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ABSTRACT 

The medial prefrontal cortex (mPFC) plays a critical role in the organization of 

goal directed behavior. This role is suggested by the anatomy of mPFC as the region rests 

at the top of a complex cortical and sub-cortical hierarchy, receives convergent sensory 

and motor information from multiple modalities, and is the target of modulatory 

brainstem nuclei that respond to prediction and reward. Given these observations, it was 

hypothesized that mPFC neurons store associations between stimuli when the stimuli 

contribute to the prediction of reward. To test this hypothesis, neural ensemble spiking 

activity was recorded in the mPFC as rats performed a paired-associate discrimination 

task. In one condition, both elements of the paired-associate stimulus-sequence provided 

information about reward delivery. In another condition, only the first stimulus 

contributed to the prediction. As hypothesized, stimulus-selective, prospective delay 

activity was observed during sequences in which both elements contributed to reward-

prediction. Unexpectedly, however, selective delay responses were associated with slight 

variations in head position and thus were not necessarily generated by intrinsic mnemonic 

processes. Interestingly, the sensitivity of neurons to head position was greatest during 

intervals when reward delivery was certain. These result suggest that a major portion of 

delay activity in the rat mPFC reflects task-relevant sensory-motor activity, possibly 

related to behavioral strategies rather than to the local storage of stimulus-stimulus 

associations. These observations agree with evidence suggesting that mPFC neurons are 

particularly responsive during the performance of actions related to the acquisition of 
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reward. These results also indicate that considerable attention must be given to the 

monitoring of sensory-motor variables during delay tasks as slight changes in position 

can produce activity that appears to be driven by intrinsic mechanisms. It is further 

suggested that such activity may perform an important role in memory guided behavior, 

although this role may contrast sharply with standard theories of delay activity and short 

term memory storage. In particular, it is suggested that delay activity observed in the 

prefrontal cortex may correspond to the maintenance of memories that are ‘stored’ in the 

body or in the environment in the forms of embodied or situated behaviors. 
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CHAPTER ONE: INTRODUCTION 

 

 

 

“… the after-effects of a modifiable connection work back upon it, and that, in 
particular, a satisfying state of affairs accompanying or directly following a 
connection strengthens it.”  

 – Edward K. Thorndike (1933) 

 

 

Outcomes matter. This was the essential point of Edward Thorndike’s “Law of 

Effect” (Thorndike, 1911), and a point that forms the basis of Thorndike’s theory of 

learning. This theory states that memories for stimuli, actions and their consequences 

strengthen when those events are both associated in time and associated with outcomes 

that are important to an animal. In essence, Thorndike claimed that outcomes are capable 

of ‘traveling back in time’ to influence our memories of preceding events and actions. In 

retrospect, Thorndike’s law appears quite intuitive, even obvious. This idea was not 

obvious at the turn of the century. At the time of its introduction, Thorndike’s proposal 

sparked considerable debate among psychologists, philosophers and physiologists. Most 

detractors believed that causal relationships were determined primarily by the frequency 

of observed correlations between events, responses, and their outcomes, and not by the 

value or salience of the outcome itself. Early critics were also dubious of the notion that 

the influence of an outcome could ‘travel back in time’ to influence preceding 

associations.  
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The turn of the century marked the transformation of psychology from a 

philosophical endeavor into an empirical science. This transition resulted in decades of 

experimentation that largely supported Thorndike’s position. Even so, Thorndike’s theory 

was stated in very general and non-mathematical terms and did not describe how the 

value and expectation of a consequence may influence associative learning. These 

limitations were largely overcome through experimental work by Kamin (1969) and 

theoretical work by Rescorla and Wagner (1972). Rescorla and Wagner acknowledged 

the importance of the outcome, but suggested that learning was a function of the extent to 

which those outcomes met or fell short of expectations, a factor they termed "prediction 

error". Unlike Thorndike's "Law of Effect", the notion of prediction error was 

mathematically well-specified, stating explicitly that the strength of an association (e.g. 

stimulus-response, response-outcome) changes in response to a local, bi-directional error 

signal. The rule is local in the sense that associative strengths are only adjusted according 

to prediction error associated with recent experience (e.g. during a single trial). In other 

words, there is no detailed representation of the past. The error signal is bi-directional in 

the sense that the strength of a recently activated association is enhanced if an outcome 

exceeds expectations and is weakened if the outcome falls short. 

A considerable body of behavioral observations support many of the predictions 

of Rescorla and Wagner's theory of learning (but see Miller et al., 1995), and recent 

neurobiological observations suggest that error-driven learning may also direct neural 

plasticity. A neural system that is often implicated in error-driven learning is the ventral 
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tegmental area. The dopaminergic neurons in this midbrain nucleus exhibit responses that 

correspond closely to the bi-direction prediction error signal. Furthermore, the presence 

of dopamine regulates associative plasticity between neurons (reviewed in chapters 3 and 

4). The connection between prediction error and the dopaminergic system is particularly 

exciting as it suggests that a theory of learning can successfully pass through behavioral 

and biological levels of explanation.   

The idea of uniting behavioral and biological theories of learning is not new. For 

example, one of the earliest observations in experimental psychology was the 

acknowledged importance of contiguity, priority, and frequency for the formation of 

associations between environmental events (Pavlov, 1927). These same principles were 

suggested to influence the formation of associations between neurons by Hebb (1932; 

1949) and Konorski (1948). Decades later, with the observation of long term potentiation 

(Bliss and Lomo, 1973; McNaughton et al., 1978), long term depression (Lynch et al., 

1977; Levy and Steward, 1979; Stanton and Sejnowski, 1989), and spike-timing 

dependent plasticity (Markram et al., 1997; Bi and Poo, 1998), it is becoming clear that 

associative processes at the cellular level are also driven by these principles. 

Although the identification of parallels between behavioral and biological theories 

of associative learning is encouraging, little is known concerning how error and 

correlation guide associative processes in vivo. To illustrate, it is unknown whether 

prediction error influences associative plasticity in cortical and subcortical regions in the 

bi-directional manner predicted by Rescorla and Wagner. It is also unclear whether 
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prediction error directs the formation of response-outcome, stimulus-response, and 

stimulus-stimulus associations to an equal degree, or whether it only affects a subset of 

these associations. Finally, it is unknown whether prediction error affects learning 

throughout the brain or whether such effects are a feature of specific cortical and 

subcortical centers or a consequence of specific neuromodulators.  

The experiments performed for the present dissertation were designed to address 

many of these questions; however, before the presentation of any specific hypotheses, it 

is necessary to provide some background regarding the particular target of the present 

study: the medial prefrontal cortex (mPFC) of the rat. This background introduces the 

features of the mPFC that motivated its selection. The review will be brief, as a detailed 

assessment is presented in subsequent chapters. The main hypothesis will follow, along 

with an outline of the experimental design and a summary of the results. 

The importance of the medial prefrontal cortex (mPFC) is suggested by its 

anatomical position at the top of a complex cortical and sub-cortical hierarchy which 

includes sensory, motor, visceral, limbic, and neuromodulatory centers (Conde et al., 

1995; Groenewegen et al., 1997). The mPFC is therefore situated in a unique position to 

integrate sensory and emotional information for the organization of adaptive and goal 

directed behavior. Central to such behavior is the capacity to learn associations between 

stimuli, actions and their outcomes. Evidence from lesion studies suggest that the mPFC 

may be critical for such learning, particularly when animals must flexibly adapt to 

changing contingencies (Balleine and Dickinson, 1998; Parkinson et al., 2000; Cardinal 
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et al., 2003). Furthermore, this learning may be facilitated by the strong input the region 

receives from various neuromodulatory centers such as the nucleus basalis, raphe 

nucleus, ventral tegmental area, and the locus coeruleus (reviewed in Robbins, 2000). 

Neurons in these regions respond preferentially to stimuli that consistently predict reward 

(e.g. Wilson and Rolls, 1990; Aston-Jones et al., 1997; Schultz, 1998a; Bouret and Sara, 

2004). Furthermore, the neuromodulators associated with all of these regions (dopamine, 

norepinephrine, serotonin, acetylcholine) are capable of facilitating associative neural 

plasticity (e.g. Baskerville et al., 1997; Izumi and Zorumski, 1999; Matsuda et al., 2006). 

Of particular relevance to the present study is the strong reciprocal connection the mPFC 

shares with the ventral tegmental area (VTA), the major source of cortical dopamine. 

Neurons in the VTA respond differentially to the unexpected delivery or omission of 

reinforcers. Furthermore, following training, these responses become triggered by stimuli 

that consistently predict reinforcement. Such responses bear a striking resemblance to the 

prediction-error signal posited by Rescorla and Wagner (reviewed in Schultz, 2002).  

The connection between prediction error and neurophysiology is also supported 

by the results of evoked-potential studies in human subjects. Feedback and response 

triggered error-related negativity (ERN) are two types of evoked response that occur 

during the identification (during the presentation of feedback) or the commission (during 

an incorrect response) of errors (Holroyd and Coles, 2002). Both forms of ERN appear to 

be localized in the medial prefrontal cortex (Holroyd and Coles, 2002). The connection 

between the mPFC and the Rescorla-Wagner error signal, the exceedingly robust 
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projection of the VTA to the mPFC, and the connection between dopamine and neural 

plasticity indicates that error-driven learning may direct associative processes within the 

mPFC. This suggestion, combined with the observation that the mPFC receives a 

convergence of inputs from various sensory systems, motivated the following hypothesis:  

Associative processes within the mPFC will preferentially enhance connections 

between neurons that respond to paired stimuli contributing to the prediction of 

reward. Additionally, associative connections should not form between 

consistently paired stimuli that do not reliably predict reward.  

The last component of the hypothesis follows from the observation that neurons in 

most modulatory systems that are implicated in the regulation of neural plasticity, 

including the dopaminergic system, do not respond to frequently presented stimuli that do 

not predict reinforcement. 

To test this hypothesis, activity from multiple, simultaneously recorded single 

neurons in the rat mPFC was recorded as animals performed a sequence discrimination 

task. This task involved three conditions. In all conditions, the first stimulus of each two-

stimulus sequence predicted the delivery of the second stimulus with a probability of 0.5. 

The conditions differed in the capacity of the various stimuli in the sequence to predict 

the delivery of reward. In the “predictive” condition, the second stimulus always 

predicted the delivery of reward.  In the “non-predictive” condition, the presence or 

absence of the second stimulus was random with respect to reward delivery. In the 
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“never-rewarded” condition, rewards were never delivered. Delays separated the delivery 

of each stimulus and the delivery of reward. 

It was hypothesized that strong stimulus-stimulus associations would form during 

the predictive condition, the condition in which both stimuli in the sequence contributed 

to the prediction of reward. It was further hypothesized that associations would be weak 

in non-predictive and never-rewarded conditions given the fact that in both of these 

conditions, the second stimulus lacked any capacity to predict reward delivery. These 

hypotheses were tested by evaluating stimulus-selective delay activity during the 

intervals that separated the first and second stimulus. Stimulus-selective delay activity 

has been a consistently reported feature of the prefrontal cortex in primates (reviewed in 

Fuster, 1997; Funahashi, 2001) and, more recently, in rats (Batuev et al., 1990; Chang et 

al., 2002; Baeg et al., 2003; Miyazaki et al., 2004). It was assumed that if a strong 

stimulus-stimulus association developed through the course of training, then the 

presentation of the first stimulus should trigger the neural representation of the 

anticipated stimulus (i.e. pattern completion). The strength and degree of selectivity for 

the anticipated stimulus measured during the delay interval was used as an operational 

measure of the strength of the stimulus-stimulus association. Specifically, it was 

predicted that delay activity would be more selective for the anticipated stimulus (relative 

to all other stimuli) in the predictive condition than in the non-predictive condition.  

In addition to exploring the above hypothesis, the responses of neurons to 

‘surprising’ or ‘disappointing’ events (e.g. the absence of an expected reward) was also 
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evaluated. This investigation was motivated by the desire to establish whether a neural 

homolog to Kamin’s ‘surprise’ or Rescorla and Wagner’s ‘error’ was present in the 

mPFC of the rat. The observation of such a signal would be important as it would suggest 

a potential mechanism that may guide learning in the mPFC. Such an observation would 

also suggest that learning in the mPFC is guided by the action of dopaminergic neurons 

in the VTA as these neurons appear to demonstrate such error responses (Schultz et al., 

1997).  
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Summary of the Results 

The results of the investigation suggest that responses during delay periods were 

indeed selective to predictive sequences, a finding that supports the original hypothesis. 

Unexpectedly, however, the results of a detailed evaluation of the head position and 

EMG responses directly challenged some of the major assumptions behind the main 

hypothesis. In particular, it was observed that a significant portion of selective delay 

responses were a consequence of the exquisite sensitivity of prefrontal neurons to 

sensory-motor information, and not due to mnemonic processes intrinsic to the prefrontal 

cortex, or any part of the CNS. Interestingly, this sensitivity to head position was also 

influenced by the degree to which the animals expected future reward, suggesting that 

motivational factors may direct or gate the processing of sensory-motor information.  

The observed sensitivity of mPFC neurons to slight changes in position suggests 

that, in the absence of precise measurement and analysis, the contribution of sensory-

motor information to putative memory driven delay activity may be seriously 

underestimated. This effect could be extensively underreported given that many rodent 

and primate studies do not report the degree to which delay responses are sensitive to 

sensory-motor parameters, either because those parameters are not measured or because 

they were not analyzed with respect to delay activity. 

The results further suggest that animals may readily adopt ‘embodied’ strategies 

to solve many short-interval delay tasks and such strategies may obviate the need for an 

intrinsically sustained memory of the anticipated stimulus. This later point implies that 
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the study of delay activity may benefit from a renewed exploration of how animals utilize 

their bodies and the environment to solve putatively cognitive tasks. It is conceivable 

therefore that current theories of the prefrontal cortex, particularly those theories that 

posit intrinsic, active maintenance processes for short term memory, may need to be 

revised to include wider loops that connect the prefrontal cortex to the body and 

environment. It is further suggested that these loops are active in the sense that animals 

learn to direct their behaviors in order to capitalize on the computational properties of 

their physical environment and their bodies to offset some of the computational 

limitations of the nervous system (e.g. noise, unreliable synapses). To conclude, it is 

worth noting that a similar theoretical reorientation from top-down, cognitive or 

representation-based processing to more interactive and embodied processing has 

occurred and continues to mature in the field of robotics (Brooks, 1991). 
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ORGANIZATION OF THE CHAPTERS: 

Chapters two through four of the dissertation provide the background required to 

understand the psychological and neurobiological motivations for the original 

experimental design. This review begins with behavior, focusing on the rich history of 

theories and observations in the field of associative learning that are relevant to the main 

hypothesis. It will subsequently shift from behavior and associative learning theory to a 

general review of the neurobiological basis of associative and error-driven learning 

(Chapter Three). This review will avoid emphasizing any particular cortical or sub-

cortical region, focusing on the cellular basis of associative learning and the influence of 

neuromodulatory systems. Chapter Four, the final chapter of the review, narrows the 

scope further by introducing the prefrontal cortex and its role in various forms of 

associative learning. A considerable amount of evidence suggests that the prefrontal 

cortex exerts extensive control over many components of associative learning, especially 

outcome and goal directed behaviors. The anatomical, physiological, and behavioral 

evidence for this claim will be described, leading the way to the detailed description of 

the specific hypotheses. Chapter Four concludes with the presentation of these 

hypotheses, and thereby prepares the reader for the description of the experiment and 

experimental methods (Chapter Five), and the results (Chapters Six through Eight). The 

final chapter (Chapter Nine) is devoted to a discussion of the interpretation and broader 

implications of the results. Previous studies of associative learning and selective delay 

activity will be re-evaluated in light of the present findings and alternative interpretations 
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will be presented that emphasize the potential role of sensorimotor information during 

delay tasks. For instance, the possibility that animals utilize embodied behavioral 

strategies to solve a significant subset of tasks that are presumed by many researchers to 

require intrinsic representational systems and strategies will be discussed. In many ways, 

this final chapter is a re-introduction to a large, but essentially forgotten subfield of 

behavioral psychology that has investigated the manner by which animals employ 

embodied solutions solve to many classic behavioral tasks. 
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CHAPTER TWO: ASSOCIATIVE LEARNING AND ANIMAL BEHAVIOR 

 

 

 

 

“Man’s first experience with causes probably came from his own behavior:  
things moved because he moved them.”  

 – B. F. Skinner (1971 ). 

PHILOSOPHICAL ORIGINS 

The field of associative learning is concerned with the rules that determine how 

organisms establish relationships between stimuli, actions, and their outcomes. It is the 

investigation of how minds build maps of the causal structure of the world. Although the 

experimental investigation of associative learning began with the dogs of Pavlov (1927) 

and the cats of Thorndike (1911), its philosophical origin can be attributed to David 

Hume (1711 – 1776). Hume’s contribution was concisely summarized by Castro and 

Wasserman (2005): 

A strong undercurrent in thinking since Hume is that humans do not directly 
apprehend causality. Instead, we make causal inferences based on a restricted set 
of experiences. When (1) two events occur together in time and space, (2) one of 
the events precedes the other, and (3) the two events appear consistently together 
(that is, they do not occur alone)… (4) the same cause always produces the same 
effect, and the same effect never arises but from the same cause. 

Hume’s four points, translated into the terminology of associative learning theory, 

reduce to (1) contiguity, (2) priority, (3) frequency and (4) contingency. With his four 

points, Hume denied the rationalist notion that causal knowledge was acquired through 

reason alone. Instead, he proposed that causality must be induced or derived from direct 
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experience and according to his rules of association. Hume’s first three points were 

eventually validated by the work of the early experimental psychologists (Thorndike, 

1911; Pavlov, 1927; Skinner, 1938). “Contingency”, Hume’s final point, would not be 

recognized as critical for associative learning until the latter half of the 20th century. It is 

an interesting historical coincidence that, while Hume was formulating his laws of 

association, Thomas Bayes’ (1702-1761), a Presbyterian minister and mathematician 

living in London, was developing a mathematical theory of probabilistic inference that 

both challenged and extended Hume’s work. Bayes’ first contribution was his translation 

of Hume’s rigid rules of association (e.g. Hume’s use of terms such as “always” and 

“never”) into the language of probability. For example, in Bayes' approach, an 

association between two events could be formalized as a conditional probability or 

"belief" (e.g. P(food|bell|), P(US|CS)). Of further importance was Bayes' Rule, a simple 

equation that described how those “beliefs”, could be combined to generate predictions1 

and how prior knowledge could influence those predictions. Bayes provided a framework 

that connected Hume’s rules to a world where A does not “always” precede or co-occur 

with B. Bayes also provided a mechanism by which observed associations could be 

combined to form novel inferences. The importance of Bayes’ Rule for experimental 

psychology and neuroscience has become apparent in recent years with its successful 

application to the study of causal learning and neural coding (Zhang et al., 1998; Baeg et 

al., 2003; Kruschke, 2006; Shanks, 2006; Tanaka et al., 2006). 

                                                 
1 Bayes’ theory differed from Hume’s theory of induction on the issue of priority as Bayes’ theory does not 
allow for a description of temporal order. 
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SCIENTIFIC ORIGINS 

The end of the 19th century marked the demise of the introspective school of 

psychology and the emergence of psychology as a quantitative and experimental science. 

This transition was accompanied by a renewed interest in Hume’s rules of association. 

Experimental validation of Hume’s first three rules can be largely attributed to Ivan 

Pavlov (1849 - 1936) and Edward Thorndike (1874 - 1949). The behavioral observations 

of these two researchers established that associations between responses, stimuli, and 

outcomes are governed largely by the contiguity between these three events, the 

frequency of their occurrence, and the order in which they are presented (priority). The 

vast majority of the early work in associative learning concerned the formation of 

stimulus-outcome, stimulus-response, and response-outcome associations. The 

subsequent observation of  “sensory preconditioning” by Podkopaev, one of Pavlov’s 

students (reviewed in Kimmel, 1977), further established that these rules also apply to the 

formation of stimulus-stimulus associations. The capacity of simple associative rules to 

describe such a wide range of learning encouraged many researchers to presume that 

contiguity, priority and frequency were sufficient for the development of all forms of 

associative behavior.  

One of the chief proponents of this view was B. F. Skinner. Results from one of 

Skinner’s more famous experiments emphasized further the importance of contiguity 

(Skinner, 1948). In this experiment, pigeons were placed in an operant chamber and 

provided reinforcement on a fixed interval schedule. During the course of the experiment, 
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the pigeons developed a variety of idiosyncratic and repetitive behaviors that lasted 

throughout the delay interval. Skinner’s rather subjective observations indicated that 

these behaviors were the result of the reinforcement of whatever random behavior the 

pigeon performed  immediately prior to reward delivery. The implication of this finding 

was that complex behaviors that appear to bear no temporal relationship with an outcome 

are actually the consequence of subtle patterns of contiguity. Furthermore, such 

associations will develop during Pavlovian tasks in which the behavior does not 

determine reward delivery. The observation of stereotyped behaviors during fixed and 

variable interval schedules has been subsequently replicated, and these behaviors have 

been further classified under the headings of mediating, collateral or adjunctive behaviors 

(Wilson and Keller, 1953; Hodos et al., 1962; Laties et al., 1965; Ono, 1987). Although 

the emergence of stereotypic behaviors during delay intervals has been reported by other 

researchers, Skinner’s main conclusion, that such behaviors develop as a function of 

selective reinforcement, has been questioned (Staddon, 1992). One criticism of the 

original experiment was the absence of any detailed assessment of the initial ensemble of 

random behaviors that existed prior to the development of the superstitious behavior. As 

a result, the experiment lacked a clear null hypothesis, limiting the Skinner’s strong claim 

that these behaviors were caused by the contiguous delivery of reward (Staddon and 

Simmelhag, 1971).  
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The Limits of Simple Explanations 

 

"Behaviorism is indeed a kind of flat-earth view of the mind."  

 – Arthur Koestler (1967), p. 17. 

 

The simplicity of the classic associative model, combined with a wealth of 

behavioral evidence encouraged many researchers to consider these factors not only 

necessary but sufficient for most forms of associative learning. The first challenge to this 

view came from Edward Tolman (1932) who suggested that, contrary to Thorndike’s 

Law of Effect, animals can learn associations in the absence of outcomes. Tolman 

demonstrated this effect in an experiment in which he initially allowed rats to explore a 

novel maze in the absence of reward or punishment. During a subsequent test on the same 

maze, Tolman evaluated the animals’ capacity to locate rewarded food locations and 

observed that, relative to controls, the pre-exposed animals rapidly located food locations. 

Further experiments convincingly demonstrated that the rats had learned a flexible 

cognitive map of their environment, and that the formation of this map was independently 

of any chain of stimulus-response or response-outcome associations (Tolman, 1948; 

Lashley, 1951). These observations led Tolman to conclude that animals are capable of 

developing representational systems built upon complex associations between stimuli, 

even when these stimuli are presented  in the absence of outcomes. He further suggested 

that these representational systems can be flexibly accessed to achieve goals (Tolman, 

1948). 
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A second failure of the classic model was its assertion that contiguity between 

stimulus and outcome was sufficient for associative learning. A major obstacle to this 

point of view appeared in 1968 as a consequence of an experiment performed by 

Rescorla (1968). In this experiment, rats were intermittently exposed to a tone while they 

waited in a cage. Rescorla independently varied the conditional probability that a shock 

would be delivered to the floor of the cage during the presentation of the tones and during 

the delay intervals that separated them (e.g., P(shock|tone) and P(shock|no tone)). 

Initially, animals were tested with P(shock|tone) set to 0.4 and P(shock|no tone) set to 

0.0. As expected, animals quickly developed an aversive response to the tone in this 

condition. Troubling for contiguity theory, however, was the observation that the 

selective response to the tone gradually disappeared as P(shock|no tone) was increased 

but P(shock|tone) was held constant. In other words, the apparent association between the 

CS and US decreased even though the contiguity of the shock and tone was held constant. 

These results have been widely interpreted to suggest that contingency and not 

necessarily contiguity can direct learning, although some deeply disagree with this 

interpretation (Papini and Bitterman, 1990). 

Additional evidence contrary to contiguity theory appeared only a year after 

Rescorla’s experiment when Leon Kamin reported the phenomenon of ‘forward 

blocking’ (Kamin, 1969). Forward blocking is the consequence of a two-stage 

experimental training procedure. In the first stage, animals are trained to associate a 

stimulus with a salient outcome until an association can be demonstrated. Following this 
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stage of training, a second stimulus (CS2) is presented in compound with the first and 

repeatedly paired with the original outcome. Following this procedure, the strength of the 

association of the first and second stimulus to the outcome are determined. The surprising 

result is that, even though the contingency and priority relationship between the second 

stimulus and the outcome is strong, an association between the second stimulus and the 

outcome does not develop. This observation has been subsequently replicated in all 

manner of species, including pigeons (Good and Macphail, 1994), mollusks (Sahley et 

al., 1981), honeybees (Couvillon et al., 1997), and humans (Arcediano et al., 1997).  

Modern Theories of Associative Learning  

It is perhaps no coincidence that many of the limitations of early associative 

learning theory became apparent during the 1950s and 1960s. This period was 

revolutionary for the field of psychology as it marked the rapid decline of the behaviorist 

ethos and the rise of the cognitive revolution. This period of intellectual soul-searching 

resulted in a renewed focus on information processing, and yielded a series of elegant 

models of associative learning that not only described the behavioral observations from 

the preceding half century but also integrated the latent (‘cognitive’) factors advocated by 

Tolman, such as salience and prediction (Rescorla and Wagner, 1972; Mackintosh, 1975; 

Pearce and Hall, 1980). All of these models presented relatively simple accounts of 

blocking and other associative behaviors. They differed fundamentally in whether the 

model was focused on the processing of stimuli (Mackintosh, 1975; Pearce and Hall, 

1980) or outcomes (Rescorla and Wagner, 1972). For example, Mackintosh (1975) 
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proposed that the blocking effect was a result of animals actively learning the irrelevance 

of blocked stimuli.  In contrast, Rescorla and Wagner (1972) proposed that blocking is 

due to an absence of learning. In the Rescorla-Wagner (RW) model, learning is a function 

of the predictions associated with the delivery of an outcome. During the first stage of 

training, the animal learned that the first stimulus adequately predicted the outcome and 

was therefore not surprised (no error) by the delivery of the outcome during the second 

phase. As a consequence, the second stimulus is never or is only weakly associated with 

the outcome. The error signal was a far more specific learning signal than the surprise 

signal originally proposed by Kamin (1969) and incorporated into the models of 

Mackintosh (1975). Unlike these interpretations of surprise, prediction error can be 

positive or negative in the sense that signal that can guide the strength and direction of 

learning. Surprise may indeed guide the strength of learning, but the term does not 

suggest a bi-directional signal.  

The Rescorla-Wagner model will be the focus of the following pages, perhaps at 

the unfair expense of the models of Mackintosh (1975) and Pearce and Hall (1980). This 

bias is partially due to the dominance of the Rescorla-Wagner model, and partially due to 

a series of compelling neurobiological observations that suggest that this simple model 

can span both behavioral and neurobiological levels of explanation. The importance of 

this last point cannot be understated as a full and satisfying explanation of behavior will 

require such crossover, a point that will be made clear in later chapters that review the 

neurobiology of surprise and prediction error. 
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From Prediction Error to Temporal Difference Learning 

 

“… every one of the rats banged his nose into the end of the blind alley with 
considerable violence.”  

– Gingerelli (1929 p. 255) commenting on the behavior of over-trained 
rats following a modification to a familiar maze. 

Theories of learning that share much in common with the Rescorla-Wagner rule 

can be found in fields as diverse as computer science (Sutton and Barto, 1998), 

engineering (Kalman, 1960; Widrow and Stearns, 1985), and neuroscience (Stent, 1973; 

Montague et al., 1996). At the foundation of all of these theories is the delta-rule. Delta 

(∆) is the traditional symbol for a difference between two values. In the case of the 

Rescorla-Wagner rule, delta represents the difference between an expectation and an 

outcome. In fields like engineering, statistics, and computer science, delta reduces to an 

error term that must be minimized to, for example, fit a regression line to a field of points 

or to control a robotic arm. Delta is bi-directional in the sense that a positive or negative 

value results in an increase or decrease in a parameter of some function. In the case of 

associative learning, the function describes the connection between a stimulus, response 

or outcome and the parameter represents the associative strength between those two 

events. In the case of statistics, the function could be the equation of a line (e.g. y = mx + 

b) and the parameters could be the slope and intercept. 

Although delta is an important component of the Rescorla-Wagner (RW) rule, it 

is not sufficient. A few additional terms needed to be added to the delta rule if the RW 

model is to describe many observed associative behaviors (e.g. overshadowing,  stimulus 
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competition, and stimulus salience). It is therefore worthwhile reviewing the rule in its 

entirety in order to understand how it accounts for various behavioral phenomena. An 

understanding of the RW rule also serves as a foundation for the subsequent introduction 

of the temporal difference (TD) learning rule, a modern associative learning rule that uses 

features of the RW rule to describe how animals actively learn associations between 

events that are separated in time (See Sutton and Barto, 1998). The original RW learning 

rule is as follows: 

  ∆V j = αjβ(λ - ΣV i)   (1.0) 

where ∆V j is the change in the association strength between a stimulus j and the 

outcome (US). αj and β represent the salience of the stimulus and outcome respectively 

and the product of these two terms defines the learning rate.  λ is the maximum 

association strength that can be attributed to the outcome, and ΣV i is the sum of the 

association strengths between all of the stimuli occurring on that trial and the outcome. 

