH 

correlation analysis of obviously stimulus or saccade locked responses results in higher 

correlations.   

 

Learning-related Responses 

 Identification of learning-related responses depended on the demonstration of 

waveform stability, and comparison with the standard task.  Demonstrable waveform 

stability provided evidence that changes observed during learning were not likely related 

to electrode drift.  Comparison with the standard task allowed us to eliminate from 

consideration neurons that showed time dependent changes in firing rates when learning 

was not required.  Two neurons fit these criterion, responding consistently while the 

monkeys worked with highly familiar images yet responding flexibly when the monkey 

learned to make correct responses to novel images.     

   

Functional Instability 

Unlike functionally stable and consistently unresponsive neurons, a second group 

of neurons compromising about 16% of the responsive neurons appeared to be 
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functionally unstable.  These cells either responded one day but not the next, or were 

inconsistently selective for specific task parameters.  It is possible that these results 

simply indicated waveform classification errors, instances in which recordings were 

thought to be stable when they actually originated from different neurons.  It is also 

possible, that the recordings were stable but that the neurons responded to an aspect of 

the task, daily environment, or the monkeys’ behavior that was different between 

recording sessions.  We controlled for differences in performance at the stage of analysis 

by ignoring results from recording sessions in which the monkeys made too many errors 

or failed to complete enough trials.  However, relatively small differences in performance 

may still have accounted for some of the observed neuronal response instability.  Either 

possibility could erroneously indicate neuronal response instability.   

Further consideration of these issues led to the conclusion that they are specific to 

interpretation of inconsistent neuronal responses.  The most likely alternative explanation 

of inconsistent neuronal responses was that they may simply have reflected the number of 

times apparently stable waveforms actually originated from different neurons on 

consecutive days, i.e. when electrode drift went unnoticed.  Such problems were less 

likely to account for the interpretation of functionally stable responses because more than 

half of these neurons were recorded simultaneously from the same electrode.  For 

electrode drift to go unnoticed, all signals would have had to appear stable. With more 

than one neuron recorded on a single channel, it was unlikely that the electrode could 

have moved into a new group of neurons without any of the waveforms appearing 

different.  In support of this idea, all of the data on functionally unstable neurons 
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originated from recordings in which only one neuron was recorded on any single channel.  

In addition, the potential problem of unnoticed electrode drift was less likely to account 

for judgments of functional stability because, in this data set, neighboring neurons rarely 

had similar response properties.  They were sometimes selective for the same task 

parameters, yet nearly always had clearly distinguishable peri-event time histograms.  

Therefore, if the electrodes drifted imperceptibly in terms of waveform characteristics, 

neuronal responses would have appeared to change rather than remain the same.      

    Secondly, if some of the neurons were involved in movement speed or decision 

making processes, they might have varied with the monkeys attention or motivation.  As 

we only had timestamps for primary task events such as trial start, stimulus onset, 

response time, and reward delivery, neurons with relations to other factors may have 

artificially appeared to respond inconsistently.  Because the PFC is noted for its diverse 

anatomical input and complex relations to a host of cognitive abilities (Fuster 1997) it 

seems unlikely that our task could provide a paradigm with which to interpret all of the 

neuronal response properties.  It would be premature to conclude that a neuron was 

unstable if the events or factors driving the response were not adequately identified.  In 

general, neurophysiological experiments are used to identify neuronal function, yet the 

results are often only interpretable if the experiments actually manipulated the variables 

to which the neurons respond.   

In support of this, neurons with inconsistent response or selectivity characteristics 

between days often had firing patterns that did not align well with any of the available 

task events (this also reduced the utility of PETH correlation methodology).  In contrast, 
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many of the consistently responsive neurons had patterns of activity that did align well 

with task events.  The potential problem of unstable testing or environmental factors does 

not affect interpretation of functionally stable neuronal responses to the same degree.  For 

these neurons, stable responses were distinguishable in spite of any factors that may have 

differed from day to day.  Experimental or environmental inconsistencies may have 

explained some of the observed variation in neuronal response strength and timing, but 

did not change the conclusion that a majority of neurons were functionally stable. 

Interestingly, the responses of inconsistently responsive neurons were weaker on 

average (less than 2:1 over baseline firing rates) than those of consistently responsive 

neurons (greater than 3:1 over baseline firing rates).  Weaker responses are more difficult 

to interpret because it is not clear if small but statistically significant effects indicate a 

phenomena that is biologically plausible.  In spite of these considerations, it remained 

possible that some neurons were functionally unstable.  It has been suggested that chaotic 

irregularities in neural responses could prevent neuronal networks from becoming stuck 

in repetitive firing patterns (Liljenstrom 2003).  If this is true, functionally unstable 

neurons might be involved in such a mechanism. 

 

Unresponsive Neurons and Baseline Firing Rates 

Our recordings also provided examples of neurons that were consistently 

unresponsive.  As these neurons had no identifiable function it is not clear if these should 

be considered functionally stable due to the consistent lack of response or if they 

provided no information about stability.  The baseline firing rates of these neurons were 



 192

nearly as stable as the baseline rates of the consistently responsive/selective neurons.  In 

contrast and as a group, the baseline firing rates of inconsistently responsive/selective 

neurons were significantly less stable.  This could mean that unstably responsive neurons 

were inherently more variable than those with stable response characteristics or it could 

simply indicate that the neurons identified as inconsistently responsive were errors based 

on mistakenly concluding that the same neuron had been recorded for a number of days. 

We concluded that the majority of dorsolateral prefrontal neurons were 

functionally stable in terms of response and selectivity type, strength, and timing.  

Stability was emphasized, but response variability was also quantified and represented in 

most figures.  We observed four different types of stable, selective responses indicating 

that functional stability may be a general property of dorsolateral prefrontal neurons.  

This observation was particularly useful because it shows our results were not restricted 

to neurons of one functional type.  A minority of neurons appeared inconsistently 

responsive or selective, but due to their generally weak responses and the two 

interpretation confounds previously mentioned, these results are less convincing.  Last, 

we identified a small number of learning-related neurons suggesting that some 

specialized neurons are capable of responding consistently under stable testing conditions 

and flexibly when learning is required.   
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