This term results in the RW rule being competitive in the sense that a limited amount of 

associative strength (λ) can be distributed among the stimuli. This feature allows the RW 

rule to describe overshadowing and blocking as the most salient or predictive stimuli 

quickly acquire the majority of the associative strength. The example of blocking serves 

as an instructive demonstration of the RW rule. During the initial phase of training in the 

blocking paradigm, the first stimulus (CS1) is paired with the outcome until Vi 

approaches λ so that the learning (∆V j) approaches zero. In the second phase of training, 
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where CS1 and CS2 are presented in compound with the US, the CS2 acquires little 

associative strength since pre-training on CS1 reduced ∆V j to zero.  

Although the RW rule is compelling in its simplicity and explanatory power, an 

important weakness is the avoidance of the question of time. The RW rule assumes that 

all stimuli and outcomes are presented at once (compounded). The basic principles of the 

RW learning rule can be extended to the temporal domain by modern theories of 

associative learning. A general framework for many of these modern theories is 

reinforcement learning (Sutton and Barto, 1998). Temporal difference (TD) models are 

one class of learning model within this framework. All TD models learn by gradually 

adjusting the reinforcement value associated with each possible ‘state’ in a task through 

the delta rule. The choice of states for a given task is up to the modeler, but they typically 

include a discrete representation of the stimuli, reinforcers and time. Actions are typically 

chosen by either selecting those states with the highest associated value or according to a 

random selection rule (e.g. random when the agent must explore various choices and 

outcomes and non-random when the agent must exploit existing knowledge). TD models, 

such as the actor-critic model, learn through the propagation of the difference between 

expected and actual reinforcement to earlier states. This error is functionally identical to 

Rescorla and Wagner’s prediction error. Furthermore, once this error transfers to earlier 

states, these states effectively become reinforcers and exhibit the same capacity to direct 

learning through error. This feature allows the model to ‘bootstrap’ learning in the 

absence of an outcome (Sutton and Barto, 1998). For example, the unexpected absence of 
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a predicted state associated with reward (e.g. the omission of an expected tone at 1000 

msec post fixation), would result in a negative error signal. This signal would then 

propagate in time to decrease the value of earlier states that preceded the omission. 

Neurons with response properties that mirror the TD error signal have been 

reported in the mesolimbic dopaminergic system (Schultz, 1997). Furthermore, models 

based on TD learning have become powerful tools for modeling animal behavior (Gluck 

and Thompson, 1987), physiology (Stent, 1973; Montague et al., 1996), hemodynamic 

responses (O'Doherty et al., 2004; Haruno and Kawato, 2006), and evoked potential 

responses (Holroyd and Coles, 2002). All of these observations suggest that the 

prediction error signal and the TD model may help bridge the gap between behavioral 

and biological levels of description. 

OPEN QUESTIONS 

It would be unbalanced to end this chapter with such an optimistic review of the 

RW and TD models of learning. There are many observations, even under classic 

associative paradigms, that cannot be explained by these simple approaches. Perhaps the 

most obvious is the problem of extinction. Extinction is the process by which a 

previously conditioned stimulus-outcome or response-outcome association is diminished 

by pairing the stimulus or response with the absence of an outcome. Since Pavlov (1927), 

it has been proposed that extinction does not erase the association, but is a consequence 

of the formation of new associations. Under the RW and TD models, extinction occurs as 

a result of the erasure of the previous associations as a consequence of the negative 
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prediction error. Contrary to this hypothesis, previously extinguished behaviors can be 

reinstated in a number of ways, such as through exposure to a novel context or waiting 

for an extended period between training and testing. These results suggest that extinction 

does not involve ‘unlearning’ or ‘erasure’, but instead involves the learning of new 

associations that interfere with the expression of the extinguished association.  

A second problem with the RW and TD models is the observation that associative 

learning can occur in the absence of stimuli or responses. This point is illustrated with the 

example of superlearning (Turner et al., 2004). Superlearning is an associative training 

paradigm in which two compounded stimuli are conditioned to the delivery of a 

reinforcer (e.g. AB�O). Following training, one of the two stimuli is associated with the 

absence of the outcome (e.g. A prevents O). When B is subsequently tested, the 

associative strength (B�O) is nearly twice as large as the original AB�O association. 

The problem with this observation, at least for current models of associative learning, is 

that the B�O association changed during the A�O training phase. No feature of 

temporal difference learning and RW learning allows for such an effect.  

To conclude, there are open questions and clear room for improvement for the 

current assortment of theories of associative learning, but, even so, the simplicity and 

explanatory power of the TD and RW rules is impressive, especially considering the 

growing evidence that has begun to link these learning models with neurophysiological 

observations. The connection between the TD model and biology is an appropriate point 
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to finish this section, as the neural basis of associative learning is the topic of the next 

chapter. 
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CHAPTER THREE: ASSOCIATIVE LEARNING, FROM BEHAVIOR TO 
PHYSIOLOGY 

 

 

 

"I am profoundly convinced that psychological progress will depend on research 
such as yours... that psychological theories can go no farther without a more 
detailed basis in neurophysiological fact."  

 – D. O. Hebb, from a letter to Lorente De Nó, May 4, 1944.  

 

BRIDGING CONCEPTIONS  

In 1938, Raphael Lorente de Nó published a manuscript that detailed how subsets 

of neurons throughout the brain are organized into closed or ‘re-entrant’ circuits (Lorente 

de Nó, 1938). At the time, Lorente de Nó believed that his observation was entirely 

irrelevant for the field of psychology. Hebb disagreed, and made the observation of 

reentrant circuits the cornerstone of his theory of the ‘cell assembly’, a theory which he 

would argue was “… a bridging conception, relating the mediating process—known from 

behavior—to brain function” (Hebb, 1972).  

Hebb’s “bridging conception” of the cell assembly was not the first important 

effort to cross the gap between behavioral and physiological levels of description. In fact, 

cell assembly theory was built upon the assumption that the laws of behavior (e.g. Hume, 

Pavlov and Thorndike) also applied to the formation of associations between neurons. 

This idea can be traced to the publication of two books, both entitled “The Principles of 
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Psychology”. The first book was written by Herbert Spencer (1855), and the second was 

written by William James (1890). Although James was sharply critical of Spencer, both 

authors agreed that the foundation of behavior rests in the pattern of connectivity between 

neurons. James went further to suggest that correlated activity between "nerve-elements" 

strengthened the "associative paths" that connected them. Perhaps due to the rudimentary 

state of neuroscientific understanding at the turn of the century and the growing 

dominance of Behaviorism, these ideas were not significantly extended until Jerzy 

Konorski (1948) and Donald Hebb (1949) proposed theories of the brain and behavior 

that connected these old ideas of associative learning between “nerve elements” (James’ 

term) with recent neurobiological and behavioral observations. For example, Jerzy 

Konorski summarized his biological formulation of the learning rule as follows: 

“The formation of excitatory synaptic connexions between two coupled centers as 
a result of their concurrent excitation... 

The formation of inhibitory connexions between two centers as a result of 
coincidence in excitation of conditioned center with fall of excitation in the 
unconditioned center.” – Jerzy Konorski (1948). 

Donald Hebb provided this complementary definition: 

“When an axon of cell A is near enough to excite cell B or repeatedly or 
consistently takes part in firing it, some growth or metabolic change takes place in 
one or both cells such that A's efficiency, as one of the cells firing B, is 
increased.”   – Donald Hebb (1949). 

As these postulates suggest, contiguous and sequential firing activity between a 

pair of neurons determines the strength (and direction, in Konorski’s definition) of the 

association. This postulate mirrors Hume’s notions of contiguity and priority and Pavlov 

and Thorndike’s experimental observations, and was a significant step towards bridging 
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the gap between behavioral and biological laws of association. Hebb realized, however, 

that this simple rule was not sufficient to explain de-novo learning. In Hebb’s words… 

"... the concept of block and facilitation at the synapse postulates a process which 
can strengthen and perpetuate a route once formed, but none whatever to account 
for the establishment of the route in the first place – a most important weakness in 
the whole theory." – Donald Hebb (1934, p. 15). 

 

 Hebb was able to overcome this limitation with his concept of the cell assembly. 

Specifically, Hebb suggested that cells within an assembly were weakly and sparsely 

connected to cells outside the assembly, a concept that shares much in common with 

modern concepts of small-world networks (Watts and Strogatz, 1998; Sporns and Zwi, 

2004). As a consequence, neurons retain the capacity to form new associations and 

become integrated into new functional assemblies following training. Hebb went on to 

speculate how these assemblies, guided by various patterns of input from sensory 

receptors, could interact to store memories and guide behavior.  

ASSOCIATIVE PLASTICITY AND ASSOCIATIVE LEARNING 

Although experimental evidence for the presence of cell assemblies would not 

arrive until the advent of parallel recording technologies, direct physiological support for 

a neurobiological rule of association was obtained in the 1970's with the observation of 

long term synaptic enhancement (LTP). LTP is the lasting increase in synaptic 

excitability (hours to days) following pre-synaptic stimulation (Bliss and Lomo, 1973; 

McNaughton et al., 1978). Notably, LTP calls for pre and post-synaptic activation, 

suggesting that it demands the correlated activity of the pre and post synaptic neuron. 
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Advances in neuroscience have extended these results considerably; however, these 

advances have also encouraged considerable revision of the original learning rule. For 

instance, the strength of the associative connection is also influenced by negative 

correlations between the activities of those neurons (Stent, 1973), by changes in 

correlation over baseline levels (Ahissar et al., 1998), by the level of depolarization of the 

postsynaptic cell (Bienenstock et al., 1982), and by the precise timing and temporal 

ordering of action potentials (Bell et al., 1997; Markram et al., 1997; Bi and Poo, 1998). 

It has also been suggested that the form of the learning rule, for instance, the degree to 

which spike timing or spike frequency influences the development of LTP, may depend 

on the location of the target synapse on the dendritic tree and its proximity to other 

functionally similar synapses (Mehta, 2004). The relevance of these observations is not 

confined to the synapse as interventions that affect the genetic, molecular, and cellular 

processes involved in LTP and other forms of associative plasticity also produce 

profound changes in behavioral measures of learning and memory (Buonomano and 

Merzenich, 1998; Edeline, 1999; Sanes and Donoghue, 2000 for reviews). 

The utility and explanatory power of correlation-based rules of associative 

learning can be appreciated by a review of recent models of receptive field formation 

(Linsker, 1990; Simoncelli and Olshausen, 2001). These neural-network models combine 

Hebbian learning with a few constraints, such as the requirement of sparse activation (e.g. 

Olshausen and Field, 1996). As these networks are trained on a series of images of 

natural scenes, the individual neurons within the network develop hierarchically 
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organized and orientation specific receptive fields that bear striking similarities to the 

fields of simple cells in the visual cortex. Furthermore, some versions of these networks 

are capable of rapid, translation invariant recognition of objects within visual scenes.  

Although Hebbian plasticity appears to be sufficient for certain classes of neural 

representation (e.g. the development of classic receptive fields), it is also apparent that 

Hebbian processes are not the sole determinants for the formation of associative 

connections. For instance, synaptic plasticity can be facilitated by the behavioral state of 

the animal (Ahissar et al., 1992), the relevance of the stimuli (Buonomano and 

Merzenich, 1998; Sanes and Donoghue, 2000), and outcomes (Bao et al., 2001). Many of 

these effects may be driven by action of neuromodulators (Bao et al., 2001; Doya, 2002; 

Gu, 2002). These observations suggest that associative plasticity is tightly regulated by 

factors that go beyond contiguity and, in agreement with Tolman's concept of 

"intervening variables", appear to be modulated by factors such as motivation, fear, 

vigilance, novelty of the environment, surprise and the prediction error (Schultz and 

Dickinson, 2000). The effects of surprise and prediction error are particularly relevant to 

the present study given their relationship to the Rescorla-Wagner learning rule and 

temporal difference learning. For the purposes of the present discussion, surprise will 

refer to any distinctive response to an unpredicted event, while prediction error will refer 

to the original Rescorla-Wagner definition as a bi-directional (i.e. positive or negative) 

learning signal. In parallel with the behavioral observations (Kamin, 1969), much of the 

nervous system appears to be organized around the detection and processing of surprising 
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events. The following sections describe the influence of surprise on neural activity and 

how surprise may influence neural plasticity.  

SURPRISE, ERROR AND NEURAL SYSTEMS 

Behavioral evidence suggests that the experience of surprise can significantly 

influence, and may even be necessary for many forms of associative learning (Kamin, 

1969; Lubow, 1973). The question of how surprise affects associative plasticity is an 

open question. This issue is complicated by the myriad overlapping mechanisms by 

which modulatory systems may influence plasticity. This section will begin with a short 

conceptual review of the modulatory mechanisms, and concludes with a description of 

three major modulatory systems and their potential roles in surprise-mediated learning. 

The first mechanism by which surprise may influence associative plasticity is by 

affecting how the nervous system processes stimuli associated with the surprising event. 

The influence on plasticity is indirect in that an enhancement in the processing of the 

stimuli could alter connectivity by increasing the likelihood that neurons associated with 

the stimuli fire-together, a necessary requirement for Hebbian learning. Given its reliance 

on the processing of the stimuli, this mechanism is referred to as the “stimulus-

processing” account of surprise-mediated associative plasticity. The second mechanism, 

referred to as the “direct-Hebbian” account, is direct in the sense that the surprise signal 

results in the direct modification of the synaptic connection between the neural 

representations of the stimulus and outcome. In this scenario, the neural consequences of 

surprise enable lasting changes in synaptic strength in response to the correlated activity 
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of neurons. The third mechanism, termed the “error-driven” account, also produces direct 

alterations of synaptic connectivity; however, the direction of the synaptic change 

(stronger or weaker) is not due to Hebbian mechanisms, but due to an extrinsic error 

signal. This error signal determines whether the connection strength will be enhanced or 

reduced. Such a mechanism coincides with many models of learning that propose a bi-

directional and error driven learning rule (Rescorla and Wagner, 1972; Widrow and 

Stearns, 1985; Montague et al., 1996). The final mechanism, referred to as “gating”, 

operates by allowing the neural signals associated with the novel outcome to proceed to 

higher-level associative centers that, in turn, store the association through Hebbian 

mechanisms. 

To conclude, this conceptual description of the mechanisms by which outcomes 

influence associative plasticity provides a foundation for a discussion of a possible neural 

mechanism. Most proposed mechanisms depend in some way on the action of the 

neuromodulatory system. Modulatory neurotransmitters have long been linked to changes 

in plasticity and changes in sensory processing. Furthermore, surprising events result in 

phasic and/or sustained elevations of the activity of neurons in many neuromodulatory 

nuclei. The potential connection between surprise, error and a modulator-driven 

‘plasticity’ signal is reviewed below.
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NEUROMODULATORS AND ASSOCIATIVE PLASTICITY 

 Although various neuromodulatory centers have been connected directly or indirectly to 

the  regulation of neural plasticity, three systems deserve particular attention. The 

neuromodulators associated with these systems include acetylcholine (nucleus 

basalis/medial septum), dopamine (ventral tegmental area/substantia nigra), and 

norepinephrine (locus coeruleus). Neurons in all of these systems respond to unpredicted 

delivery of reward or punishment and to the stimuli that have been associated with 

reward delivery (prediction). Moreover, all of these systems have been implicated in the 

biochemical processes involved in neural plasticity. The systems may differ, however, 

with regard to how they influence neural plasticity. For instance, some modulators appear 

to influence plasticity in accordance with the stimulus-processing account of associative 

learning by altering the excitability of individual neurons or by gating the flow of 

information through networks of neurons. Other modulatory systems appear to act in 

accord with the direct-Hebbian, error-driven or gating accounts by triggering processes 

within neurons that facilitate the formation of synaptic connections. Even though some 

interesting advances have been made in recent years, no clear consensus has developed 

regarding the precise function of any modulatory system. Presented below is a review of 

some of the existing evidence that connects the dopaminergic, noradrenergic and 

cholinergic systems with outcome-mediated neural plasticity. 
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Acetylcholine  

Considerable physiological and anatomical evidence suggests a role of the 

cholinergic system in outcome-driven associative learning. First, neurons in this system 

respond robustly to various outcomes. For instance, neurons in the nucleus basalis2 

respond robustly to unpredicted rewards (Richardson and DeLong, 1990). Cholinergic 

neurons also respond to conditioned stimuli, reward-predicting stimuli and primary 

rewards (Wilson and Rolls, 1990). Reports of cholinergic responses that parallel the bi-

directional responses associated with error (e.g. increase to unpredicted reward but a 

decrease to the commission of an error) have been notably absent from the literature, 

suggesting that the cholinergic system may not be involved in error-driven learning.  

There is also considerable evidence that the cholinergic system influences neural 

plasticity. For example, notable reductions in behavioral measures of associative learning 

and memory have been observed following lesions to the nucleus basalis or to the 

administration of cholinergic antagonists (Petersen, 1977; Webster et al., 1991; 

Baskerville et al., 1997), while activation of the cholinergic system is also associated with 

significant improvements in learning (Levin et al., 1990). Furthermore, cholinergic 

depletion prevents the reorganization of cortical maps in the somatosensory cortex of cats 

(Juliano et al., 1991) and prevents the formation of associative connections in the barrel 

cortex of the rat (Baskerville et al., 1997). These manipulations do not produce any short-

term changes in receptive field properties, which suggests that the changes in the cortical 

                                                 
2 Only about 1/3 of nucleus basalis neurons are cholinergic. The rest are either interneurons or unspecified.  
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maps did not result from alterations in stimulus-processing. In addition, lasting changes 

in receptive fields can be induced following the long-term pairing of electrical 

stimulation of the basal forebrain and the presentation of auditory stimuli (Kilgard and 

Merzenich, 1998). Interestingly, these changes can result in the expansion or the 

contraction of the field, depending on pattern of presentation of the stimuli. Specifically, 

broader receptive fields were observed when animals were presented a pulsed stimulus of 

a single frequency, while narrower receptive fields were observed if this stimulus was 

combined with a second stimulus of a different frequency. Furthermore the activation of 

acetylcholine appears either to increase or decrease c-fos expression, a gene associated 

with LTP induction (for a review see Di Chiara et al., 1994), suggesting a direct role in 

the modulation of plasticity. It is important to note that most of these changes occur over 

weeks, suggesting that acetylcholine regulates long-term synaptic connectivity and may 

not be involved in the formation of temporary associations. This possibility is supported 

by the apparent irrelevance of the cholinergic system for behavioral performance during 

spatial working memory tasks (Shen et al., 1996; Chappell et al., 1998). 

Although a preponderance of evidence suggests a role of the cholinergic system in 

synaptic plasticity, there is evidence that the cholinergic system may influence plasticity 

indirectly by affecting the flow of stimulus-related information through the nervous 

system (e.g. the stimulus-processing account). For instance, some investigators suggest 

that the primary role of the nucleus basalis is the control of attention (reviewed in Wenk, 

1997). These investigators point to the fact that neurotoxic lesions of the nucleus basalis 
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(Wenk and Engisch, 1986; Dunnett et al., 1987; Muir et al., 1993) and immunotoxic 

destruction of cholinergic neurons (Stoehr et al., 1997) result in deficits in selective 

attention rather than deficits in memory.  

Norepinephrine 

As with the neurons of the nucleus basalis, neurons in the locus coeruleus (LC) 

respond to unpredicted rewards and novel stimuli (Foote et al., 1980; Aston-Jones et al., 

1994). However, unlike cholinergic neurons, noradrenergic neurons cease responding to 

primary rewards once the reward is fully anticipated (Aston-Jones et al., 1994), a result 

indicative of a role in outcome prediction. The capacity to adapt to familiar stimuli 

appears to be a common feature of the locus coeruleus. For instance, LC neurons respond 

to novel target stimuli during reversal training, but responses gradually diminish their 

responses to familiar stimuli (Aston-Jones et al., 1997). Responses of LC neurons are 

particularly robust to infrequently presented and task-relevant stimuli (Aston-Jones et al., 

1994). As with the cholinergic system, bi-directional and error driven responses of LC 

neurons have not been reported, suggesting that the LC may not be involved in error-

driven learning. The source of the novelty signal that triggers the noradrenergic response 

has not been determined, although it may arrive from the dorsal medial prefrontal cortex 

(dmPFC), a region that appears to exert an exceptional degree of control over the activity 

of neurons in the locus coeruleus. For instance, chemical or electrical stimulation of the 

anterior cingulate cortex results in robust increases in the firing rate of locus coeruleus 

neurons (Jodo et al., 1998). Similar results have been reported following prelimbic 
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stimulation, although these responses are less robust relative to the anterior cto a lesser 

degree (Jodo et al., 1998). Furthermore, neurons selective for novel stimuli in the mPFC 

respond at shorter latencies than novelty-sensitive neurons in the locus coeruleus (Jodo et 

al., 2000), and behavioral and physiological studies suggest the involvement of the mPFC 

in novelty and error detection (see next chapter).  

The connection between the locus coeruleus and outcome-mediated learning is 

also suggested by the effects of norepinephrine on neural activity and neural plasticity. 

For instance, LTP in the hippocampus appears to require the activation of beta-adrenergic 

receptors, although this may not be the case for the neocortex (Watabe et al., 2000; 

Straube et al., 2003). Norepinephrine also appears to alter how neurons process 

information, an observation that supports the gating or stimulus-processing accounts of 

outcome-mediated learning. For instance, the application of norepinephrine can narrow 

the response tuning of individual neurons and increase the gain of the neural response to 

stimuli (Gilzenrat et al., 2002). In addition, evoked excitatory post-synaptic potentials 

recorded from electrodes in the dentate gyrus and generated from stimulating electrodes 

located in the perforant path are reduced following the blockade of noradrenergic 

transmission in the locus coeruleus (Kitchigina et al., 1997). This observation suggests 

that the locus coeruleus may regulate the flow of information into the hippocampus.  

Dopamine 

Of all of the modulatory systems, the midbrain dopaminergic system (ventral 

tegmental area/substantia nigra) has received the greatest attention with regard to novelty, 
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error detection, and neural plasticity. As with the cholinergic and noradrenergic systems, 

the VTA/SN region sends dopaminergic fibers to many cortical and subcortical 

structures, suggesting that this system could have a potentially broad influence on neural 

plasticity. Subcortical targets include the nucleus accumbens, dorsal striatum and 

amygdala and cortical targets include the cingulate and prelimbic regions of the frontal 

cortex and the motor cortex (Gaspar et al., 1989; Berger et al., 1991; Wickens et al., 

1996; Haber and Fudge, 1997). Notably absent are strong connections to posterior 

cortical regions and the hippocampus. The VTA/SN complex also receives widespread 

inputs from many structures including the hippocampus, nucleus accumbens, dorsal 

striatum, raphe nucleus, motor and frontal cortex (Mylecharane, 1996; Haber and Fudge, 

1997). 

Studies that involve the stimulation of the VTA/SN region have resulted in a 

number of interesting behavioral observations, the most common being changes in motor 

and goal directed activity. For instance, stimulation of the VTA results in increased 

exploratory behaviors and eating response (Trojniar and Klejbor, 1999). Furthermore, 

animals allowed to stimulate their own VTA/SN by lever presses will choose to lever 

press over food reward or sex (Olds and Milner, 1954). This observation is perhaps the 

most compelling evidence for the involvement of this system in reinforcement-driven 

associative learning. Stimulation of this region also produces responses in the EEG signal 

that suggest increased alertness and motor activity. For instance, stimulation can result in 

enhanced theta frequency activity in the hippocampus (Vanderwolf, 1969) and cortical 
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desynchronization (Jurkowlaniec et al., 2003), although this observation appears to 

conflict with the observation that stimulation can also synchronize the activity in the 

gamma band (Bao et al., 2001). 
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Figure 3.1: Dopamine neurons respond to the capacity of secondary reinforcers to 
predict reward. A) Rastergrams of single unit responses from the primate ventral 
tegmental area to the conditioned stimuli and reward delivery at various reward 
probabilities. B) Multiunit responses to rewarded (left) and unrewarded (right) trials at 
p = 0.5. The slight dip in the right plot has been interpreted as the negative prediction 
error associated with the absence of a secondary reinforcer. From Fiorillo et al. (2003).A 

connection between the dopaminergic system and plasticity is suggested by the fact that 

artificial stimulation of the VTA enhances receptive field expansion of neurons 
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responsive to repeatedly presented auditory stimuli (Bao et al., 2001). This expansion 

occurs over days and weeks, suggesting that dopamine is involved in long-term plasticity. 

This is supported by the observation that dopaminergic D1 receptor agonists (but not D2) 

appear to facilitate LTP and LTD in the striatum (Calabresi et al., 2000) and the frontal 

cortex (Otani et al., 2003), suggesting a role in the direct-Hebbian account of associative 

plasticity. There is also evidence to suggest that dopamine modulates the activity of the 

NMDA receptors (Neocortex: Di Chiara et al., 1994; Hippocampus: Huang and Kandel, 

1995). The expression of the immediate early gene c-fos also appears to increase after 

dopaminergic D1 receptor activation and decrease after dopaminergic D2 activation (Di 

Chiara et al., 1994). 

The surprise-triggered responses of dopaminergic neurons are more complex than 

the responses observed in the cholinergic and adrenergic systems. In addition to 

responding to the probability of a secondary reinforcer to predict reward (see Figure 3.1), 

these responses appear to be bi-directional as the firing of dopamine neurons increases 

relative to baseline when more reward is delivered than expected and decreases relative 

to baseline when less is received than expected (Schultz, 2002). This observation is 

particularly relevant for error-driven theories of associative learning as the bi-directional 

signal could be interpreted as providing the positive and negative learning signal required 

by the Rescorla-Wagner learning rule. This is supported by the fact that associative 

connections appear to alter in different directions depending on the parameters of 

VTA/SN stimulation and stimulus presentation (Bao et al., 2001). 
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CHAPTER FOUR: THE PREFRONTAL CORTEX, ASSOCIATIVE 
PLASTICITY AND ERROR-DRIVEN LEARNING 

 

A SHORT REVIEW 

With his Law of Effect, Thorndike (1911) proposed that associations between 

stimuli, actions, and outcomes, develop when those outcomes are important. Tolman 

(1949) added that ‘unobservable’ factors such as the animal’s motivational state and 

expectation also contribute. Tolman’s notion of expectation and Thorndike’s emphasis on 

outcomes were framed in a more rigorous theoretical framework by Rescorla and Wagner 

(1972), who suggested that what determines the strength and direction of an association is 

the degree to which outcomes differ from expectations. Although Rescorla and Wagner 

did not propose a specific neural mechanism for error-mediated learning, their theory 

implies the existence of neural systems or signals capable of bi-directionally influencing 

neural plasticity. If plasticity is influenced by such signals, then the consistent 

(predictable) pairing of stimuli and actions with salient outcomes should favor the 

formation of associative connections between neurons. Examining this possibility was the 

principal objective of this dissertation, an objective that can be summarized in the 

following hypothesis.  
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The capacity of a stimulus representation to become associated with another 

representation will be enhanced by the capacity of the stimuli associated with 

those representations to predict reinforcement delivery. Representations that are 

correlated with each other, but do not jointly contribute to the current prediction 

of reinforcement, will not become as strongly associated. 

The most important step towards translating this general proposal into testable 

hypotheses is to connect it with neural systems involved in reinforcement (outcome) 

driven behaviors. Evaluation of anatomical, lesion, and physiological data suggest that a 

subset of cortical and subcortical regions are particularly important for such behaviors. If 

it is determined that, in these systems, the capacity to predict outcomes enhances the 

strength of stimulus-stimulus associations, it would suggest that surprise or error-driven 

mechanisms modulate associative memories between stimuli in the same systems that 

govern goal-driven behavior. Alternatively, if expectation does not influence such 

associations in these systems, then alternative explanations for their function must be 

entertained. For instance, instead of storing behaviorally relevant associations, these 

systems may facilitate the formation of associations in other regions (e.g. see the ‘gating’ 

or ‘stimulus processing’ accounts described in the previous chapter). 

An ideal neural system for the investigation of the above proposal should exhibit 

a number of important features, such as the capacity to integrate information from 

sensory systems, process information related to outcomes and expectations, and guide 

goal-directed behaviors. The prefrontal cortex, perhaps more than any other region, 
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exhibits all of these features. The following pages will describe these features in detail. 

The discussion will also concentrate on the medial prefrontal cortex (mPFC) of the rat as 

the rodent was the chosen subject of experimental investigation. 

The mPFC is a nexus for sensory, motor, and visceral information. This attribute 

is necessary if the mPFC is to store or access the stimulus-stimulus, stimulus-response, 

and response-outcome associations necessary for the performance of goal-driven 

behavior. The second feature is the importance of the prefrontal cortex for error-driven 

learning. For instance, under a number of behavioral paradigms, damage to the prefrontal 

cortex severely impairs the capacity of animals to adjust behavior in response to errors. 

Furthermore, prefrontal neurons respond to actions or stimuli associated with incorrect 

responses (Watanabe, 1989; Holroyd et al., 2006). The third critical feature of the mPFC 

is the apparent capacity of prefrontal neurons to maintain sustained cue-selective activity 

related to previous or anticipated stimuli throughout delay intervals (Goldman-Rakic, 

1996; Fuster, 1999). The identification of stimulus-selective 'delay activity' in the PFC is 

important from practical and theoretical points of view. From a theoretical standpoint, it 

suggests that neurons in the mPFC are not entirely stimulus-driven, but exhibit activity 

that can be maintained by active mnemonic processes. From a practical point of view, 

such activity suggests a method by which the strength of an association may be 

quantified. For example, the degree of selectivity during a delay interval should be largest 

when the delay interval is between two well-associated stimuli, as the presentation of the 

first stimulus should trigger anticipatory delay activity for the paired associate (i.e. 



 

 

56 

 

pattern completion). The three features of the mPFC (connectivity, error-processing, and 

selective delay activity) are discussed in the sections that follow.
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THE FUNCTIONAL ORGANIZATION OF THE MPFC 

The first motivation for the selection of the mPFC was the degree to which it is 

connected to multiple sensory, association, and reinforcement related neural systems. A 

quick review of neuroanatomy indicates that the prefrontal cortex rests at the top of a vast 

cortical and subcortical hierarchy (Conde et al., 1995; Groenewegen et al., 1997), placing 

the region in an ideal position to store and process associations between stimuli that relate 

to behaviorally relevant events and to translate those associations into goal-directed 

action. Although significant cross-species differences exist (Preuss, 1995; Ongur and 

Price, 2000; Uylings et al., 2003; Vertes, 2006), there is a general consensus that the PFC 

is unique in the extent to which it controls goal-directed behaviors and integrates 

information related to stimuli, actions, and outcomes.  
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Figure 4.1: The rat medial prefrontal cortex. A) 3D view with a coronal section near 
the location of the implant. From Gabbott (2005). B) Sagittal view. “B” indicates 
Bregma. Vertical lines indicate the region considered to be prefrontal cortex. From 
Gabbott (2005). C) Coronal section (+3.2 mm from Bregma). From Paxinos (1998). D) 
Sagittal view (1.4 mm lateral). From Paxinos (1998).  

Abbreviations: Acc, anterior cingulate dorsal; IL, infralimbic cortex; PrCm, precentral 
cortex; PrL, prelimbic cortex; d, dorsal; v, ventral; r, rostral; c; caudal.  
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Prior to delving into a detailed discussion of prefrontal anatomy, a broad review 

of the anatomical and functional subdivisions of the region will help to organized the 

unavoidable minutiae that will follow. The rodent mPFC is composed of four major 

subdivisions: the medial precentral3 (PrCm), the anterior cingulate (AC), prelimbic (PL), 

and infralimbic (IL) cortices (reviewed in Uylings et al., 2003; Vertes, 2006) (see Figure 

4.1). An accumulation of anatomical, physiological, and behavioral evidence suggests 

that these subdivisions are functionally distinct (Ragozzino et al., 1998; Gabbott et al., 

2003; Uylings et al., 2003). Although these differences have been acknowledged in 

principal for decades, most behavioral experiments prior to the last decade have utilized 

extensive lesions that extended throughout the dorsal-ventral axis of the mPFC, thus 

limiting the identification of the regions functional organization. Only recently have focal 

stimulation, inactivation, and lesion experiments been attempted, and the results of these 

experiments have revealed considerable functional segregation. The results of these 

experiments, combined with the anatomy, have lead to the conclusion that the mPFC 

should, at the very least, be segmented into dorsal and ventral components. For most 

authors, the dorsal component includes the dorsal prelimbic cortex (dPL) and the anterior 

cingulate cortex, with some authors also including the precentral cortex. The ventral 

component consists of the infralimbic (IL) and ventral prelimbic cortices (vPL), although 

there is disagreement regarding whether vPL and IL should be treated as distinct or as 

one functional unit. Recent investigations of the intrinsic connectivity of the prefrontal 

                                                 
3 Also known as the medial agranular (Agm) or secondary motor (M2) cortex. 
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cortex does support the distinction between the anterior cingulate, prelimbic, and 

infralimbic regions (Jones et al., 2005). Although all of these regions are notable relative 

to other frontal regions by their lack of a granular layer IV, they to exhibit a number of 

anatomical differences. For instance, the cortical layers in IL, as determined by Nissl 

stained sections, are less differentiated relative to PL and AC (Jones et al., 2005). IL can 

also be differentiated from PL and AC with respect to the weakness to which IL neurons 

stain for  parvalbumin and acetylcholinesterase (Jones et al., 2005), suggesting that IL 

may be differentiated by the class of interneurons that occupy the region and the pattern 

of modulatory input. In contrast to IL, PL stains heavily for acetylcholinesterase in the 

superficial layers (Jones et al., 2005). AC is notable for the density to which its neurons 

stain for parvalbumin, although such staining also extends to the dorsal region of PL 

(Jones et al., 2005). Although AC sends strong reciprocal projections to PL, few direct 

projections extend to or arrive from IL. PL, in contrast shares heavy reciprocal 

projections with AC and IL (Jones et al., 2005). Furthermore, as will be discussed 

shortly, the patterns of efferent and afferent projections to the mPFC also distinguish 

these three regions. Before proceeding with a discussion of the anatomy, a short 

introduction to current theories of prefrontal function will be provided.  
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THEORIES OF FUNCTION 

 

"...you shouldn't be looking for a single explanation of how thinking works. 
Evolution has found hundreds of ways to do things, and when one of them fails, 
your mind switches to another. That's resourcefulness."  

 – Marvin Minsky (2004). 

A striking feature of the prefrontal cortex is the broad scope of behaviors it 

apparently mediates. Part of the variety may be due to its extensive connections to nearly 

every major cortical and subcortical region, but also due to functional variations along the 

dorsal-ventral axis. Dorsal regions of the prefrontal cortex appear to be particularly 

involved in learning stimulus-outcome associations (Bussey et al., 1997), the 

organization of behavioral sequences (Ragozzino et al., 1998), the inhibition of prepotent 

actions related to future reward or punishment (Cardinal et al., 2002; de Wit et al., 2006; 

Narayanan et al., 2006), and egocentric working memory for previous or planned 

responses (Ragozzino et al., 1998). A common theme in many of these theories is that 

dorsal regions are involved in organizing actions during goal-directed behaviors. The 

connection of dorsal regions to the control of action is supported by the observation that 

stimulation of the extreme dorsal regions of the mPFC (e.g. PrCm) can result in 

movements of the eye, vibrissa, head and hindlimb (reviewed in Vertes, 2006). 

A considerably different set of functions has been ascribed to the ventral 

prefrontal cortex. Lesion and anatomical evidence suggest the involvement of the region 

in the emotional/visceral and contextual components of goal-directed behavior. For 

example, stimulation and recording studies of the vmPFC (PL and IL) suggest an 
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involvement in the inhibition of context-mediated fear responses when those responses 

are no longer appropriate (e.g. following extinction) (Milad and Quirk, 2002; Quirk et al., 

2003; Lebron et al., 2004; Milad et al., 2004). This is supported by the fact that lesions to 

IL result in deficits in the capacity of animals to control visceral response (e.g. heart rate 

and respiration) to stressful events (Amat et al., 2005), and the observation that 

stimulation of the vmPFC results in changes in respiration, digestion, heart rate, and 

blood pressure (reviewed in Vertes, 2006). Behavior following lesions to PL differ from 

that after lesions to IL in that PL lesioned animals exhibit greater deficits related to 

memory and cognitive control, instead of to visceral and emotional control. For example, 

damage to PL results in deficits in working memory for objects (Ragozzino et al., 2002a) 

and spatial locations (Seamans et al., 1995; Ragozzino et al., 1998; but see Gisquet-

Verrier and Delatour, 2006). 

Both dorsal and ventral regions of the mPFC have been associated with the 

capacity to switch behavioral strategies in response to changes of the relevant stimulus 

dimension (e.g. smell instead of texture) (Birrell and Brown, 2000) and task context 

(Haddon and Killcross, 2005). Such deficits are not observed following mPFC damage 

when the reinforcement contingencies change but stimulus modality remains constant, as 

occurs during reversal learning. Interestingly, deficits in reversal learning are observed 

following lesions to the orbitofrontal cortex of rodents (Birrell and Brown, 2000; 

Chudasama and Robbins, 2003) and primates (Dias et al., 1996), suggesting further 

specialization within the prefrontal system.  
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To summarize, dorsal regions of the mPFC appear to involved in the delay-

dependent (e.g. memory-driven) control of motor behavior and the inhibition of somato-

motor responses that relate to changing task and reinforcement contingencies. Ventral 

regions, in contrast, appear to be specialized for working memory as it relates to goals, 

objects and places. Furthermore, deep ventral regions, such as IL, appear to be involved 

in the adaptive (learned) inhibitory control of sympathetic viscero-motor responses. 

There is considerable evidence that all prefrontal subregions are important during tasks 

that involve delays between events and outcomes and tasks that demand strategy or 

attentional shifts. The functional divisions just described are echoed in the patterns of 

prefrontal anatomy which is the topic of the following section.  
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FUNCTIONAL ANATOMY 

Thalamic Connectivity 

The thalamus serves as the most prominent route by which all regions of the 

prefrontal cortex connect to sensory, viscero-sensory, somato-motor and viscero-motor 

structures (see Figure 4.2). Three separate nuclei of the thalamus are of special interest 

given their connection to the mPFC and their involvement in adaptive associative 

behaviors. These nuclei include the medial dorsal thalamus (MD), the reticular nucleus 

(RN), and the nucleus reuniens (RE). The connection between the prefrontal cortex and 

the mediodorsal nucleus is the most prominent of the three, and the pattern of MD 

innervation is considered by a number of anatomists to be the most distinctive feature of 

the region (Rose and Woosley, 1948; Uylings et al., 2003). Efferents from MD synapse 

throughout the dorsal-ventral extent of the mPFC as well as in orbital and lateral regions. 

The MD nucleus is significant in that neurons from this nucleus project to an array of 

limbic, modulatory, and visceromotor centers such as the agranular insular cortex, 

amygdala, entorhinal cortex, ventral striatum, raphe nucleus, locus coeruleus, ventral 

tegmental area, and reticular formation (Groenewegen, 1988; Vertes, 2006). Most of 

these projections are bi-directional, suggesting that this nucleus is not merely a relay, but 

an integration zone where signals arriving from multiple limbic and brainstem nuclei 

converge. This integration zone is also heavily modulated, not only by its strong 

connection with various brainstem modulatory centers (e.g. the VTA), but also by the 

powerful GABAergic projection it receives from the thalamic reticular nucleus. 
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Furthermore, lesions to the mediodorsal thalamus result in behavioral deficits during the 

performance of delayed response tasks (Floresco et al., 1999a). Similar deficits are 

commonly reported following prefrontal lesion in the rat (Floresco et al., 1997) and 

primate (Jacobsen, 1936).  
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Figure 4.2: Schematic of the mPFC and its major inputs and outputs. Line width 
indicates the relative strength of the projection. Dashed boxes indicate regions that are 
principally inhibitory, and inhibitory projections are indicated by lines terminating in 
filled circles. Arrows indicate projections that are excitatory or a mixture of excitatory 
and inhibitory. Circular regions indicate neuromodulatory centers. Abbreviations: 
anterior insular cortex (AIC), basolateral amygdala (BLA), central nucleus (CA), 
hippocampus (HC), lateral hypothalamus (LH), lateral tegmental nucleus (LTN), locus 
coeruleus (LC), medial prefrontal cortex (mPFC) mediodorsal nucleus (MD), nucleus 
basalis (NB), nucleus reuniens (NR), orbitofrontal cortex (OFC), parietal cortex 
(parCTX), reticular thalamic nucleus (RN), ventral tegmental area (VTA).   
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The reticular nucleus (RN) is a second thalamic nucleus with a significant bi-

directional connection with the mPFC. This nucleus is composed almost entirely of 

GABAergic neurons situated in a thin shell on the inside wall of the thalamus. This 

nucleus can be accurately described as the gateway to the thalamus as most 

corticothalamic and thalamocortical projections pass through RN on the way into or out 

of the thalamus (Jones, 1975). Projections into RN are topographically organized by 

sensory modality with the exception of the olfactory system. The topography is organized 

along both the rostrocaudal and dorsoventral extent of the RN. This property has led 

some authors to suggest that the RN is involved in gating attention to specific sensory 

modalities (reviewed in Guillery et al., 1998). This hypothesis is further supported by 

results from a study by McAlonan et al. (2000). The authors evaluated the pattern of 

activation of RN neurons during tests of blocking similar to the original blocking studies 

of Kamin (1969). In this study, significant activation of RN sub-regions was associated 

with the unblocked but not the blocked stimulus. This result suggests that RN neurons do 

not merely function as sensory relays but rather suggests that sensory information is 

highly processed prior to arriving to the RN or is processed within the RN. 

The mPFC projects primarily to the anterior (rostral) portion of the RN. This 

connection is unique as a small but significant fraction of these projections end in 

exceedingly large presynaptic boutons (Zikopoulos and Barbas, 2006). Notably, all other 

corticothalamic projections are terminated with small boutons. These large boutons are of 

interest as large boutons are more likely to exert stronger postsynaptic effects (e.g. 
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through multivesicular release (Rosenmund and Stevens, 1996)). As a result, these 

synapses could more efficiently activate the RN and thereby exert considerable inhibitory 

control over the flow of corticothalamic and thalamocortical information. This control 

could potentially gate sensory information related to specific behavioral goals. As 

mentioned earlier, the RN also projects robustly to MD, suggesting that inhibitory control 

extends to the most prominent source of thalamic input into the mPFC. The topographic 

organization of this projection suggests that the prefrontal cortex could selectively block 

the flow of task-irrelevant sensory, motor or visceromotor responses from the thalamus 

into the mPFC and other regions. As will become apparent, this pattern of  “auto-

modulation”, defined as the capacity of the mPFC to control the flow of information from 

its own inputs, extends to other subcortical structures such as the ventral tegmental area, 

hippocampus, and amygdala. 

The final thalamic nucleus of interest is the nucleus reuniens (RE), a midline 

thalamic nucleus situated ventral to MD (Paxinos and Watson, 1998). RE is the largest of 

the midline nuclei, extending throughout the rostral-caudal extent of the thalamus. All 

regions of the mPFC project to the RE, with the highest density of projections originating 

from vmPFC (Vertes, 2002). The RE is notable in that it is essentially the sole source of 

thalamic inputs into the hippocampus (reviewed in Vertes, 2006). In addition to its 

connection with the mPFC, the RE receives considerable modulatory input from arousal-

related nuclei in the brainstem and hypothalamus, suggesting that the output of RE may 

be regulated significantly by behavioral state (Vertes et al., 2007). The RE-Hippocampal 
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projection synapses onto the distal dendrites of principal cells in the lacunosum-

moleculare layer of CA1 (Wouterlood et al., 1990). The potential role of this projection is 

described in more detail in the following section. 
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Limbic Connectivity 

HIPPOCAMPUS 

Prefrontal input into the hippocampus is indirect, arriving from either RE or 

through the rhinal cortices (Sesack et al., 1989), a major input and output pathway of the 

hippocampus. The connection between the mPFC and hippocampus by way of the rhinal 

cortex appears to be a less reliable source of input to the hippocampus relative to RE, 

given the observation that RE stimulation elicits robust activation of CA1 (but not CA3) 

(Bertram and Zhang, 1999), while activation of cortical afferents to the rhinal cortices 

produces far less reliable rhinal and hippocampal activation (Pelletier et al., 2004).  

In contrast to the indirect route from the mPFC to the hippocampus, the 

hippocampus sends direct efferent projections from medial and ventral CA1 and 

subiculum to the vmPFC (Carr and Sesack, 1996; Gabbott et al., 2005). A subset of these 

projection neurons sends bifurcating axons to both the basolateral amygdala and vmPFC 

(PL) (Ishikawa and Nakamura, 2006). Although hippocampal fibers do terminate onto 

prefrontal interneurons, most fibers synapse onto the dendritic spines of pyramidal cells 

(Jay et al., 1992). These synapses are markedly plastic as hippocampal stimulation can 

induce LTP, LTD, and depotentiation (reviewed in Laroche et al., 2000). Unlike most 

prefrontal connections, the connection between the hippocampus and PL and IL is 

unidirectional.  

The connection between the prefrontal cortex and the hippocampus may be 

exceedingly important given the recognized role of the hippocampus in memory 
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consolidation and retrieval, spatial navigation, and configural representation. These two 

regions appear to perform overlapping roles in short term memory processes as suggested 

by their role in trace conditioning (Solomon et al., 1986; Kronforst-Collins and 

Disterhoft, 1998; McLaughlin et al., 2002), although prefrontal involvement may be most 

significant during later stages of consolidation (Takehara et al., 2003). Although 

prefrontal involvement may be greatest during later stages, the mPFC is clearly involved 

in early learning phases as lesions (McLaughlin et al., 2002) or inactivation (Takehara-

Nishiuchi et al., 2005) of the mPFC prior or after early stages of trace-conditioning 

impairs performance.  

The mPFC and hippocampus appear to be capable of compensating for deficits in 

temporal processing that result from damage to the other region. For instance, a recent 

lesion and inactivation experiment by Lee and Kesner (2003) indicates that both systems 

operate in parallel to facilitate performance in tasks requiring short term (~10 sec) 

memory for places. In this study, lesions to the vmPFC or the hippocampus resulted in 

significant but temporary deficits during a short-interval delayed non-match task. Deficits 

became permanent when both regions were lesioned simultaneously. Furthermore, 

prefrontal damage did not affect performance when delays were increased to 5 minutes, 

suggesting that the role of the prefrontal cortex in this task is limited to short intervals. 

The robust feed-forward projection from the hippocampus to the prefrontal cortex 

suggests that prefrontal cells may exhibit spatial tuning properties characteristic of 

hippocampal neurons. Contrary to this prediction, spatial activity has been notoriously 
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difficult to identify in the mPFC during free-foraging or radial-8 arm working memory 

tasks (Jung et al., 1998; Euston and McNaughton, 2006), behaviors that elicit robust 

spatial activity in the hippocampus. Interestingly, a modest degree of spatial selectivity 

has been reported for neurons in the PL and IL when efforts are made to separate reward 

and goal locations (Hok et al., 2005), suggesting that vmPFC cells may encode 

contingencies between goals and locations. The result may also explain why little 

specificity has been reported during tasks in which goals and rewards are combined at 

identical spatial locations as activity related to anticipated rewards (e.g. expectancy or 

arousal related activity) may overwhelm goal-specific activity.   
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Amygdala 

The amygdala has long been associated with the assignment of emotive value to 

conditioned stimuli. It is also critical for learning stimulus-threat associations, as 

suggested by its involvement in fear conditioning (LeDoux, 2000). The amygdala also 

represents one of the principal limbic inputs into the vmPFC. Furthermore, efferent 

projections from the mPFC extend to all major nuclei of the amygdala, with the majority 

terminating on excitatory neurons, although many projections also reach inhibitory 

neurons (Smith et al., 2000; Rosenkranz et al., 2003). Of the projections to the amygdala, 

the projection from the mPFC to the basolateral amygdala (BLA) is the most robust, with 

bi-directional projections extending throughout the dorsoventral extent of the mPFC 

(Gabbott et al., 2005). The projection from IL to the amygdala is notable in that it targets 

GABAergic projection cells in the inhibitory intercalated layer that separates the BLA 

from the central nucleus (Sesack et al., 1989). Neurons in the intercalated layer send 

feed-forward inhibitory projections to the central nucleus, a nucleus associated with the 

motor or viscero-motor expression of fear-related responses (reviewed in Sotres-Bayon et 

al., 2004).  

The connection between the vmPFC and the amygdala has been implicated in the 

extinction of conditioned fear when new evidence indicates that the threat has passed. 

Fear extinction is an active process by which new memories, developed during extinction 

training, inhibit previously learned CS-US associations (Pavlov, 1927; Konorski, 1948; 

Rescorla, 2001). The observation that previously extinguished CS-US associations can be 
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rapidly re-established suggests that extinction does not operate by weakening 

extinguished CS-US associations. It is worth noting that this observation is problematic 

for the Rescorla-Wagner learning rule (Rescorla and Wagner, 1972) or similar 

connectionist formulations of associative conditioning (Rumelhart et al., 1986) as these 

learning models predict that un-reinforced CS-US associations will gradually weaken 

during extinction trials given the presence of a consistently delivered negative error 

signal (Rescorla, 2001). Damage to the vmPFC can completely abolish the capacity of 

animals to develop new extinction memories. This is illustrated by the observation that 

lesions to the vmPFC do not disrupt extinction within a training session; however, those 

within-session improvements disappear during subsequent sessions (Morgan et al., 1993; 

Morgan and LeDoux, 1995; Quirk et al., 2000). Furthermore, blockade of dopaminergic 

inputs to the mPFC produces severe deficits in fear extinction (Morrow et al., 1999).  

Although there is evidence for a general involvement of the vmPFC in extinction, 

recent evidence suggests that IL and PL perform divergent roles in such learning. For 

example, neurons in IL, but not PL, respond selectivity to fear associated tones on 

sessions following (but not during) the first session of extinction training (Milad and 

Quirk, 2002). Furthermore, electrical stimulation of IL reduces freezing to conditioned 

tones (Milad and Quirk, 2002; Vidal-Gonzalez et al., 2006); whereas microstimulation of 

the PL produces the opposite effect: an increase in conditioned fear to the CS (Vidal-

Gonzalez et al., 2006). These observations are in agreement with the anatomy of 

prefrontal-amygdala projection as PL projects primarily to excitatory neurons in the 
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BLA, the major excitatory input to the amygdala, while neurons in IL project to 

GABAergic neurons in the intercalated region. It is conceivable that IL activation 

produces an inhibitory response that blocks the flow of fear-related sensory information 

from the BLA to the central nucleus (Likhtik et al., 2005).  
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Cortical Connectivity 

 

"All major sensoria find some form of representation in the prefrontal cortex, 
however abstract or compounded."  

– Walle Nauta (1971) p. 177. 

 

As with the limbic system, the pattern of connectivity between the various 

subregions of the prefrontal cortex and other neocortical regions varies considerably 

along the dorsal-ventral axis, and this variation corresponds with the themes introduced at 

the beginning of this chapter. One theme was the involvement of the dorsal prefrontal 

cortex in goal-directed motor activity. This is suggested by the strong connection the 

dorsal mPFC shares with secondary motor cortex and somatosensory centers (Conde et 

al., 1995). This connection is reciprocal and the afferent connections from these regions 

do not extend ventrally to PL and IL (Reep et al., 1984; Conde et al., 1995). Particularly 

strong projections extend from the far dorsal mPFC to oculomotor cortex (Leichnetz and 

Gonzalo-Ruiz, 1987), a connection that is further suggested by the observation that 

stimulation of the precentral cortex (PrCm) results in eye movements in the rat 

(Donoghue and Wise, 1982). These observations have lead some researchers to suggest 

that dmPFC is homologous to the primate frontal eye fields (Leichnetz and Gonzalo-

Ruiz, 1987; Vertes, 2004). The connection may not be specific to oculomotor cortex as 

stimulation of dmPFC also results in movement of the vibrissa, head and hindlimb 

(reviewed in Vertes, 2006). Interestingly, the dmPFC sends no direct projections to 
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primary motor cortex, although some deep layer neurons project directly to the spinal 

cord (Gabbott et al., 2003). The PrCm regions of dmPFC send robust projections to the 

rodent parietal cortex, and damage either to the parietal cortex or to PrCm results in 

severe sensory neglect (Burcham et al., 1997). 

In contrast to the cortical projections of dorsal mPFC, ventral mPFC is notably 

disconnected from posterior cortex, including motor and somatosensory cortices (Conde 

et al., 1995; Vertes, 2004). Instead, vmPFC receives cortical projections from other 

prefrontal regions such as the orbitomedial cortex (omPFC) and agranular insular cortex 

(AIC). As with the vmPFC, these prefrontal regions are highly connected with brainstem 

centers involved in visceral sensation (Hurley-Gius and Neafsey, 1986), and in the 

processing and storage of gustatory and olfactory information related to food 

consumption. The AIC and omPFC appear to utilize this information to determine the 

incentive value of various reinforcers (Cardinal et al., 2002). AIC and omPFC are also 

involved in functions that appear to go beyond simple sensation or the storage of static 

stimulus-valence association. For instance, lesions to omPFC result in deficits in reversal 

learning, and in the flexible attribution of value to outcomes based on the internal state of 

the animal (Bohn et al., 2003) while lesions to AIC appear to disrupt the capacity of 

animals to store associations between stimuli and their reward value (e.g. magnitude of 

reward) across delay intervals (DeCoteau et al., 1997). These differences may be 

attributable to the different set of inputs that reach omPFC and AIC. The omPFC receives 

inputs primarily from regions involved in the direct sensation of food-related information 
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such as the gustatory and olfactory centers, making it well suited to attribute motivation 

or incentive values to stimuli and contexts. In contrast, AIC receives strong projections 

from sensory regions of brainstem visceral centers. These connections suggest that AIC 

may be more involved in the attribution of the visceral information (e.g. sympathetic 

response, digestion, etc…) to the context or reinforcer (reviewed in Cardinal et al., 2002).  

Basal Ganglia 

The involvement of the basal ganglia (BG) in motor control and action selection 

has been well established (Kemp and Powell, 1971; Packard and Knowlton, 2002). More 

recent evidence suggests that the region may also be involved in functions similar to the 

cognitive functions attributed to the prefrontal cortex. The extension of the function of 

the BG into the cognitive domain may be due to the region's prominent reciprocal 

connection with the prefrontal cortex. The MD nucleus of the thalamus forms a major 

part of this connection as it is a major output target of the basal ganglia and one of the 

most robust sources of input into the prefrontal cortex. Furthermore, the nucleus 

accumbens (nAcc), one of the principal input nuclei of the BG, receives considerable 

input from PL. This pattern of connectivity suggests that the mPFC, BG, and the 

thalamus form a closed loop (Graybiel et al., 1994; Haber and McFarland, 2001) (see 

Figure 4.3). Similar loops can be identified between the BG and other cortical regions, 

although these loops connect to more dorsal regions of the striatum and more caudal 

regions of the medial thalamus (Alexander et al., 1986). 
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Figure 4.3: The cortico-striato-thalamic loop. Diagram of the cortico-basal ganglia-
thalamocortical circuit. The shading gradient represents the pattern of functional 
topography within each region. As indicated by the gradient, this topography is preserved 
at each stage of the loop as each functional region of cortex projects topographically to its 
target structure. An important component of this loop, omitted from most diagrams, is the 
‘short-circuit’ loop with the environment. In this loop, motor regions of the cortex result 
in behaviors that directly influence the environment as these effects result in changes in 
sensation that, in turn, re-enter the loop. GPi = globus pallidus interna; SNRr= substantia 
nigra pars reticulata, VP = ventral pallidum. 
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The involvement of the rostral loops in cognitive behavior is suggested by the 

observation that inactivation of nAcc, mPFC, or MD result in similar deficits in executive 

function. For example, lidocaine inactivation of any of these regions in isolation results in 

deficits in working memory performance (Floresco et al., 1999b), and lesions or 

inactivation of the mPFC or the dorsal striatum produce deficits in extradimensional set-

shifting (Ragozzino et al., 2002b). Furthermore, excitotoxic lesions to the mPFC (Walton 

et al., 2006) or selective dopamine depletion in the nAcc (Salamone et al., 2007) produce 

deficits in effortful decision making, such as the choice either to climb a large barrier to 

receive a large reward or to avoid the barrier and recover a small reward. Furthermore, 

damage to the dopamine system, a prominent input to all nuclei in the circuit, impairs 

working memory performance (reviewed in Robbins, 2000).  

Although each element of the basal ganglia-frontal loop appears to contribute to 

cognitive behavior, it is also clear that each element retains a significant degree of 

functional autonomy. For instance, the nAcc appears to be selectively involved when the 

benefits of reward must be weighed against the duration of the delay period that precedes 

reward delivery. For example, animals with accumbens lesions consistently choose to 

press levers associated with small rewards that are available immediately rather than 

levers associated with large, but delayed rewards (Cardinal et al., 2001). Interestingly, 

although animals with prefrontal lesions do not demonstrate deficits in such tasks, they 

do exhibit considerable deficits in their capacity to withhold responses during delay 

intervals (Narayanan et al., 2006). These deficits appear to be due to an impairment in the 
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ability to prevent interference from prepotent motor responses rather than to deficits 

related to the evaluation costs and benefits of a temporal delay (Narayanan et al., 2006).  

Connectivity to the VTA 

The connection between the medial prefrontal cortex and the neuromodulatory 

system is perhaps the region’s most unique and under-appreciated feature. As described 

previously, the various modulatory systems are of interest given their role in the 

regulation of associative plasticity and in their activation following surprising events. 

Although all cortical regions receive input from these systems, the prefrontal cortex is the 

only system that sends efferents back to all of these nuclei (reviewed in Robbins, 2000) 

suggesting that the PFC is uniquely suited to control global neuromodulatory activity. 

The PFC is also distinctive with regard to the dense projection it receives from the ventral 

tegmental area, one of its principal neuromodulatory targets and inputs (Fluxe et al., 

1974; Lindvall et al., 1974). The action of dopaminergic neurons in this nucleus appear to 

be critical for the performance of behaviors that are attributed to the prefrontal cortex. 

For instance, damage to the mesolimbic dopaminergic system can result in deficits in 

prefrontal tasks, such as working memory and set shifting (reviewed in Robbins, 2000). 

The following pages will explore this connection given the relationship between the 

dopaminergic system and prefrontal cortex and the connection between the dopaminergic 

system and error-driven learning (Schultz, 2002). 

Glutamatergic axons from the mPFC project to both dopaminergic and 

GABAergic cells within the VTA (Carr and Sesack, 2000a). The projection to the 
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dopaminergic neurons appears to target only those neurons that project back to the mPFC 

(Sesack and Carr, 2002). This observation suggests that the mPFC may be capable of 

regulating its own dopaminergic tone by selective activation of the VTA dopaminergic 

neurons. In contrast to the projection to dopaminergic neurons, the projection to VTA to 

GABAergic cells targets neurons with inhibitory projections to the nAcc (Carr and 

Sesack, 2000a). These inhibitory efferent projections terminate on the dendritic spines of 

GABAergic cells within the nAcc (Pickel et al., 1988; Carr and Sesack, 2000a). The 

function of this projection has not been determined; however, a general function of the 

mPFC-VTA-nAcc pathway may be to regulate the dopaminergic tone of the nAcc. For 

instance, direct stimulation of the mPFC results in a reduction of DA release in the nAcc 

(Jackson et al., 2001; Young et al., 2005). The projection from the VTA to the prefrontal 

cortex is exceptionally dense, with dopaminergic fibers from the VTA terminating on 

prefrontal principal cells (Goldman-Rakic et al., 1989) and GABAergic interneurons 

(Carr and Sesack, 2000b). Axons from the ventral tegmental area that project to principal 

cells typically terminate on the shafts of distal dendritic spines (Krimer et al., 1997). This 

dopaminergic projection does not appear to target a specific subtype of principal cell 

(Krimer et al., 1997), but is selective for parvalbumin-containing prefrontal interneurons 

(reviewed in Sesack et al., 2003). Parvalbumin interneurons express a high density of 

dopaminergic receptors (Le Moine and Gaspar, 1998; Muly et al., 1998) and also exhibit 

a high background firing rate. These cells typically connect to the soma or axon initial 
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segments of glutamatergic principal cells, suggesting that dopamine may exert powerful 

inhibitory control over the output of pyramidal neurons.  

VTA Influence on mPFC Activity 

As may be anticipated from the pattern of connectivity between the VTA and 

mPFC, the effect of dopamine on prefrontal neurons is complex, exhibiting excitatory or 

inhibitory effects depending on experimental conditions (reviewed in Williams and 

Castner, 2006). Evidence for an inhibitory influence has been reported by Gao et al. 

(2001) who recorded from pairs of neurons in the PFC and determined that D1 

stimulation attenuates EPSPs. Furthermore, D1 stimulation appears to reduce the 

frequency of miniature EPSPs in layer V pyramidal cells (Seamans et al., 2001). The 

input from the MD nucleus to layer V pyramidal cell is also inhibited in the presence of 

dopamine (Ferron et al., 1984). Dopamine can also exert a facilitating effect on pyramidal 

cells. For example, in vitro analysis of the effect of dopamine application to prefrontal 

neurons revealed that dopamine can have a mild excitatory effect (Penit-Soria et al., 

1987). In vivo analysis suggests that dopamine may have more complex effects. For 

instance, D1 receptor stimulation of pyramidal neurons in the layer V of the PFC may 

limit the effect of inputs to the apical dendrites (inputs from extra-prefrontal regions) 

while enhancing the influence of local inputs from neighboring neurons (Yang and 

Seamans, 1996).  
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VTA and Plasticity in the mPFC  

In addition to inhibitory and excitatory effects, dopamine can facilitate the 

expression of long term associative plasticity (reviewed in Williams and Castner, 2006). 

Although the general capacity of dopamine to enhance synaptic plasticity has been 

previously discussed, dopamine appears to exert a unique degree of control over neural 

plasticity in the medial prefrontal cortex. For example, a functioning ventral tegmental 

area and the presence of dopamine appears to be necessary for the expression of LTP at 

hippocampal-prefrontal synapses (Gurden et al., 1999), an effect that may be specific to 

the D1 dopaminergic receptor (Hotte et al., 2005). Furthermore, in a recent in vitro 

physiological study, Matsuda et al. (2006) demonstrated that increased background levels 

of dopamine in the mPFC can convert long term depression to long term potentiation. In 

this study, Matsuda et al. (2006) initially induced LTD through weak tetanic stimulation. 

The application of moderate levels of dopamine reversed this effect, converting LTD to 

LTP. The authors suggested that a role of background dopamine signals in the prefrontal 

cortex is twofold: to prevent high-frequency synaptic inputs from abnormally inducing 

long term depression and to secure the induction of long term potentiation.  

Summary 

The length of this review reflects the complexity and extent to which the mPFC 

connects to other cortical and subcortical regions. In addition to providing some essential 

background, the review illustrates that the mPFC is well suited to store associations 

arriving from a range of sensory, motor and visceral centers. The connectivity of the 
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region to modulatory centers also indicates that the storage of these associations may be 

modulated by factors such as surprise. The connection with the mesolimbic dopaminergic 

system in particular suggests that error may also modulate plasticity, which implies that 

the medial prefrontal cortex may be involved in the formation and storage of associations 

that contribute to the prediction of salient outcomes. This connection will be explored in 

more detail in the following section. 

ERROR RESPONSES IN PREFRONTAL NETWORKS 

Physiological Responses 

The preceding review highlighted the extent to which the prefrontal cortex is 

connected with sensory, motor, visceral, limbic, and brainstem centers related to goal 

directed behavior. The confluence of multi-modal input suggests that the mPFC is well 

suited for the task of storing associations between these inputs when those associations 

relate to the delivery of reinforcement. Rescorla and Wagner (1972) suggested that such 

outcome-mediated associative learning is driven by prediction error. If this is the case, 

then it would be reasonable to presume that a neural correlate of prediction error may be 

observable within the mPFC. This section reviews the evidence for this proposition. 

Much of this evidence is drawn from the primate and human literature as limited research 

into error processing has been conducted with the rodent.  

Physiological correlates to prediction error have been identified in the primate 

(human and non-human) prefrontal cortex. The strongest candidate for such a signal in 

the human literature is “error-related negativity” (ERN), a negative evoked potential that 
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occurs during various stages of error-processing. ERN may be generated within the 

medial prefrontal cortex (Holroyd and Coles, 2002), although given that local field 

responses may be a measure of dendritic currents, it is conceivable that the ERN is 

actually generated by one of the principal afferents to the PFC.  

There are two major forms of ERN: “feedback ERN” (fERN) and “response 

ERN” (rERN). Feedback ERN is a deflection in the evoked potential that occurs 

approximately 300 msec following the presentation of a stimulus indicating that an error 

was committed. In practice, such a cue may be the presentation of a number indicating a 

monetary loss (Holroyd and Coles, 2002). Interestingly, and unlike dopaminergic surprise 

responses, fERN is relatively weak during the delivery of surprising positive outcomes. 

Instead, the signal appears to be strongest during the delivery of negative outcome (e.g. 

error feedback or the absence of reward) and the size of the response appears to reflect 

the value of the expected (but omitted) outcomes (Holroyd et al., 2004) and is insensitive 

to the magnitude of the punishment (Holroyd et al., 2006). This observation furthers the 

connection between fERN and the traditional RW error signal, and this response bears 

some resemblance to single unit responses reported in the primate anterior cingulate 

cortex (Shima and Tanji, 1998). What is notable about this signal is that it is not tied to 

any physical response, only to the feedback. As a result, it is a reasonable candidate for 

the learning signal that helps “teach” (as opposed to control) an organism to avoid certain 

behaviors.  
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In contrast to the feedback ERN, the response ERN is tightly coupled to the 

earliest onset of muscle activity associated with an incorrect action. This action-coupled 

response may be fundamentally different from the fERN as it is associated with the 

control of incorrect responding rather than the error associated with the absence of a 

rewarding outcome. The magnitude of the rERN is correlated with the size of the error, 

but it appears to be independent of the specific motor system used to generate the 

response (e.g. hand or foot). Importantly, this error is commonly associated with 

premature responding (reviewed in Ridderinkhof et al., 2004). As reviewed previously, 

evidence from the rodent literature suggests that the mPFC may control premature 

responding through the inhibition of prepotent motor responses (e.g. de Wit et al., 2006; 

Narayanan et al., 2006; Narayanan and Laubach, 2006).Physiological responses to errors 

have also been observed in the primate prefrontal cortex. For instance, Niki and 

Watanabe (1979) observed ‘error-recognition units’ that increased firing only after 

incorrect responses, or to the omission of reinforcement on correct trials. In addition, 

neurons in the rostral cingulate cortex of the primate respond to the unexpected 

reductions in reward (Shima and Tanji, 1998), suggesting a response to the negative 

component of the error term. These neural responses were observed to be either locked to 

the incorrect behavioral response or to outcome delivery. Interestingly, no correlate of 

error-related activity has been identified in the rat mPFC or any other cortical or 

subcortical region. In fact, one early study reported the notable absence of error-related 

activity in multiunit activity in the rodent mPFC and MD during a go/no-go task (Sakurai 
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and Sugimoto, 1986). Although evidence for error-related activity in the rat mPFC is 

lacking, a possible neural correlate to the ‘surprise’ P300 response was identified in the 

mPFC by Jodo et. al (1992) who observed robust multi-unit responses to infrequent but 

meaningful stimuli presented during an auditory discrimination task. Notably, Jodo et al. 

observed that neurons did not respond to familiar and behaviorally irrelevant tones, 

regardless of their frequency of occurrence, suggesting a specialization of the mPFC for 

the processing of intermittent and outcome-relevant stimuli.  

Behavioral Evidence for Error-Processing 

In addition to physiological evidence, the consequences of damage to the mPFC 

further supports the region’s involvement in error processing. One of the most commonly 

reported deficits following damage to the mPFC is an impairment in the capacity of 

animals to alter behavior after a response rule has changed (e.g. change from a place to an 

egocentric response strategy). Such deficits have been observed following damage to the 

mPFC in rats (Ragozzino et al., 1999a; Ragozzino et al., 1999b; Birrell and Brown, 2000; 

Haddon and Killcross, 2005)4, the lateral PFC of primates (Dias et al., 1996; Mansouri et 

al., 2006), and various regions of the PFC of humans (Milner, 1963). Impairments in the 

capacity to process errors may significantly contribute to these deficits, either because 

animals are not capable of using error to initiate attentional shifts or shifts in a stimulus-

response strategy. Complicating matters is the observation that animals with damage to 

                                                 
4 Similar deficits have also been observed in the posterior parietal cortex of rats. See: Fox MT, Barense 
MD, Baxter MG (2003) Perceptual attentional set-shifting is impaired in rats with neurotoxic lesions of 
posterior parietal cortex. J Neurosci 23:676-681. 
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the mPFC show no impairments during reversal learning (reviewed in Kesner, 2000), a 

task that also requires animals to integrate errors over time for the purpose of changing 

behavior. It therefore appears that the prefrontal cortex is specialized for the processing 

of errors when those errors trigger higher level strategy or perceptual shifts.  

The mPFC may also be involved in the processing of errors when those errors 

relate to the incentive value of reinforcers. For example, damage to PL results in severe 

impairments in the capacity of rats to respond to the devaluation of rewarded outcomes 

(Balleine and Dickinson, 1998; Killcross and Coutureau, 2003). Devaluation experiments 

typically involve pre-feeding an animal on a specific reward so that the pre-fed reward is 

less appealing relative to another reward. Devaluation understandably results in normal 

animals choosing the non-devalued outcome; however, animals with PL lesions fail to 

show this behavior, suggesting that they may be incapable of accessing information 

related to their internal state of satiety associated with a particular reward, information 

that may arrive though AIC.  

In conclusion, there is considerable evidence from the human and non-human 

primate literature that neurons in the mPFC respond to and/or process various forms of 

error. Of further interest is the observation that single units within the basal ganglia also 

respond to forms of prediction error (Schultz et al., 2003). The fact that the basal ganglia 

and the mPFC are two of the most prominent efferent targets of the VTA suggests that 

error responses in the BG and mPFC may originate from this deep brain nucleus. To date, 

no studies of the simultaneous activity of neurons in the mPFC, BG, and SNc/VTA have 
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been performed, so it is difficult to determine whether responses in the dopaminergic 

nucleus trigger responses in its efferent targets, although the short latency of VTA 

responses (~60 msec) would suggest the signal does originate from this nucleus. Another 

unresolved issue is whether the short latency error-related responses in the BG or mPFC 

are a product of dopaminergic innervation or that result from innervation from other 

classes of projection neuron in the SNc/VTA (e.g. GABAergic or glutamatergic). For 

instance, the capacity of dopamine to produce short latency responses within the mPFC 

can be questioned based on the slow rate of dopamine reuptake in the mPFC (Cass and 

Gerhardt, 1995). 
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DELAY ACTIVITY IN THE MPFC 

The consequence of an event can occur seconds, hours, days, or years after its 

initial cause. As a result, the association of past causes to present outcomes requires 

memory storage and recall. How such memories are stored and retrieved is a complicated 

question and the answer appears to depend on the type and duration of the memory 

(McClelland et al., 1995; Baddeley, 1996; Rolls, 2000; Kim and Baxter, 2001; Packard 

and Knowlton, 2002; Poldrack and Packard, 2003). For many forms of associative 

learning evaluated in the laboratory, the interval between cause (e.g. a bell or a lever 

press) and effect (e.g. food or a shock) is on the order of seconds. The neural system most 

often associated with the storage of information over such short time scales is the 

prefrontal cortex (Fuster, 1997).  

Carlyle Jacobsen provided some of the first evidence for the connection between 

the prefrontal cortex and short term memory in 1936 when he demonstrated that monkeys 

with lesions to the prefrontal cortex are unable to locate a hidden food reward if a short 

delay separates the delivery of a cue and a reward (Jacobsen, 1936). Jacobsen’s results 

have been reproduced in primates (Fuster, 1997; but see Petrides, 2000), humans 

(Freedman and Oscar-Berman, 1986; but see D'Esposito and Postle, 1999), dogs 

(Konorski and Lawicka, 1964), cats (Lawicka and Konorski, 1961), and rats (Brito and 

Brito, 1990). It has been proposed that these deficits could be a result of a disruption in 

motor planning or control (Goldman-Rakic, 1987a), a failure of short-term memory for 

stimuli (Goldman et al., 1971; Passingham, 1975), an increased sensitivity to distraction 
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(Malmo, 1942; Pribram, 1973), or the inability to suppress habitual responses (Mishkin et 

al., 1962). The variety of potential sources of the deficit has understandably produced a 

rich variety of theories of prefrontal function. The most dominant of these theories is the 

“active-maintenance hypothesis” which states that the prefrontal cortex actively 

maintains a representation of task-relevant information across delay intervals (Goldman-

Rakic, 1987b). Support for the active-maintenance hypothesis is largely due to 

physiological studies that have identified prefrontal neurons with sustained activity 

during delay intervals that is selective for task-relevant stimuli (Fuster and Alexander, 

1971; Kubota and Niki, 1971; Romo et al., 1999; Constantinidis et al., 2001), spatial 

locations (Funahashi et al., 1989), sequences (Ninokura et al., 2003), and rules (Bunge et 

al., 2003). 

Neurons with selective delay activity have been observed in various prefrontal 

regions in the primate dorsolateral (Kojima and Goldman-Rakic, 1982; Funahashi et al., 

1989), lateral (Miller et al., 1996), and dorsomedial (Fuster and Alexander, 1971) 

prefrontal cortex. In the rodent, such activity has been observed in the medial prefrontal 

cortex (Batuev et al., 1990; Jung et al., 1998; Pratt and Mizumori, 2001; Baeg et al., 

2003; Mulder et al., 2003). Such observations suggest that short term memories are 

maintained across intervals by the sustained firing rate activity of individual neurons. It 

should be noted that the specific cellular and network mechanisms that drive delay 

responses remain unresolved, although numerous theories have been proposed 

(Durstewitz et al., 2000; Wang, 2001). All of these theories share the common 
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assumption that the mechanisms that drive active maintenance processes are intrinsic to 

the CNS and, as a consequence, can be sustained in the absence environmental input. 

Later chapters will revisit this assumption. 
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GENERAL HYPOTHESES 

This chapter presented a review of three features of the prefrontal cortex that 

motivated its selection as the target for the present experiment. The first was the unique 

degree to which the PFC is intimately connected to a broad array of sensory, motor, 

emotional and neuromodulatory centers (Conde et al., 1995; Groenewegen et al., 1997). 

This connectivity situates the prefrontal cortex in a unique position to integrate and store 

sensory and emotional information for the organization of adaptive and goal directed 

behavior. Central to such behavior is the capacity to learn associations between stimuli, 

actions and outcome. Evidence from lesion studies suggests that the mPFC may be 

critical for such learning (Balleine and Dickinson, 1998; Parkinson et al., 2000; Cardinal 

et al., 2003). Furthermore, this learning may be facilitated by the strong input the region 

receives from various neuromodulatory centers such as the nucleus basalis, raphe 

nucleus, ventral tegmental area , and the locus coeruleus (reviewed in Robbins, 2000). 

All of the neurotransmitters associated with these regions are capable of facilitating 

associative plasticity (e.g. Baskerville et al., 1997; Izumi and Zorumski, 1999; Matsuda et 

al., 2006). Neurons in these regions also respond to stimuli that predict reward (e.g. 

Wilson and Rolls, 1990; Aston-Jones et al., 1997; Schultz, 1998a; Bouret and Sara, 

2004), and neural responses in VTA are of particular interest as these responses 

correspond to predictions from modern associative learning theory (Rescorla and 

Wagner, 1972; Sutton and Barto, 1998). This evidence, combined with the  involvement 

of the PFC in short term memory, suggests that the PFC is well suited to form and store 
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associations between sequentially presented stimuli that contribute to the prediction of 

future reward. It is therefore an ideal target for evaluating the question of whether 

associative learning in the mPFC is guided by the capacity of stimuli to predict outcomes, 

as suggested by various theories of error-driven learning (Rescorla and Wagner, 1972). 

This question was translated into the following experimental hypothesis: 

The action of error signals in the mPFC, either from its modulatory efferents or 

from intrinsic processes, will facilitate the formation of associative connections 

between neurons that respond to sequentially presented stimuli that reliably 

predict reward. In contrast, associative connections should not form between 

stimuli that are consistently paired with, but do not reliably predict rewarding 

outcomes.  

The acceptance of this hypothesis would suggest that surprise and/or error does 

influence cortical plasticity by selectively enhancing associations that are most relevant 

for the prediction of salient outcomes, in agreement with Thorndike’s Law (see Ahissar et 

al., 1992; Bao et al., 2001) and with more specific predictions from modern theories of 

associative learning (Rescorla and Wagner, 1972; Barto et al., 1981). A rejection of the 

hypothesis would instead suggest that cortical plasticity is not driven by the task-

relevance of the stimulus, but by the outcome-independent patterns of correlations 

between the stimulus representations (see McClelland et al., 1995; Simoncelli and 

Olshausen, 2001).  
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Although the above hypothesis motivated and directed the design of the 

experiment, a number of additional open questions can also be addressed. For example, 

as suggested in the preceding review, only indirect evidence in the rodent literature 

suggests that neurons in the mPFC may respond to error. As a result, it was hypothesized 

that neurons in the mPFC will respond differentially to the unexpected delivery of reward 

or reward-associated stimuli and to the unpredicted absence of reward or reward-

predictive stimuli.  

SPECIFIC HYPOTHESIS 

To test the hypothesis, an experiment was developed that permitted the 

measurement of the functional connection between neurons as animals performed an 

associative task in which the capacity of stimuli to predict reward was manipulated. It 

was hypothesized that functional connections would be strongest between neurons that 

responded selectively to stimuli that predicted reward. The specific organization of the 

task was as follows: Stimuli and rewards were delivered according to a probabilistic 

schedule. This schedule was organized into three experimental conditions. In the 

“predictive” condition, the first stimulus (CS1) of a two-stimulus sequence was 

probabilistically associated with delivery of the second, paired-associate, stimulus (CS2), 

and the delivery of the second stimulus always indicated the future delivery of reward. In 

the “non-predictive” condition, the first stimulus also predicted the delivery of a paired 

second stimulus, but the delivery of the second stimulus did not improve the current 

prediction of reward delivery. These two conditions are critical as they dissociate the 
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correlation between the presentation of the two stimuli in a sequence from the causal 

relationship between the presentation of one of those stimuli (CS2) and the delivery of 

reward. The final condition of the experiment was an additional control. In this condition, 

reward was never delivered, regardless of the presence or absence of the first or second 

stimulus. It was hypothesized that stimulus-selective delay activity would be observed 

during the delay interval that separated the delivery of the first and the second stimulus 

and that such activity would be most selective for the anticipated stimulus (CS2) in the 

predictive condition. The additional selectivity would result from the stronger CS1-CS2 

association formed during learning, which, presumably, would produce a stronger 

‘pattern-completion’ response following the presentation of the CS1 stimulus. The 

following chapter presents the details of this experiment, describing the apparatus, 

recording technology, behavior and reinforcement contingencies. 
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CHAPTER FIVE: MATERIALS AND METHODS 

 

 

The modern neuroscientist is fortunate to have at his or her disposal an extensive 

selection of tools, techniques, and experimental subjects. The selection of available tools 

narrows considerably when the experimental question requires a measure of functional 

connectivity between neurons in behaving animals. A tested and effective tool for 

acquiring such a measure is the extracellular electrode. Arrays of such electrodes 

(McNaughton et al., 1983) allow the researcher to evaluate, in real time, the degree to 

which the firing activity between units is correlated. Furthermore, as described in the 

previous chapter, stimulus selective delay activity recorded from extracellular electrodes 

can also be used to assess functional connectivity.  

The rodent was chosen as the experimental subject for the present investigation. 

This choice was straightforward given the availability of the animals, the extent of 

previous knowledge of the rodent nervous system, and the capacity of the animals to 

learn complex behaviors. Furthermore, there was no clear need to use more cognitively 

advanced species such as the primate, given that the questions addressed in this 

dissertation regard general principles of associative learning and behavior that should be 

common among all species with a central nervous system. What follows is a description 

of the specific methods employed in the present experiment, along with a detailed 

description of the behavioral protocol. 
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ANIMALS AND SURGICAL PROCEDURES 

Neurophysiological studies were conducted on three Brown Norway/Fisher 344 

hybrid male rats between 14 and 20 months old. The rats were housed individually and 

maintained on a 12:12 light–dark cycle. Recordings took place during the dark phase of 

the cycle. Surgery was conducted according to National Institutes of Health guidelines 

for rodents and approved IACUC protocols. Prior to surgery, the rats were administered 

bicillin (30,000 units i.m. in each hind limb). The rats were implanted, under isoflurane 

anesthesia, with an array of 14 separately moveable microdrives (“Hyperdrive”). This 

device, general implantation methods, and the parallel recording technique have been 

described in detail elsewhere (Gothard et al., 1996). Briefly, each microdrive consisted of 

a drive screw coupled by a nut to a guide cannula. Twelve guide cannulae contained 

tetrodes (McNaughton et al., 1983; Recce and O'Keefe, 1989; Wilson and McNaughton, 

1993). Each tetrode consisted of four, polyimide-coated, nichrome wires (14 µm 

diameter, 300-1000 kOhm impedance; Kanthal Palm Coast, Palm Coast, FL). Two 

additional tetrodes with their individual wires shorted together served as an indifferent 

reference and an EEG recording probe. 
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Figure 5.1: Location of electrodes. The target for the recording array was the anterior 
cingulate (Cg1) and prelimbic (PrL) cortex. Shading indicates the region in which neural 
activity was recorded. In two animals, recording arrays were implanted at different times 
over both hemispheres. Abbreviations: M2, secondary motor cortex; Cg1, anterior 
cingulate dorsal; PrL, prelimbic cortex; IL, infralimbic cortex. (Adapted from Paxinos 
and Watson, 1998) 

 

Two craniotomies were drilled over the right and left mPFC (±1.3 mm 

mediolateral, +3.2 mm anteroposterior), and 1.5mm craniotomies were drilled over the 

left and right hippocampi (±2.0 mm mediolateral, -3.0 mm anteroposterior to bregma). A 

hyperdrive was cemented in place over either the right or the left prefrontal craniotomy. 

The drive was implanted at a 9º angle toward the midline (see Figure 5.1). The unused 

craniotomy was sealed with KwikSil (World Precision Instruments, www.wpiinc.com) 

and covered with dental acrylic. EEG probes (coated diameter of 0.0045 inches, 300 

kOhm impedance; 316SS3T; twisted pair Teflon-coated stainless-steel wire; Medwire, 

Mt. Vernon, NY) were lowered into the hippocampal craniotomy contralateral to the 
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hyperdrive implant. The EEG electrode was lowered into the hippocampal fissure 

(2.7mm dorsoventral). An EMG electrode was also implanted into the neck muscle 

(coated diameter of 0.0045 inches; 316SS3T; Teflon-coated stainless-steel wire; 

Medwire, Mt. Vernon, NY). The implant was cemented in place with dental acrylic 

anchored by dental screws. After surgery, rats were given ibuprofen (1cc/1kg of 

children's Motrin, McNeil PPC, Inc). They also received oral ampicillin (Bicillin, Wyeth 

Laboratories, Madison, NJ) on a 10-days-on/10-days-off regimen for the duration of the 

experiment. In two animals, after three months of successful recording, the unused 

craniotomy was opened and implanted with a new hyperdrive.  

NEUROPHYSIOLOGICAL RECORDINGS 

Tetrodes were lowered after surgery into a region just above the anterior cingulate 

cortex (~1.3 mm DV), allowed to stabilize for a month, and then gradually advanced. 

Analysis was restricted to cells located between 2 and 4 mm DV. The neutral reference 

electrode was located in the superficial layers of the cortex (0.5 mm from brain surface). 

The four channels of each tetrode were each attached to a separate channel of a 50-

channel unity-gain headstage (Neuralynx, Tucson, AZ). A multiwire cable connected the 

headstage to digitally programmable amplifiers (Neuralynx, Tucson, AZ). The spike 

signals were amplified by a factor of 1,000–5,000, bandpass-filtered between 600 Hz and 

6 kHz, and transmitted to the Cheetah Data Acquisition system (Neuralynx, Tucson, AZ). 

Signals were digitized at 30 kHz and events that reached a predetermined threshold were 

recorded for a duration of 1 ms. Spikes were sorted off-line on the basis of the amplitude 
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and principal components from the four tetrode channels by means of a semiautomatic 

clustering algorithm (KlustaKwik, author: K.D. Harris, Rutgers-Newark). The resulting 

classification was corrected and refined manually with custom-written software (MClust, 

author: A.D. Redish, University of Minnesota, Waveform Cutter, author: S.L. Cowen, 

University of Arizona), resulting in a spike-train time-series for each of the well-isolated 

cells (0 to 16 cells per tetrode). No attempt was made to match cells from one daily 

session to the next, and, therefore, the numbers of recorded cells reported does not take 

into account possible recordings from the same cells on consecutive days. EEG signals 

were bandpass filtered between 1 and 300 Hz and sampled at 2.4 kHz. The EEG signals 

were amplified on the headstage with unity gain and then again with variable gain 

amplifiers (up to 5 K). 

APPARATUS 

All behavior was performed in a custom designed operant chamber (see Figure 

5.2A). The chamber consisted of a narrow platform surrounded by four speakers. Two 

cell-phone vibration motors, mounted on flexible aluminum plates, rested on either side 

of the animal. Trials were initiated when the animal placed his nose in a nosepoke hole (2 

cm diameter) located to the front and right of the animal. Nosepoke entry and withdrawal 

was identified by an infrared emitter-detector mounted within the hole. An automatically 

controlled aluminum door was located in front of the animal. Liquefied rat mash food 

reward was delivered by an automatically controlled dipper located behind the door. The 
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apparatus was controlled by a microcontroller (BasicX-35, NetMedia Inc.) using custom 

software written in the BasicX programming language (BasicX, NetMedia Inc.).  

The position of the animal was tracked from a video camera mounted 1 m above 

the operant chamber. Position was tracked automatically through video hardware and 

software that monitored the light from light emitting diodes that were mounted on the 

headstage. The proximity of the camera to the headstage enabled precise tracking (~1 mm 

resolution). Tracking information was collected at 60 frames/sec. 
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Figure 5.2: Apparatus, stimuli and reward contingencies. 

A) Illustration of the experimental apparatus. The apparatus consisted of a narrow 
platform surrounded by four speakers. Two cell-phone vibration motors, mounted on 
flexible aluminum plates, rested on either side of the animal. Trials were initiated when 
the animal placed his nose in a nosepoke hole located to the front and right of the animal. 
An automatically controlled aluminum door was also located in front of the animal. 
Liquefied rat mash food reward was delivered by an automatically controlled dipper 
located behind the door. 

B) Time course of a trial and stimulus contingencies. The timeline at the top of the figure 
indicates the time course of events for a single trial. Trials began with a variable fixation 
period  (~900 msec) followed by an auditory stimulus (CS1). If the animal maintained the 
nosepoke throughout the subsequent 700 msec delay interval, a second stimulus was 
presented according to the contingency relationship presented in the box and arrow 
diagram below the timeline. As the diagram indicates, the paired associate stimulus (B) 
was presented following the CS1 stimulus on 50% of trials, omitted (blank box) on 
32.5% of trials, and a foil stimulus (F) was presented on 17.5% of trials. A second delay 
also followed the presentation of the CS2 stimulus. The delay was followed with reward 
according to the reinforcement contingency relationships presented in the bottom panel. 
Note that, in a given session, 80% of presented sequences were in the predictive and non-
predictive condition and only 20% were in the never-rewarded condition.  

C) Reinforcement contingencies. This panel summarizes the reinforcement contingencies 
for all six stimulus sequences used in the task. The green diagrams indicate the two 
unique sequences of stimuli in the predictive condition. In this condition, the presence of 
the paired associate CS2 (B or B’) was always followed by reward, and its absence was 
never followed by reward. In the non-predictive condition (blue), the presence or absence 
of the paired CS2 (C or C’) had no predictive value as reward was delivered with a 
probability of 0.5 regardless of CS2 presentation. In the never-rewarded condition 
(red/pink), reward never followed the presentation of either stimulus sequence. 
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BEHAVIORAL PROTOCOL 

To examine how reinforcement contingencies can influence associative plasticity, 

it was important to develop a task that required animals to distinguish among a variety of 

stimuli and reinforcement schedules. A diagram of the overall organization of the task 

and the various reinforcement and stimulus delivery schedules is presented in Figure 5.2. 

In general, the task was a go/no-go discrimination task that required animals to 

distinguish between stimuli presented sequentially as the animal maintained nose fixation 

(see Table 5.1 for a summary of the specific stimuli used in each sequence.). Reward was 

delivered at the end of the stimulus-sequence according to the schedule described in the 

bottom panel of Figure 5.2. There were three experimental conditions in the task and two 

unique stimulus-sequences were assigned to each condition. In the ‘predictive’ condition, 

reward was always delivered if the second stimulus was presented and the animal’s nose 

remained within the nosepoke hole until the ‘go’ signal. In the ‘non-predictive’ condition, 

reward was delivered randomly with respect to the delivery of the second stimulus. In the 

‘never-rewarded’ condition, reward was never delivered. Performance was measured as 

the percent of trials in which the animal withdrew from the nosepoke hole (aborting the 

trial) during conditions in which reinforcement was unlikely, and remained within the 

nosepoke hole in conditions when reinforcement was likely. 
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Table 5.1: Table of stimuli used in the experiment. No foil stimuli were presented 
during the never-rewarded condition as animals almost always withdrew from the 
nosepoke hole around the CS1 interval. Accordingly, animals rarely experienced the CS2 
in the never-rewarded condition. To control for effects of laterality or stimulus 
preference, recordings were performed on both hemispheres in two animals. In a third 
animal, stimuli in the predictive and non-predictive conditions were reversed. Note: In 
the first animal, a pulsed noise tone, presented to both sides of the animal, was used as 
the foil stimulus for the second predictive and non-predictive sequence. It was later 
decided that this procedure would make the interpretation of selective delay activity 
difficult as it would be possible to interpret some of the delay activity as the prospective 
activation of the foil stimulus and not the paired CS2. Using and identical foil stimulus in 
all conditions removed this complication. 
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Trials began with a variable delay interval (random between 500-1000 msec) 

termed the ‘fixation’ interval. During this period, the animal had to remain within the 

nosepoke hole in order to receive the first stimulus of the sequence (CS1). The CS1 

stimuli consisted of six unique  sounds (mixed frequency). These sounds were pulsed in 

triplets during the CS1 interval (133 msec pulse duration, 100 msec inter-pulse interval) 

and presented from the front speaker. The termination of CS1 was followed by a 700 

msec delay interval (D1). This interval was followed by either the presentation of the 

paired second stimulus (CS2), the delivery of a foil stimulus, or the omission of any 

stimuli (see Figure 5.2). The second stimulus was either a pulsating white noise sound 

presented from the left, right, or rear speaker or a pulsating vibration stimulus delivered 

from either the left, right, or simultaneously from both vibration motors that rested on 

either side of the animal (Table 1). Stimulus duration was typically 600 msec, during 

which the stimulus was pulsed three times (133 msec pulse duration, 100 msec inter-

pulse interval). The paired second stimulus was delivered on ~50% of trials and the foil 

stimulus was delivered on ~17% of trials according to a pseudo-random schedule. No 

second stimuli were presented on ~33% of trials. Foil stimuli were not unique to any 

particular stimulus-sequence (i.e. they were not paired-associates). The second stimulus 

interval was followed by a second delay interval (D2) which lasted 800 msec. This delay 

was followed by either the opening of the door that blocked entry into the reward 

chamber, or by a 1.8 second pulsating ‘error’ tone that was delivered 1.2 seconds after the 

typical time the door would have opened, had the trial been a rewarded trial. A trial could 
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be aborted at any time if the animal broke nose fixation. Withdrawal prior to the 

completion of a trial was not followed by a tone. 

As briefly discussed, the contingency between the delivery of reward and the 

presentation of the first (CS1) and second (CS2) stimulus was varied in three different 

conditions (predictive, non-predictive, and never-rewarded). Reward was delivered in the 

predictive condition if the paired second stimulus was presented, but reward was omitted 

if the foil stimulus was delivered or if no stimuli were presented. In the non-predictive 

condition, the omission or presentation of any stimuli during the CS2 interval did not 

influence the probability of reward delivery on a given trial (p = 0.5). In the never-

rewarded condition, animals were never rewarded regardless of the stimuli presented in 

the CS1 or CS2 intervals. Stimulus-sequences from the predictive and non-predictive 

conditions comprised 80% of all trials, while stimulus-sequences from the never-

rewarded condition comprised 20% of trials. Animals typically completed 90 trials in 

each predictive or non-predictive stimulus-sequence on a given behavioral session (~180 

trials per condition). Sequences from the predictive or non-predictive conditions were 

presented in blocks of 8 trials. The order of the blocks during an experimental session 

was random. The use of blocks was originally implemented to facilitate training, and the 

original design called for the elimination of blocked trials once behavior improved. From 

a practical standpoint, however, it was observed that animals would not sample trials in 

the predictive and non-predictive conditions equally without blocked trials.  
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Animals were considered to have learned the task when they successfully 

performed the following three behaviors: First, they remained within the nosepoke hole 

during the predictive sequences when the paired associate CS2 was presented and 

withdrew from the hole during the presentation of the foil or during the CS2-omission 

trials. Second, they remained within the nosepoke hole for the duration of the trial during 

the non-predictive conditions. Third, they withdrew from the hole during the never-

rewarded conditions.    

Pre-Training 

All animals used in this study required a minimum of five months of daily 

training (~2hours/day, 6 days/week) in order to reach criterion. A total of five animals did 

reach criterion; however, two of these animals were eliminated from the study as one 

died from liver cancer and another had to be abandoned due to problems with the 

microdrive implant. Daily training sessions were either performed in the same operant 

chamber used during recording sessions or in a duplicate chamber located in the same 

room. The difficulty of the task often required the trainers to experiment with new 

protocols and adjust the training strategy on a frequent basis. This variation makes a 

detailed longitudinal analysis of learning unfeasible. Even so, training typically 

proceeded through the following stages: 

1. After habituation to the operant chamber (1-2 days), food-deprived animals 

were manually rewarded for approaching and then placing their noses within 

the nosepoke hole. (~1-2 weeks) 
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2. Once animals began exploring the nosepoke hole, the behavior control system 

was set to automatically deliver food immediately upon nosepoke entry.  The 

required fixation period between entry and food delivery was gradually 

increased to about 2 seconds. (~1-2 weeks) 

3. Two unique tones were paired with nosepoke entry. One tone indicated food 

delivery, the other indicated non-delivery. Some animals learned this distinction 

within a day, while others required 1-2 weeks of training. (~1-2 weeks) 

4. The animal was trained to discriminate between a second pair of tones. (1-5 

days) 

5. The trial duration was increased and the second stimulus was added according 

to a contingency schedule similar to that described in the Behavioral Protocol 

chapter. The contrast between predictive and non-predictive sequences was 

especially difficult for the animals to learn. Frequently, animals would over-

generalize their strategy to both the predictive and non-predictive sequences. 

For instance,  the animals would adopt a strategy of always pulling out in the 

absence of the second stimulus regardless of its predictive capacity or they 

would adopt a strategy of always staying in the hole. It could take up to 2 

months to get the animals to make this distinction reliably with just two 

sequences (one predictive, one non-predictive). A more detailed discussion of 

this phase is presented in the next section. (~2 months) 
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6. The second stimulus sequence was introduced and trained to criterion and then 

all sequences were presented within the same training session. (~1 month) 

7. The foil stimulus was introduced. This was also quite difficult for the animals 

to learn as they had to inhibit the previously learned strategy of staying in the 

hole during the presentation of the second stimulus. Further complicating 

matters, the animals had to inhibit a withdrawal response associated with the 

foil stimulus in the non-predictive condition. (~1 month) 

Why did it take so long? 

The extended training period was a serious limitation as it limited the number of 

animals that could feasibly be used for the experiment. As a result, it is important to 

examine why training required so much time. Although quantitative analysis was not 

practical given the frequent adjustments in the protocol (this was a novel task), a number 

of subjective assessments can be made. As indicated in the preceding list of stages, the 

majority of pre-training time involved training the animals to distinguish between the 

predictive and non-predictive conditions. A major factor contributing to the difficulty at 

this stage was the fact that the task could no longer be performed optimally by adopting a 

single strategy (e.g. always pull out during omission trials). Instead, animals were 

required to flexibly alternate between two strategies. For instance, if the animal only 

adopted a “pull-out-during-omission” strategy, the average rate of reward would be 

highest in the predictive condition but low (and probabilistic) in the non-predictive 

condition. Similarly, if the animal adopted a “stay-in-no-matter-what” strategy, he would 
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maximize reward in the non-predictive sequences but fail to receive reward during 50% 

of the predictive trials. As a result, animals would still receive reward (50% of trials) by 

following either of these incorrect but simple strategies. The absence of consistent 

negative or positive feedback probably contributed significantly to the length of the 

training period. 
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ANALYSIS 

All data analysis was performed using built-in or custom Matlab® scripts and 

functions. Instructions regarding how the code is organized and archived is provided in 

Appendix A. 

Measures of Selectivity to Head Position and Stimulus Sequence 

The analysis of behavior revealed the presence of small but sequence-selective 

variations of head position. As a result, it was important to determine whether sequence-

selective delay activity was a result of the sensory-motor consequences of such postural 

shifts. To address this issue, two methods were adopted to assess the degree of sensory-

motor contribution to selective delay activity. The first approach measured sensitivity to 

head position as the R2 value of the regression between trial-by-trial values of head-

position and firing rate during the first delay interval. Only correct trials were included in 

this analysis. This approach is described in more detail in Chapter 7.  

The second approach was developed under the assumption that, if head position 

influences selective delay activity, then the difference in firing-rate activity between 

stimulus-sequences should be greatest during trials in which the head position was most 

divergent. This analysis was accomplished by separating trials into groups that depended 

on the degree to which head position overlapped or diverged between stimulus-sequences 

within either the predictive or non-predictive conditions. The measure of selective delay 

activity was subsequently and independently calculated for each of these two groups.  
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This method was implemented by first identifying the head position during the 

delay interval of each trial. This value was used to segment trials into either a ‘diverge’ or 

an ‘overlap’ group. Segmentation was performed separately for the two sequences in 

either the predictive or the non-predictive conditions. The ‘diverge’ group contained trials 

in which head position was to the outside of the median of the distributions of head 

position while trials in the ‘overlap’ group were on the inside of the centers of the 

distributions. The strength and significance of delay activity within the diverge and 

overlap groups was compared by using a two factor ANOVA with stimulus-sequence 

being the first factor (‘sequence 1’, ‘sequence 2’) and head-position (‘diverge’ or 

‘overlap’) being the second. Neurons were considered to be modulated by sensory-motor 

information if the effect of delay activity was significantly enhanced or reduced as a 

function of membership to the diverge or overlap group. It should be mentioned that the 

animal’s go/no-go choice performance during the trials in the two groups was identical. 

As a result, it can reasonably be assumed that a significant difference in delay activity 

was not a result of  differences in factors such as recall or attention.  

Classification of Neurons by Selective Delay Activity 

A two factor ANOVA was used to categorize cells into groups based on the 

sensitivity of the firing rate to the stimulus-sequence (factor 1) or to head position (factor 

2)5. Firing rate was determined by counting spikes on each trial within a 400 msec 

window during the delay interval (D1) that began 150 msec after the offset of the CS1 

                                                 
5 Custom Matlab® code: Q10_Ana_Does_Position_explain_delay_activity.m 
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interval and ended 150 msec before the onset of the CS2 interval. The trial-by-trial firing 

rates were evaluated by ANOVA (p < 0.05) and the results of that ANOVA were used to 

assign cells to one of the following four groups: 

• No Effect of Stimulus-Sequence (Non-selective): This group includes those 

cells that did not exhibit any effect of sequence, those that exhibited an effect of 

position, but not sequence (purely sensory-motor), and those that exhibited an 

interaction between sequence and position, but no effect of sequence. Because our 

analysis was focused on sequence specific delay activity, these subgroups were 

not analyzed individually. 

• Effect of Stimulus-Sequence, No Effect of Position, No Interaction 

(Sequence): There was an effect of sequence, but no significant effect of head 

position (overlapping head positions versus divergent head position).  

• Independent Effects of Stimulus-Sequence and Position, No Interaction 

(Sequence/Position): There was an effect of sequence and position, but there was 

no interaction between the two groups. In other words, significant differences in 

position did not appear to influence the strength of the sequence effect.  

• Effect of Stimulus-Sequence and Position and an Interaction (Interaction): 

There was a significant interaction between sequence and position, suggesting 

that the strength of the sequence effect was influenced by head position, or 
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alternatively, that the strength of the position effect was influenced by the 

sequence.  

The Sequence and Sequence/Position groups could be considered to be the 

categories most often associated with intrinsically generated (e.g. memory related) delay-

activity. In these categories, head position did not significantly influence the selectivity of 

the delay activity. Membership in the Interaction category, however, would suggest that 

position does influence selective delay activity for that cell. 

Measures of Neural Selectivity to Stimuli, Sequence, and Position: 

The degree of stimulus-selectivity during the delay interval was quantified as the 

absolute value of the difference between the mean firing rate activity in the two within-

condition sequences (e.g. predictive or non-predictive). An advantage of this measure 

was its simplicity and ease of interpretation. A disadvantage was the fact that it does not 

take into account the variance of the two distributions, and, therefore, the degree of 

confidence that the difference was significant. For most analyses, this was not a major 

concern as neurons were screened for significant selective activity prior to the analysis of 

effect size.  

Selectivity in the population of simultaneously recorded cells was measured using 

linear discriminant classification6 (classify.m in Matlab®, The Mathworks, Inc.). The 

classifier was trained to discriminate between the two within-condition sequences given 

                                                 
6 Custom Matlab® scripts: PC_Calculate_ProRetroD1Classify.m, 
Q14_How_Early_Discriminate_Classify.m, Q4_Ana_Is_completion_prospective.m 
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the trial-by-cell matrix of spike counts (bin size = 400 msec) associated with a given 

stimulus epoch (e.g. CS1, D1, CS2 or D2). All population vectors (rows in the matrix) 

were normalized to have a vector-length of one in order to emphasize relative change in 

firing activity in the population of cells and eliminate the influence of global changes in 

rate on the quality of the discrimination. Leave-one-out cross-validation (Bishop, 1995) 

was used to determine a percent-correct score of the classification. The degree to which 

these scores deviated from chance (p = 0.5) was interpreted as the strength of selectivity. 

The significance of the difference was determined by evaluating the table of correct and 

incorrect classifications (the ‘confusion matrix’) with a Chi-Square test (p < 0.05). 

Experimental sessions with fewer than 10 simultaneously recorded cells (30% of 

sessions) were eliminated from the analysis. The degree of prospective and retrospective 

activity was identified through a similar procedure; however, in this procedure the 

classifier was trained on either the CS1 or CS2 intervals but tested on the population 

vectors associated with the delay (D1) interval. Significantly higher percent-correct 

performance of the classifier trained on the CS1 interval relative to the CS2 interval was 

interpreted as suggesting retrospective coding while enhanced performance for the CS2 

classifier was interpreted as suggesting prospective coding. 
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Cell Categorization 

Physiological Classification 

Cells were classified into three groups according to their physiological response 

properties7. Interneurons and putative pyramidal cells were identified by evaluating the 

waveform shape. As reported by Bartho (2004), interneurons were well isolated by the 

peak to trough duration. Other parameters such as the peak to trough amplitude ratio and 

the peak half-width (Bartho et al., 2004) were less effective. Firing rate alone, however, 

was a poor estimator of cell type as a subset of principal cells (as determined by the 

waveform shape) fired at high rates. The two groups of cells were determined by k-means 

clustering (k = 2 groups) (Duda et al., 2001) of the peak to trough duration, peak half-

width, and peak to trough amplitude ratio. 

 

                                                 
7 Custom Matlab® script: neuron_subtypes.m, See Appendix 1. 
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Figure 5.3: Classification of interneurons and principal cells. Interneurons and two 
classes of principal cells were identified using features of the waveform shape and the 
autocorrelogram. A) Interneurons were identified based on the peak-to-trough spike 
width (msec) and the ratio of the amplitude of the spike peak and the spike trough. Blue 
points indicate interneurons while black and red points indicate the two classes of 
putative principal cells. Interneurons were clearly distinguished from the principal cells; 
however no other cell types could be clearly identified based on waveform shape alone. 
B) Average waveforms for the three classes of cells. Waveforms were normalized by 
energy to emphasize differences in shape. Interneurons were distinguished by their 
narrow waveform. The two classes of principal cell were indistinguishable based on 
waveform shape. C) Clustering based on features of the amplitude-normalized 
autocorrelograms. The putative principal cells were classified into two groups based on 
the shape of the autocorrelogram (0 to 150 msec). Plotted are the first and second 
principal components for the two classes of principal cell (black and red) and 
interneurons (blue). D) The average autocorrelogram for neurons in each of the three cell 
categories. Interneurons were distinguishable by a higher overall rate and a peak in the 
autocorr that occurred at 20 msec. The autocorrelograms of the two classes of the 
principal cells were also distinguished by the location of the first peak as Peak-10 (PK10) 
principal cells had a clear peak near 10 msec and a low baseline firing rate. Peak-100 
(PK100) neurons had a peak near 100 msec with a higher baseline firing rate. 
Autocorrelograms were calculated from the entire recording session (rest and behavior 
combined). Thin lines indicate the SE. 
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The observation of a bi-modal peak in the autocorrelograms in the principal cell 

group suggested the presence of at least two subsets of principal cells. To examine this 

possibility, the principal components of amplitude-normalized autocorrelograms (0-120 

msec) were evaluated. There was apparent clustering in the first and second principal 

components (Figure 5.3). The two clusters were identified by k-means clustering (k = 2 

groups). The autocorrelograms of the two clusters had two clearly distinguishable peaks 

(Figure 5.3D). As a result, the two classes or putative principal cells were labeled PK10 

(~peak at 10 msec) and PK100 (peak at ~100 msec). It is likely that these two classes of 

neurons correspond to the bursting and regular-spiking neurons (Connors and Gutnick, 

1990; Bartho et al., 2004). The distribution of these cell classes across the population of 

recorded cells is presented in Figure 5.4. 
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Figure 5.4: Distribution of cells by cell class. The distribution of the three cell classes 
across the population of 1301 prefrontal cells. (IN: interneurons;  PK10,100: Two classes 
of principal cell classified by the location of the peak of the autocorrelogram (see Figure 
5.3)).     
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CHAPTER SIX: BEHAVIORAL PERFORMANCE  

 

 

“Let it be noted that rats live in cages; they do not go on binges the night before 
one has planned an experiment; they do not kill each other off in wars; they do not 
invent engines of destruction, and, if they did, they would not be so inept about 
controlling such engines; they do not go in for either class conflicts or race 
conflicts; they avoid politics, economics, and papers in psychology. They are 
marvelous, pure and delightful. And, as soon as I possibly can, I am going to 
climb back again out on that good old phylogenic limb and sit there, this time 
right side up and unashamed, wiggling my whiskers at all the silly, yet at the same 
time far too complicated, specimens of homo sapiens, whom I shall see strutting 
and fighting and messing things up, down there on the ground below me."  

 – E. K. Tolman, Lecture at Saint John's University 1945. 

 

PERFORMANCE ACCURACY 

The main question addressed in this dissertation was how prediction and reward 

determines the strength of associative connections within the mPFC. To address this 

question, it was necessary to develop a task that allowed for the differentiation between 

associations that emerge as a function of regular contiguous presentation in the absence 

of reward prediction and those that emerge or are enhanced if the paired stimuli are also 

predictive of reward delivery. These prerequisites resulted in a difficult behavioral task in 

which animals were required to discriminate between six unique stimulus sequences, 

between omission intervals, and foil stimuli, and between 'predictive', 'non-predictive', 

and 'never-rewarded' conditions.  
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Figure 6.1: Behavioral performance during recording sessions. Each bar in the figure 
presents the mean percent of trials that were aborted (by withdrawing from the nosepoke 
hole) during various stimulus intervals. A withdrawal was counted in the CS1 interval if 
it occurred between 50 msec after CS1 onset and the onset of CS2. A withdrawal was 
counted in the CS2 interval if it occurred between 50 msec after CS2 onset and before the 
time when the door would open. Error bars indicate the SEM (n = 90 sessions). A) 
Withdrawal following never-rewarded stimuli during the CS1 interval. A separate bar is 
presented for each unique stimulus sequence. Animals remained in the hole for the 
majority of the predictive (green) and non-predictive (blue) trials. Animals most 
frequently withdrew from the hole during the never-rewarded sequences (red), indicating 
that they had learned to discriminate between the CS1 stimuli. The difference between 
the never-rewarded and the predictive and non-predictive groups was significant (p < 
0.001, ANOVA). B) Withdrawal following never-rewarded stimuli or the absence of 
predictive stimuli during the CS2 interval. During non-predictive trials (blue), animals 
remained in the hole during the CS2 interval regardless of the second stimulus; however, 
in the predictive condition, animals withdrew from the hole during the presentation of the 
foil stimulus or during omission trials. The difference between the CS2 and the omit and 
foil withdrawal probabilities was significant in the predictive condition but not in the 
non-predictive condition (p < 0.001, ANOVA). Accurate choice behavior was consistent 
across sessions and animals (see Figure 6.2).  
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Despite the difficulty, accuracy following the training period was extremely high. 

Average performance across all three animals is summarized in Figure 6.1. All animals 

reliably withdrew from the nosepoke hole during the presentation of the never-rewarded 

CS1 stimuli, and remained in the hole during the presentation of all other CS1 stimuli. 

Furthermore, animals maintained fixation in the nosepoke hole during the presentation of 

the paired stimulus in the predictive condition but withdrew during foil and omission 

trials. In contrast, animals maintained fixation during omission, foil and CS trials in the 

non-predictive condition. These results are in clear accord with the reinforcement 

contingencies adopted in this task and indicate that the animals discriminated between 

sequences in the predictive and non-predictive conditions. The differential response to the 

foil stimuli in the predictive and non-predictive conditions is particularly interesting. In 

the predictive condition, the foil stimulus was 100% predictive of the absence of future 

reward; however, in the non-predictive condition, the same stimulus had no predictive 

value. The differential response to the identical foil stimuli in the two conditions suggests 

that the animals were able to discriminate between the different sequence types and 

conditions based on predictions developed during the presentation of CS1. 
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Figure 6.2: Performance accuracy across sessions during the predictive condition. 
Each line indicates the percent correct performance for each of the three animals used in 
the study. A trial was ‘correct’ if the animal either remained in the hole until the end of 
the trial if the CS2 was delivered or pulled out during trials when the CS2 was omitted or 
a foil stimulus was presented. Random performance was 50% (dashed line). 
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RESPONSE LATENCIES 

The results from the preceding analysis demonstrated that the animals were quite 

capable of discriminating between all stimuli and task-conditions. The preceding 

analysis, however, provided little detail with respect to how effectively the animal's could 

process or respond to the various stimuli and events used in the task. To address these 

issues, an analysis of the response latencies to various task-related events was performed. 

The analysis of response latencies has direct implications for the analysis of neural 

activity. For example, determining the latency to withdraw in response to a stimulus is an 

indication of the minimal time window during which a given neural response could be 

causally involved in triggering the withdrawal. For instance, the analysis of latencies 

indicated that animal 7885 could respond to the delivery of the CS1 stimuli within ~200 

msec (see Figure 6.3A). As a result, neural responses occurring later than 150 msec after 

CS1 onset would most probably not be causally involved in the generation of the 

behavioral response.  
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Figure 6.3: Latencies to nosepoke withdrawal. Histograms of the latency to withdraw 
from the nosepoke hole during the sequence discrimination task. Session-averaged 
histograms are presented for each animal and sequence. A) Latency to withdraw aligned 
on the presentation of the CS1 stimulus during the two never-rewarded sequences. The 
shades of red and pink indicate the histogram for the two within-condition sequences. B) 
Latency to withdraw aligned on the opening of the door (indicating food availability). C) 
Latency to withdraw during the omission intervals (predictive condition). Latencies for 
the non-predictive sequence are not shown as the animal rarely withdrew during this 
interval. D) Latency to withdraw during never-rewarded trials (non-predictive) aligned on 
the time at which the door would have opened, had the trial been a rewarded trial. 
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The histogram of response latencies for all major experimental conditions is 

presented in Figure 6.3. The analysis of latencies produced a number of relevant 

observations. The first observation was the considerable variation between the different 

animals. For instance, animal 7885 responded far more rapidly (nearly 200 msec) to the 

presentation of stimuli in all experimental conditions relative to the other animals (see 

Figure 6.3A,B). It is conceivable that this difference was a consequence of training as this 

animal did receive three additional weeks of training prior to implantation relative to 

animals 7998 and 8124. This explanation is unlikely, however, as latencies for all animals 

were near their minimal level at the time of recording, and latencies did not decrease 

appreciably throughout the two to three months of additional behavioral practice. The 

differences between animals was also not a function of age as animals 7885 and 7998 

were the same age and animal 8124 was 3 months their junior. To summarize, no clear 

cause for the differences in latencies could be determined, suggesting that the differences 

may be due to unmeasured factors such as the natural variation between the animals. 

A second observation that is evident from the histograms of response latencies 

was that all animals exhibited lower response times to the opening of the door in the 

predictive condition (p < 0.001, Kruskal-Wallis, see Figure 6.3B). This result is of 

interest as the trigger stimulus in both the non-predictive and predictive conditions was 

identical (the sound/movement of the door). As a result, differences were most likely due 

to factors related to the animal’s expectation regarding whether or not the door would 

open. For example, in the predictive condition, the opening of the door could be predicted 
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with 100% accuracy, while it could not be anticipated in the non-predictive conditioning. 

How prediction influenced response latencies to the door is not entirely clear; although it 

is easy to speculate on some potential causes. It is possible, for instance, that in the 

predictive condition, the animal had pre-activated his planned motor withdrawal response 

and could therefore initiate the response more rapidly than in the non-predictive 

condition. Alternatively, the high degree of reward expectancy in the predictive condition 

could have triggered the release of neuromodulators that enhanced the animal’s capacity 

to respond to and process incoming stimuli. In contrast, the uncertainty associated with 

the non-predictive condition could have resulted in neural activity that interfered with 

stimulus processing or in the activation of motor plans. Differentiating between these 

possible scenarios is not possible given the present data, although there is some 

physiological evidence for the stimulus-processing account. This evidence will be 

presented and discussed in chapters 7 and 9. 



 

 

132 

 

SEQUENCE SELECTIVE CHANGES IN HEAD POSITION 

The analysis of response latencies and overall performance levels indicated that 

animals were exceedingly accurate in the sequence discrimination task. Even so, it was 

important to evaluate behavioral responses that did not obviously correspond to the 

animal’s choice behavior, such as the precise position of the animal’s head in the 

nosepoke hole or EMG activity. An analysis of these parameters was important, as 

behavioral variation and the somatosensory consequences may influence neural activity 

in the mPFC. Interestingly, the analysis of head position and EMG activity did reveal that 

the animals expressed behaviors that were associated with specific stimulus-sequences 

used in the task (Figure 6.4). This observation was surprising given the restrictions placed 

on the physical movement of the animal (e.g. nosepoke hole, narrow platform). Analysis 

also revealed that these patterns of behavior were most selective for individual sequences 

in the predictive condition, suggesting that, on average, the LED’s on the animal’s 

headstage deviated 1 cm (~10 degrees of head rotation) between the two sequences. The 

importance of this result will become apparent in the analysis of neural activity presented 

in the following chapter.  
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Figure 6.4: Deviation in head position and EMG amplitude between sequences. A) 
Head position varied as a function of sequence and condition (predictive or non-
predictive). During each session, the mean head position during each of the sequences in 
the predictive and non-predictive conditions was determined. For the two sequences 
within a given condition, the difference between these means was calculated. The 
absolute value of this difference was used as a measure of the between-sequence 
deviation in head position. These values were averaged across sessions (n = 90). The y-
axis indicates the median degree of deviation of head position (cm) between the two 
sequences within the predictive (gray error bars) or the non-predictive (clear error bars) 
conditions. Error bars indicate the 95% notch confidence intervals (Chambers et al., 
1983). No significant difference was observed during the fixation (Fix) or CS1 epochs (p 
< 0.36, paired sign test); however, the differences in the D1, CS2 and D2 epochs were 
significant (* indicate p < 10-8, paired sign test). The duration of the first (D1) and second 
(D2) delays were constant across animals; however, the duration of the second stimulus 
(CS2) was longer on 15% of recording sessions. For those datasets, only the first and last 
300 msec of the CS2 interval were used. B) An analysis that was identical to the analysis 
performed in panel A was applied to the EMG data (n = 80). Results were quite similar, 
with significantly greater variation being observed during the D1, CS2 and D2 intervals 
(* indicate p < 10-5, paired sign test).  
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CONCLUSION 

This chapter began with a quote by Edward Tolman. In that quote, he expressed 

his enthusiasm for the “marvelous, pure and delightful” laboratory rat. The present 

behavioral results justify his enthusiasm as the animals were able to achieve a high level 

of performance while performing an extremely difficult task. The analysis of neural 

activity that is presented in the following chapters can therefore be presented with the 

knowledge that the animals could distinguish between the stimuli and contingencies used 

in the task. Furthermore, the detailed analysis of response latencies revealed that animals 

exhibited longer latencies during conditions of greatest uncertainty. Finally, the analysis 

of head position and EMG activity indicated that animals developed stereotyped patterns 

of behavior that were somewhat selective for individual stimulus-sequences. This 

observation suggests that subsequent analyses of neural activity must also examine the 

responses of prefrontal neurons to these behaviors. The analysis of neural activity is the 

topic of the next chapter. 
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CHAPTER SEVEN: SELECTIVE DELAY ACTIVITY IN THE MEDIAL 
PREFRONTAL CORTEX 

 

 

“A memory is what is left when something happens and does not completely 
unhappen.”   

  – Edward de Bono 

 

Two of the most significant advances in the field of cognitive neuroscience 

occurred in 1971. First, O'Keefe and Dostrovsky (1971) identified neurons in the 

hippocampus that fired only when a rat was “situated in a particular part of the testing 

platform facing in a particular direction.” (p. 34). The authors also suspected that the cells 

“derived their orientation preferences from several equipotential cues, removal of any one 

of which is insufficient to disrupt the response.” (p. 34). As the authors suggested, the 

identification of ‘place cells’ indicated that neurons can respond to higher-order 

representations that can not be a simple consequence of chains of stimulus-response 

associations (reviewed in Olton, 1979), an observation that was a serious blow to the few 

remaining Behaviorists. Equally revolutionary was the concurrent observation of ‘delay 

cells’ in the primate prefrontal cortex (Fuster and Alexander, 1971; Kubota and Niki, 

1971). These cells exhibited selective responses to planned actions (Kubota and Niki, 

1971) and anticipated stimuli (Fuster and Alexander, 1971). Importantly, these responses 

occurred in the absence of any obvious cue that could serve as a reminder for the 
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anticipated stimulus or response. These results were significant as they supported 

previous behavioral evidence that suggested the involvement of the prefrontal cortex in 

short term memory (Jacobsen, 1936).  

A decade later, selective delay activity was reported in the rodent (Sakurai and 

Sugimoto, 1986; Batuev et al., 1990; Baeg et al., 2003). This observation suggested a 

means for testing the main hypothesis of this dissertation. If, as these reports suggest, 

selective delay activity relates to the memory of an anticipated stimulus, then the strength 

and selectivity of specific activity should  indicate the strength of the association between 

a cue and the anticipated stimulus. Accordingly, the present chapter presents an analysis 

of selective delay activity in the rodent medial prefrontal cortex, but it does so in the 

context of the main hypothesis. As a result, the analyses that are presented address the 

question of whether selective delay activity is influenced by the capacity of the 

anticipated stimulus to predict reward delivery. If prediction does enhance associative 

processes in the mPFC, then enhanced selectivity should be observed during the delay 

interval that separates the stimuli in the predictive condition. Neural responses are also 

evaluated with regard to their sensitivity to sensory-motor information. This analysis is 

important as it indicates the degree to which the selective responses are driven by 

memory related processes intrinsic to the mPFC or by somatosensory information 

arriving from other sources.
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SELECTIVE RESPONSES TO STIMULI: EFFECT OF CONTINGENCY 

Evaluation of the Peri-Event Time Histograms (PETHs) for individual neurons 

identified clear examples of cells with selective activity during the various stimulus and 

delay intervals. This activity closely resembled responses reported in previous studies 

(reviewed in Funahashi, 2001). Nearly all of the selective responses were observed 

during the two predictive sequences. Examples from three neurons with selective 

responses are presented in Figure 7.1.  
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Figure 7.1: Responses of neurons with selective delay activity. A-D) Spike 
rastergrams for one neuron with selective delay activity. Rasters were aligned on the 
presentation of the second stimulus in each of the four unique stimulus-sequences. Plots 
A and B presents the rastergrams for trials associated with the two sequences in the 
predictive conditions and plots C and D present the responses to the two sequences in the 
non-predictive condition. The onset and offset of the first and second stimuli are 
indicated by vertical lines. A clear selective response was observed during the first 
sequence in the predictive condition (Plot A). E-F) Average PETH responses for two 
cells with selective delay activity aligned on the time of presentation of the paired 
associate CS2 stimulus. Green lines in the top row of each panel indicate the average 
response during the two sequences in the predictive condition. Blue lines in the second 
row of each panel indicate the average response in the non-predictive condition. Lines 
indicate the mean and SEM. Spike trains were smoothed with a 100 msec Hanning 
window before averaging. 
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Neurons with selective activity were identified as those neurons with significantly 

different distributions of firing rates (across trials) between the two sequences in either 

the predictive or non-predictive conditions (ANOVA, p < 0.05). The number of cells with 

selective activity during each experimental epoch is presented in Figure 7.2. Significantly 

more cells were selective during the predictive sequences during all experimental epochs 

(p < 0.05, Chi-Square test). 
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Figure 7.2: Neural activity was most selective during delay intervals in the 
predictive condition.  

A) More neurons were identified with selective activity in the predictive condition during 
all stimulus-presentation and delay intervals. The y-axis indicates the number of cells 
identified as having selective responses to the two paired sequences in either the 
predictive (black) or non-predictive (white) conditions. Differences in the counts in the 
predictive and non-predictive counts were significant during all epochs (Chi-Square, p < 
0.001).  

B) The effect size (mean ±SEM) in the predictive (black) and non-predictive (white) 
sequences. The y-axis indicates the effect size, measured as the absolute difference 
between the delay activities (Hz) for the two paired sequences. The difference between 
the predictive and non-predictive conditions was significant in the D1, CS2, and D2 
epochs and not in the CS1 epoch (p < 0.05, ANOVA). 

C) The selectivity of the ensemble of recorded cells during stimulus and delay intervals. 
The degree of selectivity was determined by evaluating the performance of a linear 
classifier trained on the population of simultaneously recorded neurons. The measure of 
discriminability was the percent of correct classifications (mean ±SEM, y-axis). The x-
axis presents the epoch. The difference between the percent correct in the predictive and 
non-predictive conditions was significantly lower during CS1 than during all other 
epochs (p < 0.05, Paired ANOVA (factor: epoch) with Tukey-Kramer test for multiple 
comparisons). 
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A similar pattern was observed following the evaluation of ensemble activity 

during each experimental session (Figure 7.2C). Selectivity in the population was 

measured as the percent correct performance of a classifier trained to discriminate 

between the two sequences (see Methods) given the population vectors of simultaneously 

recorded cells. Selectivity was considerably higher during all epochs in the predictive 

condition, although the degree of selectivity was significantly lower during the 

presentation of the CS1 stimulus (p < 0.05, Paired ANOVA; factor: epoch; Tukey-

Kramer test for multiple comparisons).  
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DELAY RESPONSES: EFFECT OF CONTINGENCY 

The majority of the analyses that follow evaluate the neural activity that occurred 

during the delay interval between the presentation of the CS1 and CS2 stimuli. It was 

hypothesized that strong, stimulus-selective and prospective activity would be observed 

during this interval, in which both stimuli in the sequence contribute to the prediction of 

reward (predictive condition). Examples of cells with selectivity to the stimulus sequence 

and to the reinforcement contingency relationship are presented in Figure 7.1. In these 

examples, delay responses were selective to sequences in the predictive condition but not 

the non-predictive condition. This pattern of response was also observed in the 

population. 

The presence of selective delay activity in the population of recorded cells was 

evaluated by examining the binned, trial-by-trial firing rates during the various trial 

conditions. Activity was binned during a 400 msec window in the center of the 700 msec 

delay period (D1). Comparisons were made between activity during the two paired 

stimulus sequences, to produce a measure of selectivity. It should be noted that this 

measure of selectivity is agnostic with regard to whether the activity during the delay 

interval is prospective (CS2), retrospective (CS1), or some combination thereof. For this 

reason, selective activity is termed sequence-selective instead of stimulus-selective.  

Of the 1310 neurons included in this study, a total of 248 (19%) exhibited activity 

during the delay that was selective for specific sequences in the predictive condition. A 

total of 122 (9%) neurons were selective in the non-predictive condition (Figure 7.2A). 
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The mean effect size, quantified as the absolute value of the difference in firing rate, was 

also largest in the predictive group (Figure 7.2B, Predictive: 1.4 Hz ±0.25 SEM, Non-

Predictive: 0.7 Hz ±0.12 SEM, p < 0.05 ANOVA). Similar results were obtained 

following the analysis of the population of simultaneously recorded cells (Figure 7.2C). 

The ensemble expressed significant selectivity for individual sequences during D1 and 

D2, and the degree of selectivity was notably stronger in the predictive condition (p < 

0.05, Paired ANOVA (factor: epoch) with Tukey-Kramer test for multiple comparisons). 

The results from the analysis of single units and the population are in agreement with 

previous reports that suggest that delay activity in the prefrontal cortex is selective for 

task-relevant stimuli (Rainer et al., 1998; Freedman et al., 2001); however, as will be 

discussed, this activity was strongly influenced by sensory-motor information. 
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DELAY RESPONSES: PROSPECTIVE AND RETROSPECTIVE CODING 

In order to determine whether the activity during the delay intervals was 

prospective or retrospective, it was necessary to quantify the degree to which the activity 

was selective for either the previously presented stimulus or the anticipated stimulus. 

Simply comparing the delay activity to the activity in the CS1 or CS2 intervals within a 

given sequence did not address this issue, as such a comparison does not account for the 

selectivity of the response relative to responses to stimuli in other sequences. To address 

this issue, linear discriminant classification was used to quantify the degree to which 

delay activity was most similar to the firing rate activity during either the CS1 or CS2 

interval (see Chapter 5: Methods). Higher percent-correct performance of the classifier 

trained on the CS1 interval relative to the CS2 interval was interpreted as evidence for 

retrospective coding while higher values for the CS2 classifier was interpreted as 

evidence for prospective coding. The results of this analysis are consistent with the 

presence of prospective coding (Figure 7.3), as the percent correct was significantly 

higher in the predictive condition (p < 0.001, paired t-test). This result was consistent for 

both single units and for the population of recorded cells. No significant difference (p > 

0.05, paired t-test) was observed during the non-predictive condition. Put more concisely, 

the results suggest that in the predictive condition, but not in the non-predictive 

condition, the delay activity is significantly more similar to the CS2 activity than the CS1 

activity.  
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Figure 7.3: Prospective activity during predictive sequences. The degree of 
prospective and retrospective activity in single units and in the population of 
simultaneously recorded cells was measured as the capacity of a classifier to discriminate 
between trials in the two paired sequences based on firing rate activity in either the CS1 
or the CS2 intervals. The classifier was trained on trials in the CS1 or CS2 intervals but 
tested on activity during the delay interval (leave-one-out cross-validation). The 
performance of the classifier (percent correct) is indicated on the y-axis. The dashed line 
indicates the level of performance expected by chance. The difference in performance 
between the CS1 and CS2 conditions was significantly different in the predictive 
condition for individual cells (Plot A: p < 0.001, paired t-test) and for the population of 
simultaneously recorded cells (Plot B: p < 0.001, paired t-test), while no significant 
difference (p > 0.05) was observed in the non-predictive condition. 
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DELAY RESPONSES: CONTRIBUTION OF SENSORY-MOTOR INFORMATION 

 

"A man physically regarded is a sensorimotor mechanism. I particularly wish to 
insist that the highest centers—physical basis of mind or consciousness—have 
this kind of constitution, that they represent innumerable different impressions 
and movements of all parts of the body [..] It may be rejoined that the highest 
centers are “for mind.” I assert that they are “for body,” too. If the doctrine of 
evolution be true, all nervous centers must be of sensorimotor constitution."  

 – Hughlings Jackson, (Jackson) p. 63 

 

"My body has a mind of its own, so what does it need me for?"  

 – Daniel Dennett (2004) 

 

Although sequence-selective delay activity was observed in 19% of neurons, it 

was unclear whether this activity was sustained by memory driven processes that were 

intrinsic to the medial prefrontal cortex (or anywhere in the CNS), or whether the activity 

had an extrinsic source such as sensory-motor feedback. This was of particular concern 

given the observation of patterns of head movement that were specific to the stimulus-

sequences in the predictive condition (Figure 6.4). This observation posed a serious 

problem for the interpretation and analysis of selective delay activity. Because position 

co-varied with sequence, it becomes difficult to determine whether the observed 

sequence-selective delay activity was intrinsically sustained through memory guided 

processes or whether it was driven by sensory-motor information. Two approaches were 

taken to address this issue. The results of these two approaches are described in the 

following sections. 
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Sensitivity to Position Variation: Regression of Position and Spike Rate 

The essential difficulty with the previously described co-variation between head 

position and sequence was the ambiguity surrounding whether neural activity was driven 

by memory guided processes or by sensory-motor information. One strategy to address 

this issue is to restrict the analysis of neural activity and head position to trials associated 

with an individual stimulus-sequence. This approach is advantageous as both the stimuli 

and the reinforcement contingencies are held constant within a stimulus-sequence. As a 

result, this approach avoids any selective effect that may be due to memory guided 

activity or differences in motivation/expectation. It should be noted that this analysis 

presents a conservative lower-bound estimate of position sensitivity as it is restricted to a 

relatively small portion of the total head variation (variation within a sequence).  

This analysis was accomplished by performing a multivariate regression on the 

trial-by-trial firing rate (dependent variable) as a function of position (independent 

variable). Head position was binned into 4, 200 msec bins during the 800 msec that 

preceded the onset of the CS2 stimulus (4 variables for the regression). The significance 

of the full regression model and the R2 value of the regression was determined for each 

neuron and compared with values obtained from a shuffled control where the trial order 

of firing rates, but not position, was randomly resorted. The analysis was restricted to 

only those trials in which the second stimulus was presented and the animal held his nose 

within the nosepoke hole for the duration of the trial (e.g. A�B�Reward from Figure 

6.1). 
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Of the 248 neurons that exhibited sequence-selective delay activity, 105 (42%) 

expressed significant covariation with position during one of the two sequences (p < 

0.05). Only 11 (4%) neurons exhibited such covariation in the shuffled control condition. 

The degree of sensitivity of neurons to head position was significantly greater than 

chance during all delay intervals, including the pre-stimulus fixation interval (Figure 

7.4A). Interestingly, the strength of position sensitivity was greatest during the second 

delay interval of the predictive condition (ANOVA p < 0.05 Tukey-Kramer test for 

multiple comparisons) even though the average firing rate of neurons during the 

predictive and non-predictive conditions were not different (p > 0.05, ANOVA). In this 

condition, the animal was presumably certain about future reward delivery as the 

presence of the second stimulus always indicated that the reward would be delivered. 

This analysis was also repeated with the rectified EMG data. In contrast to head position, 

EMG activity was a poor predictor of trial-by-trial variations in firing rate (mean R2 = 

0.036 during D1 for EMG compared to R2 = 0.125 for the position data). 
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Figure 7.4: Sensitivity to position and sequences. 

A) Firing activity was correlated with variations in head position during delay intervals. 
The y-axis indicates the explained variance (R2, mean ±SEM) between trial-by-trial 
variations in firing rate and head position after subtracting the R2 value obtained from the 
shuffled control. All values in the predictive and non-predictive conditions were 
significantly larger than zero (ANOVA p < 0.05 Tukey-Kramer test for multiple 
comparisons). Values were significantly larger in the predictive condition relative to the 
non-predictive condition during the D2 intervals, but not during the other intervals 
(ANOVA p < 0.05 Tukey-Kramer test for multiple comparisons). 

B) The degree of sensitivity to head position (R2) was correlated with the degree of 
selectivity to sequences during the first delay interval. A regression was performed 
between the measure of sensitivity of each neuron to position (R2 of within-sequence 
regression to prediction) and the measure of selective delay activity (absolute difference 
in mean firing rates between sequences). The regression was significant (p < 0.0001, R2 = 
0.21) indicating that the independent measure of position sensitivity was correlated with 
the between-sequence measure of delay activity. 
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To explore further the relationship between sensitivity to sensory-motor variation 

and delay activity, a regression was performed on the measure of position sensitivity (the 

R2 value of the within-sequence regression with position) and the measure of sequence 

selectivity during the various delay intervals (Figure 7.4B). This regression was 

significant (p < 0.0001, R2 = 0.21), further supporting the presence of a relationship 

between sensitivity to head-position variation and selective delay activity. In sum, cells 

exhibiting strong sequence-selective delay activity were likely to be highly sensitive to 

position. 
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Figure 7.5: Position sensitive neurons had higher within-trial firing rates and were 
more selective during delay intervals.  

A) The average firing rate of neurons during the first delay interval (D1) associated with 
each predictive and non-predictive stimulus sequence. Neurons were divided into two 
groups: those that were sensitive to head position and those that were relatively 
insensitive to head position (p <  0.05 or p > 0.15 for the full regression model). Each bar 
presents the mean firing rate during the four stimulus sequences (black = predictive 
sequences, white = non-predictive sequences). Only neurons with selective delay activity 
were considered. Position sensitive neurons fired at higher rates relative to insensitive 
neurons (p < 0.001, ANOVA (factor: position sensitivity)). No difference was observed 
between the firing rates of predictive and non-predictive neurons. 

B) The strength of the selective activity and position sensitivity. Selectivity was 
evaluated independently for neurons with selective delay activity during the predictive 
sequences (black) or non-predictive sequences (white). Selectivity was quantified as the 
absolute value of the difference in firing rates (Hz) between the two sequences within the 
predictive or non-predictive conditions. In both conditions, the selectivity of neurons in 
the position-sensitive group was larger than the selectivity in the position-insensitive 
group (p < 0.001 ANOVA). 
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The relationship between sequence selectivity and the measure of delay activity 

was further investigated by evaluating the activities of cells with or without a significant 

correlation with position (p <  0.05 or p > 0.15 for the full regression model between rate 

and position). The firing rates of cells in these two groups is presented in Figure 7.5A. 

Position-modulated cells fired at significantly higher rates relative to position insensitive 

cells (p < 0.001, ANOVA, factor: position sensitivity). The degree of selectivity, 

measured as the absolute value of the firing rate differences in the two sequences, was 

significantly larger in the position-sensitive group (p < 0.0001 ANOVA).  

Sensitivity to Position Variation: Trial Segmentation by Position Variability 

The results of the regression analysis described above suggest that delay activity 

was significantly affected by sensory-motor information. To confirm this, a second 

approach was applied that involved the segmentation of trials into groups according to 

head position and sequence. It was hypothesized that, if delay activity was significantly 

influenced by head position variation, the strength of delay activity should be weakest 

during trials in which head position overlapped the most between sequences and strongest 

when head position was maximally divergent. Trials were therefore separated into 

‘overlap’ and ‘diverge’ groups according to the distributions of head position, and 

sequence-selective delay activity was evaluated for each of these two groups (2-factor 

ANOVA (p < 0.05, factors: sequence/head position, see Methods). All analyses of delay 

activity were restricted to only those trials in which the CS2 paired associate stimulus 

was presented and the animal held their nose within the nosepoke hole until the typical 
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time of reinforcement delivery. Error trials (e.g. pulling out after CS2 presentation in the 

predictive condition) were not evaluated, as animals typically committed less than 5 

errors on a given session, and therefore such an analysis would lack sufficient statistical 

power. Restricting the analysis to correct trials also minimized the potential contribution 

of errors of recall as a potential factor in variations in firing rate or head position. 
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Figure 7.6: Head position and differential selective delay activity. A and B indicate 
the average PETH responses of two neurons during the two sequences (light and dark 
green) in the predictive condition. The PETHs present the average responses before 
segmentation (top row) and after segmenting trials into the ‘diverge’ (position diverged 
the most) group and the ‘overlap’ (position was most similar) group. Dark and light green 
lines indicate the average firing rate response across trials (Hz) while black and gray lines 
indicate the median head position (cm) corresponding to each sequence (right axis). 
Delay activity for the cell in plot A was not apparently affected by the segmentation 
procedure. In contrast, the selective delay activity was almost entirely eliminated in the 
overlap condition for the cell in plot B, suggesting that delay activity was entirely 
modulated by position. It is important to note that even though the cell in plot A did not 
demonstrate an effect of the segmentation procedure, the explained variance between 
firing rate and head position (see Methods) during the first sequence (light green) was 
very large (R2 = 0.56, p<10-6), suggesting that the segmentation approach in this 
condition underestimates the full contribution of position to the firing activity of this 
neuron. 



 

 

155 

 

For a given neuron, there are three potential outcomes of the analysis. First, 

selective delay activity may not be affected by segmenting trials into the overlap and 

diverge groups, suggesting that head position may not influence activity in the cell (e.g. 

Figure 7.6A). Second, delay activity may be nearly abolished in the overlap group, 

suggesting that delay was almost entirely a function of sensory-motor information (e.g. 

Figure 7.6B). Finally, delay activity may become enhanced in the overlap condition, 

suggesting that large deviations in head position between the two sequences may interfere 

with sequence-selective activity. 

The results of the trial-segmentation analysis over the population of selective cells 

are presented in Figure 7.7. About 24% of selective cells demonstrated a significant (p < 

0.05) interaction effect between position and sequence. The strength of delay activity was 

significantly greater in the interaction group (p < 0.01, ANOVA), with the magnitude of 

the effect being over twice as large as the effect observed in any other group. This result 

suggests that the cells that expressed the strongest selective delay activity were also the 

cells that were the most sensitive to head position, a result that is in agreement with the 

results of the regression analysis presented in Figure 7.4. This result is also contrary to 

the hypothesis that head position may interfere with the selective delay activity. 
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Figure 7.7: Categories of selective cells. Cells that were sensitive to small changes in 
position also expressed the strongest selectivity during delay interval. Trials were 
grouped according the stimulus sequence and to the degree to which head position varied. 
Firing rate activity in these two conditions was analyzed (2-way ANOVA, Factors: 
Sequence, head-position. see Chapter 5: Methods). A) The top row presents the number 
of cells in each delay-response category. Selective cells were cells with a significant 
effect of sequence but no effect of position and no interaction. ‘Seq/Position’ cells 
expressed a significant effect of sequence and position but with no interaction. 
‘Interaction’ cells were those cells with an interaction between head position and 
sequence. Open bars indicate levels expected by chance determined by randomly 
shuffling the trials in the ‘diverge’ and ‘overlap’ groups. These results indicate that about 
25% of selective cells were clearly modulated by head position (Interaction). B)  The 
strength of the selective delay activity, measured as effect size (absolute difference in 
firing rate between the two sequences). Contrary to the hypothesis that head position may 
interfere with selective delay activity, the largest effect was observed in the interaction 
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group, suggesting that cells with a sensitivity to position also exhibited the largest 
selective delay response (p < 0.01, ANOVA with test for multiple comparisons). 

 

FEATURES OF SELECTIVE AND NON-SELECTIVE CELLS. 

Cell Type 

The sensitivity of a cell to a stimulus sequence or to head position could be a 

function of the cell class (e.g. principal cell or interneuron). To examine this question, 

cells were classified into putative interneurons and into two classes of principal cells 

(PK10, PK100) by evaluating the waveform shape (Bartho et al., 2004) and the 

autocorrelogram (see Chapter 5: Methods and Figures 5.3-5.4). No difference in the 

degree of selectivity was identified between cell classes (p > 0.05, Kruskal-Wallis, Figure 

7.8A). In addition, no cell type demonstrated a significant bias towards a particular 

sequence (p > 0.05, Kruskal-Wallis, Figure 7.8B). The PK10 neurons did exhibit a 

significantly lower degree of sensitivity to position (p < 0.05, Kruskal-Wallis, Figure 

7.8C); however, this effect may have been due to the notably lower baseline firing rate 

observed for the PK10 neurons (~1.0 Hz compared with ~4.0 Hz and ~8.0 Hz for the 

PK100 and interneurons respectively).  
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Figure 7.8: Selectivity by Cell Type. The strength and direction of delay activity was 
calculated post-hoc for the three separate subclasses of neurons (Interneurons, PK10, 
PK100. See Methods).  

A) The strength of delay activity was not different between neural subtypes. Selectivity 
for a stimulus sequence during the delay interval was measured as the F value of the 
between-sequence ANOVA. No difference was observed in the F value between 
sequences (p > 0.05, Kruskal-Wallis).  

B) Bias towards a specific stimulus sequence. Bias towards a particular sequence was 
measured as the difference between the first and second sequence in the predictive 
condition. No significant effect of bias was observed for any neural subtype (p > 0.05, 
Kruskal-Wallis). 

C) Sensitivity to position. Sensitivity to position was measured as the average R2 value of 
the regression between head position and neural activity within the individual sequences. 
Interneurons and PK100 cells were more sensitive to variations in head position than 
PK10 cells (p < 0.01, Kruskal-Wallis with Tukey-Kramer test for multiple comparisons), 
and there was no significant difference between Interneurons and PK100 cells. 
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Depth 

A growing body of evidence suggests that there is a high degree of functional 

segregation within the mPFC (Corbit and Balleine, 2003; Killcross and Coutureau, 2003; 

Gabbott et al., 2005; Haddon and Killcross, 2005). As a result, it was important to 

investigate the relationship between the depth of the electrode and the degree of 

sequence-selectivity and sensitivity to head position. Regression of the measure of 

sensitivity of cells to position (R2 of the regression of firing rate and head position) 

versus the depth of the electrode revealed significant negative correlation (p < 0.01). A 

significant negative correlation was also observed (p < 0.01) for the regression of 

sequence selectivity (absolute value of the difference in firing rate) versus depth. These 

results indicate that both position sensitivity and selective delay activity decrease with 

increasing depth. Average values of position and sequence selectivity at various depths 

are presented in Figure 7.9.  
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Figure 7.9: Depth and sensitivity to position and stimulus sequence during delay 
intervals. Neurons with selective delay responses were segregated into groups according 
to depth (400 µM increments). The average degree (±SEM) of sensitivity of the neurons 
to variations in position (R2, plot A) or sequence selectivity (|seq1 – seq2|, plot B) is 
indicated on the y axis. A significant negative correlation with increasing depth was 
observed in both conditions (p < 0.01). 
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These results suggest that selective delay activity is strongest in the dorsal 

prelimbic and the anterior cingulate cortices and notably weaker in the ventral prelimbic 

cortex. This finding is consistent with the anatomy of the region, as more dorsal regions 

of the prefrontal cortex are more strongly connected with the spinal cord and the dorsal 

striatum (Gabbott et al., 2005). It is also consistent with functional studies suggesting that 

ventral regions may be more involved in action selection and action sequencing (e.g. 

Ragozzino and Kesner, 2001). It is conceivable that the effect of depth was influenced by 

the degree of training that the animal received in the task, as depth did covary with the 

number of recording sessions (electrodes were typically lowered, not raised). This seems 

unlikely given the fact that the animals’ performance measures remained relatively 

constant through the course of the experiment. The animals were over-trained on this 

task, receiving at least five months of pre-training and maintaining peak performance 

levels for at least one month prior to recording.  

SUMMARY 

To conclude, selective delay activity was observed in the mPFC. Although this 

activity exhibited many of the characteristics reported in other studies, the delay activity 

observed in this experiment was also clearly influenced by sensory-motor information. 

Interestingly, the degree to which neurons were sensitive to sensory-motor input was 

influenced by reward-expectancy. Subsequent analyses determined that that neurons with 

selective delay responses were concentrated in the dorsal mPFC. Finally, selectivity did 

not appear to be an obvious property of a specific cell type. The implications of these 
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findings will be discussed at length in the final chapter; however, before proceeding to 

this discussion, one more feature of prefrontal neurons will be investigated – their 

response to surprise.  
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CHAPTER EIGHT: SURPRISE 

 

 

"Pass in, pass in," the angels say, 
"In to the upper doors, 
Nor count compartments of the floors, 
But mount to paradise 
By the stairway of surprise."   
 
– R. W. Emerson, excerpted from Merlin I (1846) 

 

 

The ability to detect novelty is essential for survival in a dynamic environment 

(Sokolov, 1963). Although the importance of novelty-detection may be obvious in 

conditions when organisms must react to imminent threats and opportunities, it may be 

equally important for more long term associative processes (Rescorla and Wagner, 1972; 

Pearce and Hall, 1980; Tulving et al., 1996). In addition, surprise and the related concept 

of ‘prediction error’ appears to guide instrumental and Pavlovian conditioning (Lubow 

and Moore, 1959; Kamin, 1969; Rescorla and Wagner, 1972). Neural responses to 

novelty and surprise have been identified throughout the brain (Courchesne et al., 1975; 

Zhu et al., 1995; Tulving et al., 1996; Gabrieli et al., 1997; Schultz, 1998a; Xiang and 

Brown, 1998; Opitz et al., 1999; Strange et al., 1999; Vinogradova, 2001; Duzel et al., 

2003; Jenkins et al., 2004), and the neural system and the type of response appears to 

depend on many factors such as the sensory modality or whether the event is aversive or 
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appetitive. The form of the surprise response may also provide considerable insight into 

the specific mechanisms of learning and memory, such as whether learning is driven by 

either scalar or bi-directional teaching signals. Despite its importance, only one 

physiological study of the effect of surprise on single unit responses has been performed 

in the medial prefrontal cortex of the rat (Jodo and Kayama, 1992). The near absence of 

research in this field has resulted in a growing catalog of unresolved questions. For 

example, under what conditions does novelty influence prefrontal neurons? Are these 

responses similar to responses observed in structures connected to the mPFC such as the 

VTA? Do these responses correspond to responses predicted by error driven accounts of 

learning? 

The design of the contingency relationships in the present experiment allowed for 

the investigation of a number of these issues. For instance, the predictive and non-

predictive conditions allow for a controlled comparison of responses to the surprising and 

expected delivery of cues associated with reward. Furthermore, the use of sequences of 

stimuli allow for the investigation of the question of whether surprise responses transfer 

to the earliest predictive secondary reinforcers (e.g. Schultz and Dickinson, 2000).The 

following sections present an analysis of the neural responses to these events. Before 

presenting the data, however, the term ‘surprise’ must be qualified in the context of the 

present experiment. As mentioned, the opening of the door in the non-predictive 

condition is surprising in the sense that the animal cannot predict the event during any 

given trial. In contrast, the opening of the door could also be considered unsurprising in a 
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more general sense as the animal presumably knows the average probability of the event 

(p = 0.5) given his experience on the task. The subsequent analyses investigate surprise in 

the former and more local sense of the term. 

SURPRISE RESPONSES TO PRIMARY AND SECONDARY REINFORCERS 

While performing the sequence-discrimination task, the most significant event for 

the animal was most likely the opening of the door as this event always preceded food 

delivery. During the non-predictive trials, the opening of the door was ‘surprising’ as it 

occurred randomly with regard to the preceding stimuli (50% of trials). In contrast, 

during the predictive condition, the door opened during every trial in which the CS2 

stimulus was delivered and never when it was absent. It was therefore hypothesized that 

surprise responses should be observed as large magnitude changes in activity to the 

opening of the door in the non-predictive condition relative to the predictive condition. 

Prior to addressing this hypothesis, the pool of available neurons was restricted to only 

those cells that expressed a significant differences in firing rate between the predictive 

and non-predictive conditions. This was accomplished by comparing trial-by-trial firing 

rates in the predictive and non-predictive conditions during the 250 msec that followed 

the opening of the door (Sign test, p < 0.05). Of the 1301 prefrontal neurons examined, 

15% (n = 193) met this criterion (chance was 5%, confirmed by a shuffle-control). Of 

these cells, 33% (n = 64) also exhibited significant selective delay activity during D1 (see 

Chapter 7), indicating that the surprise-responsive cells were, for the most part, a separate 

population of neurons.  
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Examples of neurons that meet these criteria are presented in Figures 8.1 and 8.2. 

The example in Figure 8.1 is interesting on a number of accounts. First, there is a 

significant short latency response (< 100 msec) following the opening of the door in the 

non-predictive condition. Such short latency responses have been observed in the primate 

VTA (Schultz, 1998b). Of further importance, this response ‘transferred’ to the earliest 

predictive stimulus (CS2) in the predictive condition (Figure 8.1A,B). This observation 

corresponds to a prediction from temporal difference models of reinforcement learning. 

In these models, the transfer of the predictive value of a stimulus travels ‘back in time’ to 

the earliest predictive cue as a consequence of error driven learning, and this rule allows 

the models to attribute value to states (e.g. cues, context, or time) and actions that precede 

reward8(reviewed in Chapter 3). Similar responses have been reported in the VTA and 

basal ganglia of the primate (Schultz et al., 1997; Schultz et al., 1998), but they have not 

been identified in the rodent. 

                                                 
8 In TD learning, the response rule would be: choose the action that leads to the state with the largest value. 
In Q-learning the response rule is: choose the state-action combination with the highest value. 
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Figure 8.1: Reponses to earliest predictive stimulus.  

A-D) PETHs and rastergrams aligned on the opening of the door in the predictive (left 
column, Panels A and B) and non-predictive (right column, Panels C and D) conditions. 
Only those trials in which the CS2 was presented and the door opened were included, and 
as a result, there are fewer trials in the non-predictive condition as the door opened 
randomly with respect to the delivery of the CS2 stimulus. The result indicate a short 
latency response to the opening of the door in the non-predictive condition or to the CS2 
stimulus in the predictive condition. The stimuli used in each condition varied 
considerably in modality (vibration (A and C) or tone (B and D)). No significant response 
to the CS1 stimuli were observed. 

E-H) PETHs during omission (E-F) and foil trials (G-H). E) Green lines indicate the 
average response during the presentation of the two CS2 stimuli in the predictive 
condition while black lines indicate the response during the trials when the CS2 stimuli 
were omitted. F) Same as in E, except for responses in the non-predictive condition 
(black and gray lines indicate the omission trials). G) Responses to the presentation of the 
foil stimulus (black and gray lines) in the predictive condition. Green lines indicate the 
response to the CS2 stimuli for reference. H) Same as in G, except during the non-
predictive condition. 
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Figure 8.2: Two neurons with surprise responses. PETHs aligned on the opening of 
the door in the predictive (left column, Panels A and B) and non-predictive (right column, 
Panels C and D) conditions for two neurons (Cell 1 and Cell 2). Cell 1 presents an 
example of a neuron with a surprise response, indicated as the greater short latency 
response to the opening of the door in the non-predictive condition. Cell 2 presents an 
example of a neuron that responded to the unpredicted opening of the door with a 
decrease in firing rate.
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 Although examples of neurons with surprise responses were identified, it 

remained uncertain whether such responses were a general feature of prefrontal neurons. 

For instance, it seems almost equally plausible that neurons would respond more robustly 

to the predicted opening of the door. This is suggested by the analysis of withdrawal 

latencies presented in Chapter 6. This analysis demonstrated that animals withdrew more 

rapidly in the predictive condition. Thus, neurons could conceivably respond more 

robustly in the predictive condition as a consequence of the more rapid activation of the 

motor plan or as a result of increased reward expectation. 
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Figure 8.3: Average PETH for surprise-selective neurons. Neurons with surprise 
responses (n = 193) were divided into cells that either increased (upper traces in the Door 
condition) or decreased (lower traces) in response to the opening of the door. Green and 
blue traces indicate responses to the predictive and non-predictive conditions respectively 
(mean ±SEM). During the opening of the door, the magnitude (positive or negative) of 
the responses in the non-predictive condition were significantly larger than responses in 
the predictive condition. This pattern was reversed during the presentation of the CS2 
stimuli. No pattern was observed during the presentation of the CS1 stimulus. 
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The extent to which neurons responded to the opening of the door in the 

predictive or non-predictive conditions was determined by averaging the individual 

PETHs of the 193 cells with activity selective for the predictive and non-predictive 

conditions. These PETHs were computed separately for neurons that either increased or 

decreased activity following the opening of the door. The average PETHs are presented 

in Figure 8.3. Immediately apparent in the average response was a greater change in 

activity (positive or negative) to the unpredicted opening of the door in the non-predictive 

condition relative to the predictive condition. This observation was evaluated statistically 

by first calculating a difference score for each neuron. The difference score was simply 

the difference in firing rate between the predictive and non-predictive conditions during 

the 250 msec that followed the opening of the door. These difference scores were then 

averaged across neurons. The analysis was computed separately for the neurons that 

increased or decreased following the opening of the door. This analysis confirmed that 

the magnitude of the difference was larger in the non-predictive condition (paired t-test, p 

< 0.01, Bonferroni correction) and transferred to the CS2 stimulus (p < 0.05, paired t-test 

of firing rates during the CS2 interval). Furthermore, selective responses were notably 

absent during the presentation of the CS1 stimuli. Although the transfer effect was 

significant, it was not a common feature of all surprise-responsive cells as 42% of 

neurons exhibited the opposite effect: a smaller positive response in the predictive 

condition relative to the non-predictive condition. 
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Figure 8.4: Surprise responses by cell type. A) The number of neurons with significant 
‘surprise’ responses (see Text). Neurons were subdivided into the three putative neural 
subtypes (IN: interneurons, PK10,100: classes of principal cells. See Chapter Five: 
Materials and Methods). Black bars indicate the counts produced by the decision criterion 
and white bars indicate numbers expected by chance (shuffle control, see Chapter Five: 
Materials and Methods). A total of 193 of 1301 (15%) of neurons were identified with 
surprise responses. B) Cells that responded to surprise with an increase or decrease in 
activity relative to the 250 msec interval that immediately preceded the opening of the 
door. No significant difference between the Up and Down conditions was observed 
(Binomial test p < 0.05, Bonferroni correction). 
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Of further interest was whether surprise responses were restricted to a particular 

cell class (e.g. interneuron or principal cell, see Chapter 5), a result that could have 

significant functional implications. For instance, if the surprise response was 

concentrated in the population of inhibitory interneurons, then it could be hypothesized 

that surprise produces a temporary suppression of prefrontal activity, perhaps allowing 

extra-prefrontal systems to control behavior temporarily following surprising events. The 

result of the analysis appears to suggest that this was not the case as surprise responses 

were distributed across all cell types (Figure 8.4). Furthermore, no single cell type 

expressed a bias to either increase or decrease in response to the opening of the door 

(Figure 8.4B, Binomial test p < 0.05, Bonferroni correction).  

 

CONCLUSIONS 

To summarize, the identification of surprise-selective cells suggests that multiple 

classes of neurons in the mPFC receive and/or process information related to the 

prediction of reinforcement. This observation corresponds somewhat with the observation 

that reward-prediction can also modulate the sensitivity of prefrontal neurons to sensory-

motor information (Chapter 7). In addition, a subset of the ‘surprise neurons’ responded 

to the presentation of the earliest predictive cue. This suggested that surprise responses 

can transfer to earlier cues; however, this transfer only appears to occur for cues that 

predict reward delivery. This observation parallels similar observations of dopaminergic 

neurons in the VTA. For example, dopaminergic neurons respond preferentially to 



 

 

176 

 

surprising events, and these responses transfer to earlier predictive cues (Schultz, 2002). 

This observation connects the action of dopaminergic neurons with predictions from TD 

models of associative learning as these models rely on an error signal to ‘teach’ earlier 

states in the model the degree to which that state predicts future reward.  

In the present experiment, the proportion of cells expressing surprise responses 

was relatively small (<15%). The limited number may be a consequence of the extended 

training of the animal or the frequency of stimulus presentation. In support of this, results 

from human imaging (PET) studies suggest that the activation of the PFC decreases 

considerably once the task has become well practiced (Raichle et al., 1994; Jueptner et 

al., 1997). In addition, Jodo et al. (2000) reported that muli-unit responses in the mPFC to 

surprising tones were only clearly observable when the tones occurred on 30% of trials, 

but not when they occurred on 70% of trials.  
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CHAPTER NINE: SUMMARY AND DISCUSSION  

 

 

"…a striking post-operative improvement in personality and intellectual 
capacity."   

 – Donald Hebb’s assessment of the post-operative condition of a 
 psychotic man who just received a prefrontal lobotomy (1940).  

 

Carlyle Jacobsen’s lesion studies of the primate prefrontal cortex (1935; 1936) 

marked the beginning of the controlled investigation of prefrontal function. Interestingly, 

it was one of Jacobsen’s observations that suggested to some that neural activity in the 

prefrontal cortex may interfere with some aspects of cognition. This conclusion was 

based on Jacobsen’s report that a particularly uncooperative and emotionally unstable 

monkey became cooperative and docile following prefrontal lesions. This observation 

lead Egas Moniz, a Portuguese psychiatrist, to propose the prefrontal lobotomy as a 

treatment for psychotic patients. This procedure became widely popular, ultimately 

resulting in 40,000 prefrontal lobotomies being performed in the United States alone 

before the procedure was abandoned in the 1950s. Sadly, many in the clinical community 

ignored Jacobsen’s other observation that damage to the prefrontal cortex resulted in 

profound impairments in delayed-choice tasks (Jacobsen, 1936). Subsequent 

investigations also revealed that damage to the prefrontal cortex produces deficits in 

motor planning or control (Goldman-Rakic, 1987a), short-term memory (Jacobsen, 1936; 
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Goldman et al., 1971; Passingham, 1975), attention (Malmo, 1942; Lawicka and 

Konorski, 1961; Pribram, 1973), response inhibition (Mishkin et al., 1962), decision 

making (Bechara et al., 1999), and strategy and attentional set shifting (Joel et al., 1997; 

Birrell and Brown, 2000).  

The variety of deficits that follow prefrontal damage seriously complicates 

attempts to determine function. The present study was intended to improve this situation 

by identifying how the contingencies between stimuli and outcomes determine the 

formation of associative connections between prefrontal neurons. Answering this 

question is essential for a satisfying understanding of the computations performed and 

memories stored in the prefrontal cortex. To address these issues, multiple individual 

neurons in the mPFC were recorded as animals performed a complex sequence 

discrimination task. The capacity of the stimuli in the sequence to predict reward was 

systematically varied in order to examine how prediction influences associative 

connectivity. It was hypothesized that during training, associative connections among 

neurons responsive to the first or second stimulus would strengthen if both stimuli in the 

sequence contributed to the prediction of reward. This hypothesis was motivated by 

results from previous studies that suggested that neuromodulatory signals associated with 

neural plasticity and reward appear to be selectively activated during the presentation of 

cues that predict reward. Furthermore, it was hypothesized that a consequence of 

strengthened associative connections would be the activation of neurons that were 

responsive to the second stimulus immediately after presentation of the first stimulus (e.g. 
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pattern completion), and that this activation would be observable during the delay 

interval as selective delay activity (Sakurai and Sugimoto, 1986; Batuev et al., 1990; 

Baeg et al., 2003; Narayanan and Laubach, 2006). In accord with these hypotheses, 

prospective delay activity was observed in 19% of prefrontal neurons, with the majority 

of responding neurons being located in the dorsal region. In addition, this activity was 

strongest during sequences in which the first and second stimuli contributed to the 

prediction of reward. Although these observations support the original hypotheses, a 

critical assumption was that the activities of neurons during delay intervals would be 

driven primarily by mnemonic processes intrinsic to the mPFC. The evaluation of the 

behavioral and neural data indicated that this assumption was not correct. The analysis of 

neural activity revealed that 42% of the selective neurons were significantly influenced 

by slight variations in head position. This observation has profound implications for the 

"temporary storage" hypothesis of prefrontal function that dominates the field. These 

implications are discussed in the following section. 
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THE CONTRIBUTION OF SENSORY-MOTOR INFORMATION 

 

“A man physically regarded is a sensorimotor mechanism. I particularly wish to 
insist that the highest centers—physical basis of mind or consciousness—have 
this kind of constitution, that they represent innumerable different impressions 
and movements of all parts of the body […] It may be rejoined that the highest 
centers are “for mind.” I assert that they are “for body,” too. If the doctrine of 
evolution be true, all nervous centers must be of sensorimotor constitution.”   

 — Hughlings Jackson (1848/1958) p. 63. 

Hughlings Jackson, the eminent 19th century British neurologist, would not have 

been surprised by the observed sensitivity of prefrontal neurons to sensorimotor variation. 

In Jackson's words, "The whole nervous system is a sensori-motor mechanism, a co-

ordinating system from top to bottom" (Jackson, 1848/1958). Jackson's views are 

supported by the results of anatomical and physiological studies of the prefrontal cortex 

(reviewed in Chapter 4) which demonstrate that the region receives afferent projections 

from various somatosensory centers and is involved in motor planning and control. 

Jackson's views, however, do not easily fit the popular conception of the prefrontal cortex 

as a specialized system for the active maintenance of short term memories (e.g. 

Funahashi et al., 1989). It would seem that to be effective, such a short-term memory 

store should be somewhat detached from the vicissitudes of sensory-motor input. The 

present results suggest that either prefrontal storage processes are robust in the face of 

rapidly changing somatosensory input, or that the concept of the prefrontal cortex as an 

isolated store needs to be revised. The results also suggest a reevaluation of past reports 

of selective delay activity, as the selective activity observed in the present dissertation 

bears a striking resemblance to responses attributed to memory-driven active-



 

 

181 

 

maintenance processes (Fuster and Alexander, 1971; Kubota and Niki, 1971; Sakurai and 

Sugimoto, 1986; Batuev et al., 1990). A review of such reports in the rodent literature 

will be presented in a later section.  

The extent to which the present results inform previous observations of delay 

activity and the 'memory store' hypothesis depends on the degree to which this selectivity 

contributes to selective delay responses. For example, it could be argued that the 

position-sensitive delay cells (42% of all delay cells) represent a unique subset that are 

tuned to sensory-motor parameters, while the remaining cells are driven by the 

hypothesized stimulus-stimulus associations. It could also be argued that individual 

neurons in the mPFC combine extrinsic sensory-motor input with stored sensory-sensory 

associations. A number of factors argue against such interpretations and suggest that 

sensory-sensory associations may not be robustly stored in the mPFC and that sensitivity 

to sensory-motor variation may be the principal factor behind reported selective 

responses. First, the estimate of the contribution of sensory-motor activity most likely 

underestimates its true contribution. This seems likely as only two behavioral parameters 

(head position, EMG), were measured, ignoring the myriad other behavioral parameters 

(e.g. movement of the hindquarters, vibrissae, tongue, etc…). Furthermore, the degree of 

sensitivity to position was significantly correlated with the strength of sequence-selective 

delay activity. In addition, in two separate analyses, the effect size in the group of cells 

that was modulated by position was twice as large as the level observed in the un-
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modulated group, suggesting that the magnitude of selectivity was principally a function 

of head-position. 

The conclusion that sensitivity to sensory-motor information is a major factor 

driving mPFC neurons is supported by the results of a number of recent studies. For 

instance, Euston and McNaughton (2006) observed strong spatial sequence-selective 

delay activity in the mPFC of the rat as the animal performed an open-field variant of the 

classic figure eight delayed alternation test of working memory. After careful analysis of 

the animal’s movement in the task, it was determined that the majority of this activity 

was a result of sensory-motor parameters related to slight variations in the animal’s 

running path, and not to hypothesized memory related processes. The present findings 

extend these results to an experimental paradigm (go/no-go, ‘fixation’, etc…) that shares 

much in common with traditional tests of delay activity. Also in accord with the results of 

the present study, Euston and McNaughton identified fewer neurons with selective delay 

activity at deeper electrode locations. A study by Gemmell et al. (2002) has also reported 

that neurons in the mPFC appear to be extremely sensitive to sensory-motor information. 

In that study, neural activity in the anterior cingulate and the dorsal prelimbic cortex was 

monitored as animals performed a foraging task. Although the authors observed activity 

that appeared to be related to allocentric spatial location, further analysis revealed that 

apparent spatial selectivity was principally a function of unique behaviors, such as 

grooming or rearing, performed at specific locations in the apparatus. The involvement of 

the mPFC in sensory-motor processing is further supported by the results of studies by 
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Whishaw (1992) which suggest that the mPFC is involved in the control of skilled limb 

movement, and the observation by Hall (1974) that stimulation of the dorsal mPFC (1.5-

2.0 mm) produces oculomotor responses. 

THE INFLUENCE OF EXPECTANCY 

An unexpected result of the present study was the observation that the sensitivity 

of neurons to position was greatest during delay intervals in which the animal was 

presumably certain about future reward. This observation agrees somewhat with previous 

studies that have identified neurons in the mPFC that respond to reward anticipation 

(Jung et al., 1998; Pratt and Mizumori, 2001). More direct connections between reward 

and action have also been identified. For example, Chang et al. (1997; 2000) reported that 

neurons in the mPFC respond selectively to sequential behaviors that led to the infusion 

of cocaine, Mulder et al. (2003) observed that delay activity in the mPFC was most 

sensitive to reward-related behaviors triggered by predictive cues, and results from Kargo 

et al.(2007) suggest that neurons in the far dorsal mPFC (precentral cortex) respond to 

action-reward contingencies. In the primate, neurons in the dlPFC respond to both 

anticipated actions and the rewards associated with those actions (Watanabe, 1996; 

Matsumoto et al., 2003). Similarly, neurons in the rostral cingulate motor area appear to 

respond to the selection of appropriate reward-related actions (Shima and Tanji, 1998). 

These observations suggest that subregions of the PFC may link actions to rewarding 

outcomes and enhance the sensitivity of prefrontal neurons to afferent signals. These 

suggestions are in accord with the many behavioral studies that support the involvement 
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of the region in goal directed behavior (Balleine and Dickinson, 1998; Corbit and 

Balleine, 2003; Killcross and Coutureau, 2003; Ostlund and Balleine, 2005). 

Possible Mechanisms 

There are at least two possible mechanisms that could account for the observed 

increase in sensitivity during periods of high reward expectancy. For instance, 

expectancy may translate into alterations in the intrinsic properties of prefrontal neurons 

that enhance the capacity of the neurons to process sensory-motor information. In other 

words, expectancy alters the 'gain' or signal-to-noise properties of individual prefrontal 

cells. Alternatively, expectancy may produce a 'gating' signal that regulates the flow of 

information into the PFC, effectively allowing more sensory-motor information to enter 

the PFC during periods of high expectation. Mechanistic descriptions of both accounts 

('gain' and 'gating') can draw upon the observation that dopamine release is often 

triggered by the presentation of the earliest predictive stimulus (Schultz, 1998a). In the 

present experiment and in the predictive condition, the second stimulus (CS2) is the 

earliest stimulus that consistently predicts reward. Importantly, the subsequent delay 

period (D2) is the period where neurons expressed the greatest sensitivity to sensory-

motor information. As described in Chapter 3, dopamine can increase the gain or signal-

to-noise response of neurons to synaptic input, a result that may increase the sensitivity of 

prefrontal neurons to somatosensory input. Such an enhancement should not be (and is 

not) observed during the D2 interval in the non-predictive condition as the CS2 stimulus 

in this condition does not predict reward delivery.  
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An alternative to the 'gain' hypothesis is the possibility that expectancy 'gates' the 

flow of information into the prefrontal cortex. A potential implementation of this 

mechanism has been described in a recent model by Hazy et al. (2006). According to the 

model, information is gated into the prefrontal cortex by way of the thalamus. Thalamic 

throughput is, in turn, regulated by the powerful inhibitory input the thalamus receives 

from the substantia nigra pars reticulata (SNr). In the Hazy et al. model, information is 

allowed to flow into the PFC when the SNr is inhibited, resulting in the disinhibition of 

the thalamus. The activity of the SNr is determined by the action of striatal go and no-go 

cells. The go and no-go cells learn stimulus-outcome associations by way of dopamine 

mediated error-driven learning. Following training, presentation of predictive stimuli 

trigger these associations and inhibit the SNr, thus permitting the flow of information into 

the PFC. 

The Hazy et al. model is unique in that it presents both a systems-level description 

of gating and an error-driven mechanism that determines when to open or close the gate. 

The model may, however, be overly complex. As introduced in Chapter 4, the  prefrontal 

cortex projects directly to the reticular nucleus (RN), a thalamic region that powerfully 

regulates the flow of information into and out of the thalamus. Furthermore, RN is 

capable of inhibiting the mediodorsal (MD) nucleus, the most prominent input into the 

mPFC. As a result, is its conceivable that the mPFC can bypass the basal ganglia entirely 

and gate its own input by way of the RN. Furthermore, prefrontal neurons may 'learn' 

when to turn on or turn off the RN through error-driven mechanisms, as described in the 
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Hazy et al. model. The physiological consequences of regulating activity in RN on the 

mPFC have not been determined, but it is suggested that activating the RN may disinhibit 

the MD nucleus, thus allowing sensory-motor information to flow into the mPFC.  

Although the gain and gating mechanisms just described illustrate potential 

mechanisms by which expectancy may regulate prefrontal activity, they do not address 

why such responses may be useful. To speculate, it is conceivable that the increase in 

sensitivity may increase the capacity of prefrontal neurons to respond to incoming stimuli 

and subsequently trigger appropriate goal directed responses. The behavior of the animals 

in the present study supports this claim as the animals withdrew from the nosepoke hole 

more rapidly during the predictive condition, the condition in which reward-expectancy 

was greatest. This question could be addressed more directly if a reliable trial-by-trial 

measure of sensory-motor sensitivity could be developed. For instance, trial-by-trial 

values of sensitivity could be compared with trial-by-trial withdrawal latencies. A 

functional role for the increased sensitivity in regulating behavior would be suggested if 

these two factors were significantly correlated and withdrawal times were shorter during 

trials of increased sensitivity. 
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SURPRISE RESPONSES IN THE MPFC 

 Given the exceedingly accurate performance of the animals in the task, the 

neural response to errors and error feedback could not be directly evaluated. The task, 

however, did afford the opportunity to examine neural responses associated with error, 

such as ‘surprise’ (Chapter 8). For example, rewards in the non-predictive condition were 

‘surprising’ in the sense that, on a trial-by-trial basis, animals could not predict whether a 

reward would be delivered. Neurons were identified that responded most robustly to the 

unpredicted compared to the predicted delivery of secondary reinforcers (e.g. the opening 

of the door). These responses were interesting in that they differed from responses 

reported in the ventral tegmental area (VTA). Surprise responses in this region are 

typically short latency, short duration increases in firing rate (Schultz, 1998a). In contrast, 

neurons in the mPFC can increase or decrease their baseline rate in response to surprise. 

It is possible that the surprise responses in the mPFC result from signals arriving from the 

VTA. If this is the case, then the complexity of the response could be due to the 

combination of GABAergic and dopaminergic projections that the mPFC receives from 

the VTA (Carr and Sesack, 2000b) and because dopaminergic fibers terminate on both 

parvalbumin containing interneurons and principal cells.  
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IMPLICATIONS FOR THE SHORT TERM MEMORY HYPOTHESIS 

Experimental evidence in favor of the connection between the prefrontal cortex 

and short term memory was first provided by Jacobsen (1931). Support for this role has 

accumulated over the ensuing 70 years (Goldman-Rakic, 1995; Dalley et al., 2004). 

Perhaps the most striking evidence in favor of the short term memory hypothesis of 

prefrontal function has been the identification of single neurons that exhibit sustained 

stimulus or goal specific increases in firing rate activity during delay intervals. Such 

neurons have been observed in the primate dorsolateral (Kojima and Goldman-Rakic, 

1982; Funahashi et al., 1989), lateral (Miller et al., 1996), and dorsomedial prefrontal 

cortex (Fuster and Alexander, 1971). In the rodent, selective delay activity has been 

observed in the medial prefrontal cortex (Batuev et al., 1990; Baeg et al., 2003). The 

dominant theory in the literature is that sustained delay activity represents the ‘active 

maintenance’ of the short term memory through the delay interval (Cohen et al., 1997). 

Although numerous physiological mechanisms of active maintenance have been 

proposed (Durstewitz et al., 2000; Wang, 2001), all rely on the assumption that the 

processes that maintain the memory-guided activity can and do operate in the absence of 

afferent input from other systems. This assumption needs to be reconsidered in view of 

the observation that prefrontal neurons can be robustly driven by slight changes in head 

position or other sensory-motor events (Gemmell et al., 2002; Euston and McNaughton, 

2006 the present results), and that the delay responses that appear to result from such 

activity are nearly identical to the responses of classic delay cells.  
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CRITIQUE OF THE SHORT TERM MEMORY HYPOTHESES OF PREFRONTAL FUNCTION 

The preceding section ended with the suggestion that the short term memory 

hypothesis of prefrontal function may need revision. This is not the first time this 

hypothesis has come under scrutiny. One of the earliest and more eloquent critiques was 

provided by Jerzy Konorski and Robert Lawicka (Lawicka and Konorski, 1961; Lawicka 

et al., 1966). Konorski and Lawicka studied delayed-response behavior in dogs and cats 

using a simple test. In a typical experiment, the experimenter would lead a dog by a leash 

into a room that contained three food dishes located to the right, left, and front of the 

animal. Near each dish was a buzzer. At the start of a trial, one buzzer would briefly 

sound, indicating the food dish with reward. After a brief interval (5 – 15 seconds), the 

experimenter would release the dog, allowing the animal to retrieve food from the dish. 

In agreement with Jacobsen's results, Konorski and Lawicka observed that animals with 

lesions to the PFC were severely impaired in this task, while control animals identified 

the correct dish, even after waiting for minutes. Perhaps as a consequence Konorski's 

training with Pavlov, the experimenters paid close attention to the behaviors of the 

animals. Importantly, it was observed that lesioned animals typically committed one of 

two errors: either they would fixate on a single location and always return to that 

location, or fixate on the previously rewarded location. Konorski and Lawicka also 

observed that either of these behaviors could be selectively extinguished through training 

(e.g., by never rewarding the 'preferred' dish). Importantly, after these behaviors were 

extinguished, delayed-response performance returned to pre-lesion levels (Konorski and 
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Lawicka, 1964). Finally, it was observed that if, after choosing an incorrect food dish, 

lesioned animals were given a second chance, the animals would almost inevitably 

choose the correct dish (Konorski and Lawicka, 1964). Together, these observations 

argue strongly against the 'memory store' hypothesis of prefrontal function as they 

indicate that the memory trace remains and can be accessed despite prefrontal damage. 

Furthermore, the observed increase in habitual responding following lesions suggests that 

the prefrontal cortex may be involved in the suppression of prepotent motor activity. 

Konorski made his observations almost fifty years ago, and it is therefore 

important to question whether they have endured the tests of replication. To a remarkable 

degree, they have. Recent work by Gisquet-Verrier and Delatour (2006) provides 

compelling support for Konorski's hypothesis. In the Gisquet-Verrier and Delatour 

experiment, rats were trained in a win-shift task in a radial-arm maze with a one-minute 

delay between sample and choice phases. Animals with prelimbic/infralimbic lesions 

experienced only a transient reduction in performance. In another experiment using a 

similar paradigm, animals with prelimbic/infralimbic lesions only performed poorly when 

novel stimuli (novel objects), contexts (novel maze), or delay intervals (switching from a 

5 to 10 minute interval) were introduced. In agreement with Konorski and Lawicka's 

observations, these results suggest that the prelimbic/infralimbic animals maintained the 

memory trace throughout the delay interval as performance could recover following 

prefrontal damage. Instead of being a temporary memory store, these observations 

suggest that the prefrontal cortex may regulate the disruptive effects of novelty, perhaps 



 

 

191 

 

by preventing novelty-triggered responses or sensory input from overriding task-relevant 

behaviors. The disruptive effects of novelty have also been observed in prefrontal 

animals during non-delayed tasks. For instance, infusion of the cholinergic antagonist 

scopolamine into the mPFC does not impair the capacity of rodents to perform simple 

cued response tasks if the order of presentation of the cues is predictable; however, 

animals are severely impaired when cue delivery is random (Williams et al., 1999). 

Despite the evidence, alternatives to the short term memory hypothesis of 

prefrontal function have been underrepresented. Gisquet-Verrier and Delatour suggest 

that this may be due to the methods by which performance is assessed. For instance, 

performance is typically measured during the first training session following recovery 

from the lesion. As a result, any improvements in performance that may occur following 

the first session may go unreported. This is surprising given that recovery during 

DNMTS tasks following the first post-surgery session has been reported as early as 1982 

(Brito et al., 1982). Second, experiments often introduce slight changes in the task 

between pre-training and testing such as altering the delay interval (Gisquet-Verrier et al., 

2000). As Gisquet-Verrier and Delatour demonstrate, prefrontal animals may be highly 

sensitive to such disruptions.  

Konorski and Lawicka concluded that the prefrontal cortex allows animals to 

'override' prepotent or habitual behaviors. This position is supported by a recent study by 

Dias and Aggleton (2000). In this study, rats performed either a delay-match-to-sample 

(DMTS) or delay-non-match-to-sample (DNMTS) task on a T-maze. Animals with 
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lesions to the anterior cingulate or the prelimbic cortex were not impaired on the DNMTS 

task, but were impaired on the DMTS task. This result is interesting as non-matching is 

considered to be an innate behavior for rodents. The fact that lesions to PL and Acc 

produce selective deficits in DMTS but not in DNMTS tasks suggests that the mid to 

dorsal prefrontal cortex plays a role in inhibiting prepotent egocentric responses.  

The results of the studies reviewed above suggest that the mPFC may be involved 

in regulating the potential effects of novelty and/or preventing animals from acting out 

prepotent behaviors. This interpretation, more so than the short term memory hypothesis, 

provides a potential explanation for other deficits that result from prefrontal damage. One 

of the most consistently reported deficits is the inability to switch strategies or perform 

extra-dimensional shifts. For example, rodents with damage to mPFC cannot switch 

response strategies when the trigger stimulus changes from cue to place (Ragozzino et al., 

1999b), response to place (Ragozzino et al., 1999a), or texture to odor (Birrell and 

Brown, 2000). It is possible that these deficits are at least partially a consequence of an 

inability to overcome prepotent responses. Such responses need to be overcome if an 

animal is to switch to a new strategy. Although such a deficit may compose part of the 

explanation, it cannot be sufficient. For instance, animals with damage to the mPFC (but 

not omPFC) do not exhibit deficits in reversal learning and within-modal shifts (Birrell 

and Brown, 2000), suggesting that deficits are not simply an inability to shift stimulus-

response associations. Instead, the 'distance' between strategies appears to be important. 

In a sense, 'distance' may actually refer to the anatomical distance separating the 
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representations of the opposing strategies (e.g. the distance between cortical regions 

sensitive to odors and tones will be far greater than the distance between regions sensitive 

to two colors). The anatomical position of the mPFC places the region in an ideal position 

to connect disparate sensory modalities (reviewed in Chapter Four). Interestingly, a 

similar argument can be made for the hippocampus, a prominent source of limbic input to 

the mPFC and also a locus for multi-modal information. The observation that 

hippocampal place cells radically alter their tuning to spatial location ('remap') following 

changes in task demands (Wible et al., 1986; Markus et al., 1995), cue configurations 

(Bostock et al., 1991), and reward conditions (Eichenbaum et al., 1987) suggests that 

neurons in the hippocampus are capable of signaling a change in context or strategy. The 

observation that hippocampal tuning is stable following the initial remapping also 

suggests that the region is capable of maintaining a representation of task-context. It is 

possible therefore that hippocampal 'remapping' may trigger or maintain strategy related 

activity within the mPFC (e.g. planning, storing reward-action associations, response 

inhibition, attention, etc…). If this is correct, then remapping in the hippocampus should 

not occur during standard reversal tasks, but should be observed during cross-modal 

shifts. Furthermore, such shifts should predict and precede changes in prefrontal activity. 

To the author's knowledge, no such experiments have been performed. 
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CRITIQUE OF THE ACTIVE MAINTENANCE HYPOTHESIS OF PREFRONTAL FUNCTION 

The active maintenance hypothesis of prefrontal function presumes that the 

sustained activation of prefrontal neurons stores task-relevant information across delay 

intervals. The very basis of this hypothesis can be questioned if the functional role of the 

prefrontal cortex is not information-storage. A more direct critique of the active 

maintenance hypothesis can be accomplished by reevaluating the existing physiological 

studies cited as support, especially the studies reported in the rodent literature.  

The principal source of evidence for the active maintenance hypothesis has been 

the identification of delay cells. In the primate, these cells were first identified in the 

dlPFC (Fuster and Alexander, 1971; Kubota and Niki, 1971) and have since been 

reported in the rodent mPFC (Sakurai and Sugimoto, 1986; Batuev et al., 1990; Baeg et 

al., 2003). Given the present results, such reports, especially those in the rodent literature, 

deserve reexamination.  

Sakurai and Sugimoto (1986) were the first to report selective delay activity in the 

rodent mPFC. The authors recorded from prefrontal neurons (far dorsal mPFC) as 

animals performed a delayed go/no-go task in an operant chamber. In this task, tones 

were delivered every 10 seconds. Following the tone, animals were allowed to press a 

panel. Animals were rewarded when they alternated between pressing and not pressing 

the panel in response to the tone. Sakurai and Sugimoto observed that delay period 

activity of prefrontal cells was selective for the future response of the animal (go or no-
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go), suggesting that delay activity stored the prospective memory for the animal’s 

anticipated action. 

There are a number of serious problems with the Sakurai and Sugimoto study. 

First, the animal’s behavior during the delay interval was not recorded or described. Not 

only is this relevant in consideration of the present results, fixed delay-interval tasks 

similar to the Sakurai and Sugimoto task have been repeatedly demonstrated to result in 

idiosyncratic and stereotyped behaviors during the delay intervals (Skinner, 1948; Morse 

and Skinner, 1957; Laties et al., 1965; Laties et al., 1969; Richardson and Loughead, 

1974; Staddon, 1992). A second serious weakness was the study’s limited sample size as 

a total of only 21 prefrontal units were identified. Furthermore, the portion of these cells 

with prospective responses was not reported (the article only stated that there was a 

significant difference in average rate). 

A study by Batuev et al. (1990) is the second study that is often cited as evidence 

in favor of the active maintenance hypothesis. In this study, animals were placed in a box 

that faced two food dispensers. Trials began with one dispenser being cued with a light. 

A five second delay separated the offset of the light and the removal of a barrier that 

separated the animal from the two dispensers. Batuev et al. identified subsets of neurons 

with selective responses for the cued goal location. Specifically, they observed that 73% 

of neurons had selective responses during the presentation of the cue and 54% exhibited 

selective responses during the delay interval. Interestingly, the percentage of selective 

delay cells is greater than values reported in all subsequent studies. This may be largely 
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due to confounding factors specific to the Batuev et al. study. Most problematic was the 

observation that during the delay interval, rats tended to prefer the side of the waiting box 

that was closest to the cued food dispenser. In consideration of the observations reported 

in this dissertation and by Euston and McNaughton (2006), this result suggests that 

spatial or sensory-motor processes specific to the animal’s location or posture could have 

produced the reported selective response. The behavior of the rats also recalls one of 

Konorski’s observations: 

“It was noticed that in experiments performed on dogs some subjects behave in 
the delay period in such a way that they preserve their bodily orientation toward 
the feeder signaled by the preparatory stimulus and then, after being released, they 
run in the proper direction. We have called such behavior a "pseudo-delayed 
response," because it is not necessarily based on the memory traces of the cued 
but on the actually operating postural stimulus.” – Konorski (1967), p. 499. 

If, as Konorski suggests, the behavior of the rats obviated any need for a stored 

memory trace, then it can be further questioned whether the activity that Batuev et al. 

observed was related to a stored memory. Also troubling was the large number of cells 

(42% of recorded neurons) that expressed selective responses prior to the presentation of 

the cue. This observation suggests, as Batuev et al. acknowledge, the presence of 

“…neural correlates of a shaped stereotyped motor act.” Despite these confounds, this 

study continues to be cited as evidence for stimulus and spatial selective and delay 

activity in the rodent mPFC. 

In contrast with the Batuev et al. and Sakurai and Sugimoto studies, two 

subsequent studies by Jung et al. (1998) and Pratt and Mizumori (2001) identified less 

than 5% of mPFC neurons with selective delay activity. Furthermore, both studies 
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concluded that memory related delay activity was not a significant feature of the mPFC. 

Instead, these studies reported that neurons responded to a variety of features such as the 

distance or time to reward, inter-trial-intervals, or task-context (e.g. maze type).  

Contrary to the Jung et al. and Pratt and Mizumori studies, robust delay activity 

has been reported by Baeg et al. (2003). Rats in the Baeg et al. study performed a 

delayed-alternation task (delayed non-match to sample) on a figure eight maze. The 

authors observed that population activity during the common path of the maze could be 

used to effectively reconstruct the animal’s previous or future destination. To their credit, 

the authors analyzed a number of behavioral parameters (variance of head position, 

running velocity, etc…) and found no correlate between these parameters and the 

animal's decision, suggesting that the rats may not have developed stereotyped and 

sequence selective behaviors. Furthermore, the authors restricted all analyses to those 

locations on the figure eight maze in which trajectories did not significantly differ, 

although the criterion used for this determination was not described. Unfortunately, an 

analysis of neural responses to specific running trajectories (e.g. Euston and 

McNaughton, 2006) or head position (present experiment) was not reported. As a result, 

it is conceivable, that the analysis may have missed selective responses that were a 

consequence of slight variations in head position.  

The studies described above represent the majority of reports of stimulus, 

response, or spatially selective delay activity in the rodent mPFC. All studies either 

suffered from serious limitations and confounds or only identified a small subset of 
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neurons with selective delay responses. These limitations became most apparent in 

hindsight, following the observation that prefrontal neurons respond to slight changes in 

head position. Furthermore, the realization that animals readily develop selective and 

stereotyped behaviors during delay tasks suggested that such confounds may be relatively 

common and difficult to control. The preceding review also suggests that current 

understanding of the activity of neurons in the rat mPFC is rudimentary at best. It is 

likely that this situation will only be improved when physiological studies take more care 

to examine and interfere with behavioral factors that may influence neural activity. 

Furthermore, and in acknowledgement of the limitations of the short term storage 

hypothesis of prefrontal function, the field needs to move beyond tests of working 

memory. Instead, it is suggested that future studies should explore other and potentially 

more fruitful directions such as the role of the mPFC in strategy/attention set shifts and 

response inhibition (e.g. de Wit et al., 2006; Narayanan et al., 2006).  
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BEHAVIORAL STRATEGIES 

 

“… the highest motor centers (frontal lobes) represent over again, in more  
complex combinations, what the middle motor centers represent. In recapitulation, 
there is increasing complexity, or greater intricacy of representation, so that 
ultimately the highest motor centers represent, or, in other  words, coordinate, 
movements of all parts of the body in the most  special and complex 
combinations.”  

 – Hughlings Jackson (1848/1958) p. 53. 

 

The utility of the sequence-selective patterns of head movement expressed by the 

animals is not entirely clear. It is possible, for instance, that the movements served no 

function. Alternatively, the postural adjustments may indicate an adaptive behavioral 

strategy, adopted perhaps to sense anticipated stimuli (e.g. lean to feel the vibration motor 

or tilt head to more effectively hear an auditory stimulus), or to help the animal time the 

delay interval. It is also possible that the animal solved the present task by using body 

position as a mnemonic cue. For example, at the time of the presentation of the second 

CS, the animal could compare his current posture with the delivered stimulus and make a 

decision based on a few simple rules (e.g. leaning left + CS2, stay, leaning left + no CS2 

withdraw, leaning left + Foil withdraw.). There are a number of advantages of using 

behavioral strategies such as these to solve highly repetitive short-interval delay tasks 

used in this and in most physiological studies of short term memory. For example, such 

strategies may be less prone to interference from external stimuli as, once initiated, 

changes in body position or running trajectory have a physical inertia that is difficult to 
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disrupt, aside from physically moving the animal. Neural activity, in comparison, is 

notoriously unreliable and unstable. Finally, storing information in the egocentric 

reference frame of the body may be ideal for tasks that have an egocentric component 

such as the delayed-alternation tasks that are often used as tests of working memory in 

the rat and the cue-location tasks often used in the primate (e.g. Funahashi et al., 1989).  

Although speculating about the possible function of such behavioral strategies can 

be entertaining, the present experiment was not designed to directly address this issue. As 

a result, it is necessary to examine the results of other experiments in order to determine 

the extent to which animals utilize such strategies.  
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THE EMBODIMENT OF ASSOCIATIVE LEARNING 

"Those who watched Feynman in moments of intense concentration came away 
with a strong, even disturbing sense of the physicality of the process, as though 
his brain did not stop with the gray matter but extended through every muscle in 
his body."  

 – James Gleick (1992). 

 

James Gleick's comments about physicist Richard P. Feynman may also apply to 

pigeons. B. F. Skinner was the first to report that pigeons developed idiosyncratic or 

'superstitious' behaviors during fixed interval delayed reward tasks (Skinner, 1938). In 

Skinner’s experiment, one pigeon "developed a 'tossing' response, as if placing its head 

beneath an invisible bar and lifting it repeatedly." Another bird "developed a pendulum 

motion of the head and body, in which the head was extended forward and swung from 

right to left with a sharp movement followed by a somewhat slower return." Skinner 

initially supposed that such behaviors served no inherent function and were a by-product 

of the “fortuitous” coincidence between randomly emitted behaviors and reinforcement. 

However, results from subsequent instrumental versions of the delay task suggest that the 

behaviors may help the animals time the duration of the interval. For example, when 

experimenters interfered with these behaviors, pigeons became less capable of timing the 

duration of the delay interval, with the most common error being a premature response 

(Richardson and Loughead, 1974). Interestingly, premature responding is a typical deficit 

associated with damage to the mPFC (Risterucci et al., 2003). It has also been observed 

that drugs that disrupt the capacity of animals to time intervals also disrupt the expression 
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of superstitious behaviors (Hodos et al., 1962). The advantages of behavioral strategies 

for timing intervals can also be observed in human subjects. For instance, the capacity of 

human subjects to judge the length of a delay interval is improved when subjects are 

allowed to count overtly rather than covertly the passage of time (Grondin et al., 2004).  

The importance of such behaviors may extend to short term memory. For 

example, Baddeley and Hitch (1974) incorporated the idea of behavioral strategies into 

their multi-component model of working memory. In this model, short term memories 

rapidly decay unless they are covertly or overtly rehearsed. Although there is abundant 

evidence that overt rehearsal strategies are helpful for short term verbal memory 

(Longoni et al., 1993), such findings are not obviously applicable to non-human studies. 

More recent evidence does suggest that non-verbal rehearsal mechanisms are also 

effective. Tremblay et al. (2006) report that the benefits of rehearsal also apply to tests of 

spatio-temporal memory. In this study, human subjects were required to remember the 

order of presentation of seven dots that appeared on a computer screen. Subjects were 

required to point to the dots in the order that they were originally presented following a 

delay of 10 seconds. Importantly, eye and head position were carefully monitored during 

the delay interval. Tremblay et al. reported a number of observations. First, subjects 

performed saccades in the delay interval that corresponded to the sequences that were to 

be recalled. Furthermore, the degree to which subjects replayed these sequences predicted 

the subject’s accuracy on subsequent tests of recall. In a final manipulation, the 

experimenters inserted an interference task during the delay interval in which subjects 
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were forced to shift their gaze between two dots. The interference task significantly 

reduced but did not abolish performance. Together, these observations suggest that 

memory for non-verbal information can be facilitated by embodied strategies. These 

observations also suggest that a portion of such short-term memories are stored and/or 

facilitated by the dynamic interaction between the brain, the body, and the environment.  

Even though evidence suggests that embodied strategies may be important for a 

variety of 'cognitive' tasks, such strategies are not advantageous for all forms of delay 

behavior. For example, such strategies could easily be disrupted by intervening stimuli or 

behaviors (e.g. grooming) during tasks that utilize long intervals (e.g. > 1 minute) or 

tasks where intervening actions are necessary. In such tasks, it may be far more 

advantageous for memories to be stored through active maintenance processes or through 

short term synaptic plasticity. Most physiological studies of active maintenance do not 

meet these conditions. Instead, studies typically involve delay intervals of less than 10 

seconds, and these tasks are performed in distraction-free environments. The typical 

approach for the control of behavior is to restrict one parameter (e.g. eye or head 

position) and presume that this restriction is sufficient to limit any embodied solution. It 

seems this approach would naturally result in behavioral strategies being underreported, 

as animals could easily transfer such strategies to unrestricted portions of their bodies. It 

is therefore suggested that great care must be taken when interpreting delay responses 

that appear to be driven by intrinsic mnemonic processes, such as those proposed by the 

active maintenance hypothesis of prefrontal function.   
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CONCLUSIONS 

While reviewing Jerzy Konorski's contributions to the study of memory and 

behavior, it was realized that this dissertation had inadvertently become an allegory for 

Konorski's scientific career. To illustrate, the dissertation began, as did Konorski's career, 

with the study of causal learning and behavior. Being a student of Pavlov, Konorski 

investigated behavior and learning in the context of classical and instrumental 

conditioning. He also introduced what some consider to be the earliest version of an 

error-driven rule of associative learning (McLaren and Dickinson, 1990). Konorski was 

also intent on moving beyond the analysis of behavior. He wanted, like Hebb, to identify 

"bridging conceptions" that could connect associative behavior with neural plasticity. 

Also like Hebb, Konorski was inspired by the physiological work of Lorente de Nó, and 

independently developed his own postulate of associative synaptic plasticity. The most 

striking parallel with this dissertation, however, was Konorski's shift in interest to the 

function of the prefrontal cortex and its role in delayed-response behavior. Initially, 

Konorski believed that the prefrontal cortex may be involved in the short term storage of 

memories. The results of his research convinced him that this was not the case, leading to 

his proposal that the function of the PFC is to inhibit prepotent or distracting responses 

(Konorski and Lawicka, 1964), a position that is receiving renewed support (Risterucci et 

al., 2003; Gisquet-Verrier and Delatour, 2006; Narayanan et al., 2006; Narayanan and 

Laubach, 2006). 
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The main question addressed in this dissertation was whether prediction mediates 

the formation of associative connections between neurons within the mPFC. This 

question was motivated by the same set of interests that guided Konorski's career: 

associative behavior, error-driven learning, associative plasticity, and the prefrontal 

cortex. The answer to the question also parallels Konorski's own response, a fact that is 

humbling when it is realized that Konorski provided his response over fifty years ago. 

Fortunately, Konorski did not anticipate all of the results of the present experiment, 

results that are summarized below. 

It was observed that neurons in the mPFC exhibited prospective responses that 

were selective for anticipated stimuli, and these responses were most robust when the 

second stimulus contributed to the prediction of reward. On the surface, this observation 

was in clear accord with the original proposal that prediction should facilitate associative 

plasticity within the mPFC. The results also agreed with the dominant view that the 

prefrontal cortex is involved in the short term storage of memories, and that neurons 

within the prefrontal cortex store such memories through the active maintenance of 

selective delay activity. This view, along with the basis for the original hypothesis, was 

cast in doubt with the observation that individual neurons in the mPFC are exquisitely 

sensitive to sensorimotor variation. From a technical perspective, this observation 

suggests that the separation of intrinsic and memory guided processes from sensory-

motor effects poses a significant challenge for the study of delay activity, especially if 

animals readily develop subtle behaviors or adopt embodied strategies to solve short term 
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delay tasks. A conceptual hurdle facing cognitive neuroscience and particularly the 

physiological investigation of short term memory is that such behaviors are viewed as 

confounds that must be restricted rather than actively investigated. An alternative view is 

to acknowledge the adaptive value of such behaviors and to constructively investigate 

their influence on neural activity. One way to apply this view would be perform 

experiments in which neural and physical activity is measured under two conditions 

within each experimental session. In the first, subjects are allowed to perform the 

memory task without behavioral constraints of any sort. In the second, the same task 

would be repeated, but with the addition of various interfering behaviors. An example of 

such an approach is provided in the study by Tremblay et al. (2006) with their use of an 

intervening saccade-alternation task. Although this was a behavioral investigation, it is 

easy to conceive how it could be applied to physiological studies. For instance, 

physiologists studying short term memory could compare neural responses in the 

unconstrained and interference conditions and, as a consequence, separate the 

contribution of somatosensory responses from intrinsic, active maintenance activity. 

Comparing error rates in the freely-moving and interference conditions would have the 

additional benefit of helping to determine the utility of such strategies. It is anticipated 

that the results of studies that adopt such approaches will suggest the revision of the 

concept of the isolated short term memory store. Instead, memories in these tasks may 

reside in wider ‘loops’ that include multiple neural systems, the body, and the 

environment.  
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APPENDIX A: DATA FORMAT AND ANALYSIS CODE 

 

Given the amount of effort required to collect the data used for the present study, 

it is important that it is easily accessible for further study. What follows is a description 

regarding how the data is archived and what analysis code was used to generate the 

figures used in the dissertation.  

DATA LOCATION AND FORMAT 

The raw data (EEG, spike waveforms, position data, event records, and notes) are 

archived in a number of locations. These include 1) DVDs (2 copies), currently located in 

my office (Room 341) in 3 ring binders. 2) on 2 hard drives on the “Acquisition 311” 

Dell computer (currently in my office). Data on these computers is stored in 

“E:\Predictive_Capacity_Backup” and “F:\Predictive_Capacity_Backup”. Directories are 

organized by animal number (e.g. 7998). Subfolders are organized according to recording 

session (e.g. 7998_03). The animals used in the present experiment were 7885, 7998, and 

8124. What follows is a description of the files and file types in this directory:  

• .Ncs, .Nvt, .Ntt, .Nev: Standard Neuralynx files (v4.11 of the Neuralynx 

acquisition system) for continuous data, spikes, and events. 

• CSC_assignments.txt:  text file that indicates which continuous (CSC) 

channel corresponded to each electrode/tetrode (e.g. which was the 

hippocampal electrode, which was the EMG, etc…) 
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• Experimetal_notes.txt: a record of experimenter-entered notes (a lab book 

if you will) for the current recording session. If something went wrong 

during the experiment, it should be noted in this file or in the Scores.txt 

file.  

• Experimental_protocol.txt: Describes the general experimental protocol 

(e.g. Sleep –> Behavior –> Sleep, Sequence discrimination). 

• Channels_with_cells.txt: Lists the tetrodes and the number of cells 

estimated to be on that tetrode during the recording session. 

• Scores.txt: A very important file! This file has all of the experimenter- 

triggered and timestamped events that occurred during the experiment. 

These include such things as RestStart, RestEnd, BehaviorStart, 

“headstage fell off”, “rat scratching”, etc…. After post-processing, these 

event times are stored in the Events.mat file (the master Matlab events 

file). The Events.mat file is used by all analysis programs as it stores all of 

the events that occurred during the recording session. 

In the case of the data archived on the hard disks and DVDs, the data for the 

experiment is stored within a subdirectory of this session directory. The subdirectory is 

the Neuralynx-generated subdirectory with names based on the recording date (e.g. 2005-

2-15_10-32-55). In the case of the data archived on the NSMA servers (Riken), I don’t 

use this subdirectory. Instead, I put relevant files from this directory in the session 
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directory in order to simplify analysis (e.g. 7998_23).  What follows is a list of the files in 

this directory. 

• Events.mat: This file only appears after post-processing. It contains the 

variable EVT. EVT is a Matlab structure that stores ALL of the important 

events that occurred during the experiment (e.g. BehaviorStart, Nosepoke 

entry, CS1Start, CS2End, etc…). All of the analysis code relies on this 

file. My Matlab program PC_Create_Events_file.m (the location of this 

code is presented in the next section) generates this file from the Scores.txt 

file and the Events.Nev file. 

• vtm1.pvd, VT1.pos: These two files contain the position data. Vtm1.pvd 

was generated using David Euston’s code. This code does some nice 

smoothing. The VT1.pos is not smoothed. 

• tetturn.txt: Contains the record of tetrode pushing and the depths of the 

tetrode at the beginning of every recording session. This file is generated 

by the Teturn program.  

• gaps_in_CSC1.txt: Sometimes Cheetah produces Hunt or Acquisition 

errors. This is bad. These errors often indicate that the data is severely 

corrupted. In the old versions of Cheetah, there was no way to identify 

when such errors occurred. To address this issue, I have some post-

processing code that generates a gaps_in_CSC1.txt file. The program that 
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generates this file scans through the CSC data for any unforeseen gaps in 

the continuous record. Such gaps would indicate that something bad 

happened during acquisition. Overall, such problems were quite 

infrequent. 

• Subdirectory: exp_control_code – this directory contains the experimental 

control code that was used during this particular recording session. This 

code is the BX-35 Visual Basic code that ran the microprocessor and thus 

ran the experiment. 

There are some additional files and directories, but they are not that important.  

ANALYSIS CODE AND PROCEDURE 

All of the Matlab code used for data analysis is archived in the 

“Predictive_Capacity\matlab” directory on RIKEN and the 

“Z:\Matlab2\User_Specific\cowen\Dissertation_code” directory on Seth. A third copy of 

the analysis code can also be found in my personal account (“U:\Cowen\Src\matlab\”). 

Useful general purpose code is located in the “Working” subdirectory. The code specific 

to the figures and analyses used for the dissertation is located within 

“…/Predictive_Capacity2” directory and its subfolders.  

The post-processed data (e.g. t-files, post processed events files, etc…) used for 

the analysis is located in “RIKEN:\Predictive_Capacity\Predictive_Capacity” (yes, this is 

redundant). Again, all data is stored within its appropriate session directory (e.g. 
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7998_35). File formats correspond to the formats described above. Spike files are stored 

in the “tfiles” subdirectory within each session directory. This directory contains a 

“tfiles.txt” file that lists all of the .t files (binary spike files generated by MClust) and the 

cluster quality measure (subjective). This file is read by my analysis code so that the user 

can decide beforehand what quality level to choose (1 is terrible, 2 is passable, 3 is pretty 

good and 4 and 5 are excellent). This directory also contains the cluster summary sheets 

that display the details (e.g. inter-spike intervals, cluster plots, and autocorrelograms) for 

each cluster and putative neuron.  
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